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ARTICLE INFO ABSTRACT

Keywords: Unoccupied aerial vehicle laser scanning (UAV-LS) has been increasingly used for forest structure assessment in
Unoccupied aerial vehicle laser scanning recent years due to the potential to directly estimate individual tree attributes and availability of commercial
(UAIV’LS) solutions. However, standardised procedures for campaign planning are still largely missing. This study
Occlusion

investigated scanner properties and flight planning to provide recommendations on minimising forest canopy
occlusion and thereby maximise exploration of canopy volume. A flight campaign involving two UAV-LS
systems was conducted over a dense, wet tropical forest at the Paracou research station (French Guiana). Four
experiments on scanner properties and flight planning were conducted, analysed and recommendations derived.
First, the scanner pulse repetition rate (PRR) should be at least 100kHz per 1 ms~! flight speed based on 360°
FOV for exploration of middle canopy strata (5m to 20 m). Higher PRR are beneficial for exploration of lower
canopy (<5m) but would need to be increased exponentially to achieve linear improvement. Alternatively,
flight speed could be reduced within the constraints given by the inertial measurement unit (IMU), but
would increase flight time. Second, the scanner maximum range was identified as a proxy for the laser pulse
power, which positively impacts canopy exploration. This was particularly the case when using multi-return
capabilities. No saturation could be observed when increasing the laser power, suggesting that this is currently
a limiting factor. Additionally, a smaller laser beam divergence and pulse width were plausible reasons for
better exploration of the upper canopy just below the top of canopy. Third, off-nadir scanning angles up to 20°
were found to result in similar occlusions, suggesting a practical FOV of 40° in the investigated dense forest.
This number might be larger for open canopies. UAV-LS systems with viewing geometries that focus laser pulses
downwards and within optimal ranges should be preferred. Fourth, using different horizontal flight directions
in the mission planning favours minimisation of occlusion. A minimum of two different flight directions is
suggested. However, specific optimal yaw angles were not possible to predict before flight. Therefore, including
multiple directions ensures coverage of all possible configurations. Many of these investigated features can be
optimised independently from each other, and should be considered before acquisition of new UAV-LS systems
and flight mission planning. These results support the establishment of general guidelines for the investment
in UAV-LS systems and optimal mission planning for forest structure assessment.

Forest structure

1. Introduction collecting high-density points clouds (100 points/m?), thereby bridg-
ing the gap between terrestrial laser scanning (TLS) and airborne laser

In recent years, unoccupied aerial vehicle laser scanning (UAV-LS) scanning (ALS). Potential metrics that can be estimated cover on the
have been increasingly used for vegetation and in particular forest one hand discrete geometrical metrics that measure individual tree
structure assessment (Wallace et al., 2012; Mandlburger et al., 2015; dimensions like diameter at breast height (DBH), height and crown

Kellner et al., 2019; Terryn et al., 2022). They have the advantage of
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metrics (Wallace et al., 2014a; Brede et al., 2017), and on the other
hand foliage and vegetation density (Jupp et al., 2009; Calders et al.,
2015; Pimont et al., 2018; Schneider et al., 2019). All metrics’ estima-
tion procedures depend on the properties of the UAV-LS including point
density and ability of the laser to explore all vegetation layers.

In the context of canopy exploration, the concept of occlusion is
commonly applied. The degree of occlusion will determine the amount
of volume explored. Occlusion is the blocking effect of the laser pulse
by vegetation elements that effectively prevents the exploration of
canopy volume. It has direct consequences for the estimation of canopy
and individual tree properties. For example, occlusion typically pre-
vents reliable DBH estimation with UAV-LS (Brede et al., 2017; Levick
et al., 2021; Vandendaele et al., 2021; Terryn et al., 2022). Occlusion
also induces biases in leaf area density (LAD) estimation and these
biases can be heterogeneously distributed in the canopy (Soma et al.,
2021), because dense regions in the canopy have the tendency to be
less explored. Occlusion is a direct consequence of UAV-LS system
properties and sampling strategy, i.e. the arrangement of flight lines.

Countermeasures to overcome occlusion depend on the system and
task at hand. In TLS, a multi-view point sampling strategy was recom-
mended to maximise canopy exploration (Wilkes et al., 2021). UAV-LS
and ALS have the advantage of being mounted on moving platforms,
thereby increasing the number of viewpoints as compared to TLS
and potentially increasing canopy exploration. However, the upper
canopy has a strong shielding effect that inhibits discovery of under-
storey (Brede et al., 2017), which has a negative influence not only
on foliage density estimation, but also on stem and branch discovery
required for forest inventories and above-ground biomass (AGB) esti-
mation (Wieser et al., 2017; Brede et al., 2017, 2019, 2022; Wallace
et al., 2014a,b). A very effective strategy would be to fly below the
canopy. For example, Hyyppd et al. (2020) implemented a UAV-LS
that could be operated below-canopy via video goggles in two boreal
forest plots. While this approach could support forest inventories in
sparse forests, technological advancements in the field of autonomous
unoccupied aerial vehicle (UAV) navigation and collision avoidance of
small branches and lianas are required to make this technique applica-
ble in dense forests. Kiikenbrink et al. (2017) investigated occlusion in
ALS data over forests and found that increased flight line overlap leads
to increased angular sampling and pulse density on the canopy, and
can counteract occlusion. Schneider et al. (2019) combined TLS and
UAV-LS to reduce occlusion to <2 % considering a voxel size of 10cm.
In addition to decisions on these flight and scan patterns, an increasing
number of UAV-LS scanners are available on the commercial market,
including downward looking, or wide-angle systems, or systems with
different multi-return capabilities. Also, different light detection and
ranging (LiDAR) range capabilities are available. The wealth of options
requires systematic investigations as to which system properties and
scanning setups should be favoured for the tasks at hand.

The aim of this study was to identify the impact of selected scanner
settings and properties, and flight planning on canopy exploration by
laser beams, thanks to four sensitivity experiments. The investigated
scanner properties were pulse repetition rate (PRR), laser power and
wavelength, and scanning angle, while the addition of flight lines to
the flight plan was considered for flight planning options. The analysis
was based on a data set collected by two UAV-LS systems over a
dense tropical forest. The findings aim to support researchers and flight
operators in the decision on desirable scanner properties and flight
setups, as well as laying the basis for general recommendations and
further standardisation of UAV-LS operations, comparable to what has
been achieved for TLS (e.g., by Wilkes et al. 2017).

2. Data and methods
2.1. Study site

The data for this study were collected at plot 6 of the Paracou
Research Station in French Guiana (N5°18’ W52°53/, https://paracou.
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cirad.fr/). The forests of Paracou are lowland tropical forests of the
Guiana Shield and as such characterised by complex structure with
multiple canopy layers. Among the 16 plots of Paracou, plot 6 was the
one with the highest AGB density with 421.9 Mgha~! according to 2017
census data. The canopy reaches on average heights of 27.2 m with top
heights up to 44.8 m (Fig. 1).

2.2. UAV-LS systems and data collection

A field campaign was conducted with two UAV-LS systems: a RIEGL
RiCOPTER equipped with a VUX-1UAV scanner (RIEGL LMS GmbH,
Horn, Austria) and a DJI Matrice 600 Pro (DJI, Shenzhen, China)
equipped with a YellowScan VX20 scanner (YellowScan, Saint-Clément-
de-Riviere, France) based on the RIEGL miniVUX-1UAV (Table 1).
Both systems have comparable laser ranging accuracy when consid-
ering large objects like trees, but the VUX-1UAV and miniVUX-1UAV
operate at 1550nm and 905 nm, respectively. Leaves and wood have
very different reflectance properties at these two wavelengths due to
stronger absorption of irradiance by water in the shortwave infra-
red (SWIR), which could influence target detection probability and
hence the contribution of leaves and wood to the respective point
clouds (Fig. 2). Additionally, the VUX-1UAV and miniVUX-1UAV have
different laser footprints and ranging capabilities. The PRR of the VUX-
1UAV can be tuned between 50kHz to 550kHz. The primary use of this
feature is to increase the laser range by increasing laser power at the
cost of PRR, allowing for higher altitudes to be flown. In this study
this feature was exploited to vary the laser power: lower PRR results in
higher pulse energy with each emitted pulse.

For this study, UAV-LS data were collected at the NE corner of
Paracou’s plot 6 between 10-21 October 2019. Different flight config-
urations were used: four flights following the same flight planning but
for the VUX-1UAV with varying PRR of 100kHz, 300kHz and 550 kHz
described as high power (HP), medium power (MP) and low power (LP)
settings in the following, respectively, and for the miniVUX-1UAV with
fixed PRR of 100kHz described as YellowScan power (YS) (Fig. 5b).
Additionally, four flights with the VUX-1UAV following the four cardi-
nal directions with fixed PRR of 550kHz (Fig. 5d) were undertaken. All
VUX-1UAV and YellowScan miniVUX-1UAV flights were conducted at
6ms~! and S5Sms~!, respectively.

All collected raw data underwent processing with standard tools.
For VUX-1UAV data, this included processing recorded global navi-
gation satellite system (GNSS) and base station data to flight trajec-
tories with POSPac Mobile Mapping Suite 8.3 (Applanix, Richmond
Hill, Ontario, Canada), laser waveform processing to discrete returns
and geolocation in world coordinates with RIEGL RiProcess 1.8.6.
For miniVUX-1UAV, waveform processing is performed online in the
sensor. Point cloud processing and geolocation was performed with
the CloudStation software (Yellowscan, Montpellier, France), using the
Strip Adjustment option. For all UAV-LS data, only points with a
reflectance larger than —20dB were kept for further processing. Points
with reflectance smaller than —20dB consist mainly of spurious points
caused by water droplets under high humidity conditions (Schneider
et al., 2019).

2.3. Canopy volume occlusion

The point clouds were subsampled according to the scanner and
flight experiments (Section 2.4) and processed to assess canopy occlu-
sion (Fig. 3). Occlusion has the advantage that it measures the ability
of the LiDAR to penetrate a canopy, which is relevant for estimation
of canopy properties (Schneider et al., 2019; Pimont et al., 2018).
In contrast to simple point cloud statistics like height percentiles,
occlusion mapping takes into account the travelled distance of the laser
pulses through the canopy and thereby accounts for empty canopy
volume. Occlusion in general was defined as the hampering of return
detection caused by objects in the path of LiDAR pulses. An occluded
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Fig. 2. Spectral reflectance factors p of different vegetation materials relevant for forest canopies at the 905nm (miniVUX-1UAV) and 1550 nm (VUX-1UAV). Solid lines represent
average p and ribbons +1 standard deviation. Wood material summarises bark and branch data extracted from the ECOSTRESS Spectral Library (v1.0, https://speclib.jpl.nasa.
gov/, Baldridge et al. 2009, Meerdink et al. 2019), leaf data from the Angers database (http://opticleaf.ipgp.fr/index.php?page=database, Féret et al. 2008, 2017).

Table 1

RIEGL VUX-1UAV and miniVUX-1UAV characteristics, including three scan programmes of the VUX-1UAV used in this study
(RIEGL LMS GmbH 2021b, 2022, RIEGL laser classification sheets for pulse properties).

Characteristic VUX-1UAV miniVUX-1UAV
Maximum effective measurement rate [kHz] 500 100
FOV [°] 330 360
Ranging accuracy & precision [mm] 10&5 15 & 10
Laser wavelength [nm] 1550 905
Beam divergence [mrad] 0.5 1.6 0.5
Pulse width [ns] 3 6
Range resolution [m]? 0.45 0.90
Weight (with cooling fan) [kg] 3.75 1.6
Scan power scenario HP MP LP YS

PRR [kHz] 100 300 550 100
Pulse energy [nJ] 5380 - - 116
Maximum range p > 0.2 [m] 400 230 170 170
Maximum range p > 0.6 [m] 660 400 300 290
Maximum range p > 0.8 [m] 760 450 340 350

2According to Wagner et al. (2006).

voxel was defined as a voxel that lay on the pulse trajectory of one or
multiple fired pulses, but beyond the last return of all these pulses when
seen from the scanner. It could also not be visited by a pulse fired from
another part of the flight trajectory. This means that any voxel visited
by one or multiple pulses was not regarded as occluded.

Additionally, the principal mechanisms that caused occlusion were
classified a priori. Absolute, geometrical and turbid occlusion were
distinguished (Fig. 4). Absolute occlusion was defined as the complete
optical obstruction of canopy volume against LiDAR exploration. This
would be the case for example in the inside of a trunk. This would
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Fig. 3. Concept of occlusion with multiple return, multiple view point LiDAR. Tree
silhouette by Johnson (2021). UAV designed by Freepik.

be the minimum level of occlusion to be expected from any scene,
independent of the deployed LiDAR scanner and flight plan. In fact,
characterising the absolute occluded volume is another way to ex-
press the main task of LiDAR vegetation surveys, which is quantifying
biomass and foliage.

Geometric occlusion referred to a macroscopic, directional blocking
effect, which could be overcome if the volume was observed from
another direction, e.g., with additional flight lines or from below the
canopy. Geometric occlusion implies that obstructing objects are larger
than the effective laser footprint.

Finally, turbid occlusion was defined as the occlusion of the laser
pulse due to interactions with targets smaller than the effective laser
footprint. This occlusion is affected by the laser’s properties, includ-
ing wavelength, pulse shape, and waveform processing, and target
properties, including size, orientation and reflectance at the scanner’s
operating wavelength. Another LiDAR scanner with different proper-
ties like increased power or operation at another wavelength could
overcome this occlusion effect. Additionally, measures that reduce ge-
ometrical occlusion can also mitigate turbid occlusion. The term turbid
was loaned from passive optical sensing where turbid media refer to
volumes occupied by infinitesimal scatterers.

A special case of turbid occlusion is the scanner’s range resolution
in the case of multi-return capable systems. Specifically, returns cannot
be distinguished from each other if they are too close to each other. The
range resolution can be calculated as vz/2, where v is the speed of light
and 7 is the LiDAR’s pulse width (Wagner et al., 2006). A typical forest
consists of small and large targets, so that all these occlusion effects
occur within the same scene.

A voxel traversal routine was implemented to identify voxels that
were hit, empty or occluded Appendix. For occlusion mapping, cubic
voxels with 10cm side length were used. This side length is in line
with Schneider et al. (2019), who worked with similar UAV-LS data.
The side length is a compromise between four factors: first, the effective
laser footprint, which is roughly 5cm based on a flight altitude of
100m for the VUX-1UAV. Second, the co-registration error between
flight lines. Third, voxel size needed to be large enough for mean-
ingful analysis of canopy and tree metrics. For example, estimation
of crown parameters like volume would be meaningful at 10cm side
length, but much larger side lengths would introduce errors due to
canopy discretisation into voxels. Fourth, computation time, which
would exponentially increase with smaller voxels.

After voxel traversal, all voxels were height-normalised by subtract-
ing the ground height based on a digital elevation model (DEM). This
allowed to summarise voxels based on their height above ground and
analyse effects in relative heights. The DEM was produced with all
available point clouds and using lastools (Rapidlasso GmbH, Gilching,
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Fig. 4. Locations of different occlusion types introduced in this study. UAV designed
by Freepik.

Germany) at 10 cm resolution. Therefore, all heights are above ground
level if not specifically mentioned otherwise.

2.4. Scanner and flight experiments

The guiding principle for the experiments was that of fair compari-
son. The main goal was to limit the effects of scan settings. In practice,
this meant that the number of fired pulses between scenarios should
remain comparable. Additionally, observations were aggregated over
areas as large as possible, which increased the number of sampled
pulses. This reduced random effects like deviations of trajectories when
flying the same flight plan multiple times.

2.4.1. Pulse repetition rate

The goal of this experiment was to investigate the effect of reduction
in PRR applied to the same observed canopy volumes and with constant
laser properties. PRR varies strongly between UAV-LS systems and a
primary specification to look for when acquiring new systems. For
this experiment, all 11 flight lines in NE direction were used with
a rectangular AOI that covered the whole study area (Fig. 5a). The
VUX-1UAV point clouds were acquired with the 550kHz PRR scan
programme and were subsampled to simulate different effective PRRs
(Fig. 6). The subsampling of the 550 kHz point cloud produced synthetic
point clouds as if they were produced by systems with different PRRs
but the same trajectories and laser properties, thereby sampling the
same vegetation volumes. It should be noted that the actual PRR of the
scan programmes were not changed in this experiment, as opposed to
the pulse power experiment (Section 2.4.2) and that the PRR changes
were simulated using subsampling. For each subsampled point cloud,
one pulse out of n was selected from the 550kHz point cloud with n =
2,3,...,15 to simulate PRRs ranging between 36.7kHz and 275.5 kHz.
The single pulses were identified by the GPS time registration attribute.
It should be noted that both VUX-1UAV and mini-VUX have rotating
mirror scanners that are mounted perpendicular to the flight direction.
This means that the nominal PRR is given for 360° field of view (FOV).
Hence, the effective PRR for a given FOV of interest is only a fraction of
the nominal PRR given for 360° (e.g., PRR for a FOV of 90° is nominal
PRR divided by four).

The PRR is a basic property of a LiDAR sensor that has strong
impact on produced point cloud densities and hence productivity. A
higher PRR allows denser point clouds, or faster flying and thereby
larger coverage. UAV-LS systems have evolved from PRR of 12.5Hz
(for simultaneous coverage across the FOV of 110°) of custom-built
solutions (Jaakkola et al., 2010; Wallace et al., 2012) to 1800kHz of
recent high-end UAV-LS scanners (RIEGL LMS GmbH, 2021a). A higher
PRR allows to reduce geometric occlusion through increased use of
gaps that would have been missed with a lower PRR, leading to more
exploration of lower canopy layers.
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Fig. 6. Schematic overview for subsampling of point clouds to achieve different PRR.

2.4.2. Pulse properties

The pulse properties pulse power, wavelength and shape were in-
vestigated in this experiment. In order to examine the effects of laser
pulse power on canopy occlusion, the tuning capability of the VUX-
1UAV was exploited (Section 2.2). Three flights with different power
levels were performed with the same flight paths and AOIs (Fig. 5b),
but different scanning programmes with PRR of 550kHz, 300 kHz and
100kHz designated as low (LP), medium (MP), and high power (HP),
respectively. In order to keep the absolute number of pulses fired of
the 550 kHz and 300 kHz point clouds comparable to the 100 kHz point
cloud, pulses were subsampled from the 550kHz and 300kHz point
clouds. From the 550kHz point cloud, every 1t and 6th pulse in a
sequence of 11 pulses was selected. From the 300 kHz point cloud, every
15t pulse in a sequence of 3 pulses was selected (Fig. 7). As a result,
resampled data sets had an effective PRR of 100 kHz.

Additionally, the miniVUX-1UAV was operated at the same PRR of
100kHz as the HP level, but this scanner has a laser that operates at

905nm (Table 1), allowing an assessment of the effect of the wave-
length. However, it should be noted that the miniVUX-1UAV also has
a different pulse shape and length, and lower pulse power than the
VUX-1UAV, which might have an impact on results. The YellowScan
miniVUX-1UAV results were labelled as YellowScan power (YS). It
should be noted that the flight speed of the miniVUX-1UAV was slower
compared to the VUX-1UAV (Section 2.2), resulting in higher number
of pulses per unit area. Therefore, every 5th pulse was discarded from
the YS point clouds.

Furthermore, for each of these settings the effects of recording only
the first (FR) versus multiple returns (MR) from a laser pulse were
investigated. Finally, the contribution of the different return orders to
the respective power mode point clouds was investigated. For this, the
return order of all returns of each power mode was extracted.

The pulse power is closely linked to PRR, but rarely specified by
manufacturers. In fact, the PRR is inversely proportional to the laser
pulse power for a given scanner. However, the maximum laser range
can be regarded as a proxy for the laser power when reflectance
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properties remain constant. On-board a UAV, power supply is limited
by battery capacity and the availability of heat sinks for laser heat
dissipation, which are in turn restricted by weight. This leads to a
limitation on laser power and PRR. In practice, the laser can be de-
signed to have high power for longer ranges, or lower power for shorter
ranges at higher PRR. The minimum power and range are dictated
by the flying altitude under consideration of the FOV. However, this
calculation works only for bare terrain but in forests the canopy is
the principal limiting factor that shields the lower canopy and ground
from detection. In terms of range and hence laser power, different
scanners are commercially available with varying specifications. Ad-
ditionally, scanners operate at different wavelengths depending on the
implemented scanner technology.

2.4.3. Absolute scan angle

There is a variety of UAV-LS scanners with different scanning mech-
anisms and viewing geometries, leading to different viewing angles
covered during data collection. Therefore, the effect of scanning under
different viewing angles was investigated. Only the HP flight of the
VUX-1UAV was used, but with a rectangular AOI to maximise the
sampled canopy volume (Fig. 5c¢). The point clouds were stratified
according to the absolute scanning angle (ASA) and binned in 5°
intervals (Fig. 8). ASA was defined as the absolute value of the scan
angle rank (SAR), which in turn is defined as the angle of a pulse
relative to the platform including the roll angle of the platform ranging
from —90° to 90° (American Society for Photogrammetry and Remote
Sensing, 2019). For ASA, the downward orthogonal direction relative
to the platform is 0°. The directions to the left and right of the platform
are 90°. As the RiCOPTER is an octocopter system, it needs to tilt to
produce forward momentum, which means that ASA = 0° does not
correspond to the nadir direction. For example, during the HP flight
the platform was tilted on average 4.4° forward to maintain the flight
speed of 6ms~!. first return (FR) and multi return (MR) were analysed
separately, as done for the power scenarios (Section 2.4.2). For analysis,
ASA were binned in 5° wide bins and compared to the nadir bin at
0°+2.5°. Bins are addressed by their central value, e.g., 0°, 5° and 10°.

A range of different viewing geometries are available on the market.
Typical FOVs are for example, 70.4° x 77.2° (conical) of the Zenmuse
L1 (based on Livox sensor), 46° (conical) of the RIEGL miniVUX-1DL,
360° (planar) of the RIEGL miniVUX-1UAV series, and 330° (planar) of
the RIEGL VUX-1UAV. Generally, a wide FOV increases the mapping
productivity, but inertial measurement unit (IMU) errors affect high
off-nadir angles stronger due to typically longer ranges at these angles
and lead to lower registration accuracy. Additionally, forest canopies
shield the lower canopy layers differently at different viewing angles,
depending on the spatial arrangement of vegetation elements. The scan
angle affects the observed geometric occlusion of a canopy.

2.4.4. Azimuthal flight direction

For UAV-LS flight mission planning, typically parallel line patterns
are chosen to cover the target area. Cross-line patterns can be added to
increase canopy exploration but these can require longer flight times
and make the planning more complicated, so that the benefits of added

directions need to be known to justify their implementation. For this
experiment, flights were performed with flightlines aligned with the
four cardinal directions (Fig. 5d). A circular instead of a rectangular
AOI was used to avoid favouring a particular flight direction. In order to
achieve a fair comparison, i.e., similar number of pulses fired between
the trials, the point clouds were subsampled (Fig. 9). This means the
point clouds were split into 2 and 4 sets when joining flight lines of 2
and 4 cardinal directions, respectively. In this way scenarios with only
one flight direction could be compared to scenarios involving 2 or 4
directions. In practice, the subsampling was achieved by considering
every 2" and 4% pulse for 2 and 4 directions, respectively. This
subsampling produced multiple combinations of actual flights, which
were all independently processed and then averaged.

In addition to selection of the UAV-LS system, several options can be
chosen to optimise the flight planning for canopy exploration. A basic
trade-off is to whether the planned flight lines should be flown slower
to increase the density of fired pulses on the target volume, or instead
to fly faster and add flight lines at different azimuth angles. The number
of azimuthal flight directions has an impact on the observed geometric
occlusion of a canopy.

3. Results
3.1. Pulse repetition rate

Fig. 10 shows the occlusion observed with different PRRs at selected
layers over the study area. At 1 m height, occlusion was highest ranging
from 79.1% to 96.0 %. Occlusion decreased with increasing height and
was generally lower than 3.7 % at 35 m, where only the highest tree tops
could shield canopy volume from observation (Fig. 1).

At altitudes >30m, occlusion converged to low levels <5% with
increasing PRR. In the middle canopy from 10m to 25m, a strong
decrease in occlusion with PRR < 300 kHz could be observed compared
to lower and higher canopy layers, while the downward occlusion
trends flattened towards PRR of 550 kHz. This suggests that marginal
gain in exploration decreases with increased PRR. At the lowest canopy
layers <5m, the trend was even more shallow but relatively constant
across all sampled PRR. This could mean that overall occlusion can only
be reduced to the amount of absolute occlusion with much higher PRR,
but with very small marginal gain. In summary, observed occlusion
seemed to be easier to overcome in the upper canopy, while lower
canopy parts require considerably higher PRR.

3.2. Pulse properties

All implemented pulse power settings showed comparable patterns
of occlusion with first occluded voxels starting with the highest trees
at circa 40 m, steadily increasing occlusion through the middle canopy,
and high occlusion of 91.7 % to 99.4 % at 1 m above ground (Fig. 11a). In
MR mode, MP and LP settings produced 3.6 % and 6.0 % more occlusion
than HP across the whole canopy, with largest differences of 6.0 % and
9.8% in the middle canopy around 20 m, respectively (Fig. 11b). The
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YS setting produced even more occlusion compared to HP of 7.8 % on for FR. Overall, the MR mode was more strongly affected by reduced
average and with a maximum of 12.2% at 20.4 m. power than the FR mode.

In FR mode, the ranking between the power modes remained the The YS power mode experienced on average 7.8 % and 4.4 % more
same as for MR, but the bulk differences between the power modes occlusion than HP mode for MR and FR modes, respectively, compared
shifted from the middle to the upper part of the canopy (Fig. 11b). to 6.0% and 1.8 % at LP mode. Differences to the LP mode reached up
For example, the largest difference between HP and MP in MR was to 4.1 % of voxels and were most prominent in the upper canopy >15m,
at 15.6m, while it was at 26.4m for FR. This can be explained by the while the lower canopy was characterised by a nearly constant offset
generally higher levels of occlusion that occurred at lower canopy levels in occlusion between YS and LP modes for MR.
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3.3. Absolute scan angle

Fig. 13 summarises the occlusion effects of the observation angle
expressed as ASA from 0° to 70° as the difference to ASA=0°. The largest
differences with more than 30% more occlusion could be observed
from 20m to 25m. At heights above 30m, which is higher than the
average canopy (Fig. 1), differences were generally <5%. An outlier
was ASA=65° that produced less occlusion compared to ASA = 0°. This
could be explained by better visibility of above canopy air space at
larger angles and benefited from the ranging capacity of the VUX-1UAV
of up to 760 m (Table 1).

The occlusion of larger ASA was larger for multi-return in the low
canopy below 10 m, noticeable at ASA=65° with 3.6 % to 8.6 % difference
in occlusion for first and multi-return, respectively. When summarised
across the whole canopy, occlusion at ASA<20° was slightly lower

than at 0° with 0.2% and 0.7% difference in occlusion for first and
multi-return, respectively (Fig. 14). For both return modes, occlusion
increased nearly linearly until ASA=60°, then increased strongly. In
summary, off-nadir viewing angles up to 20° experienced less occlusion
in the middle to upper canopy.

3.4. Azimuthal flight direction

The setting using four directions produced 23.5 % average occlusion
over the whole canopy, which was less occlusion than all other settings.
This is why this setting was used as a reference for comparison (Fig. 15,
Table 2). All single direction flights experienced more occlusion than
any dual direction flight, with the single direction flight NE (at 26.2 %
occlusion) being closest to dual direction flight NS+EW at 26.0 % oc-
clusion. Overall, this highlights the importance to conduct flights in
different directions to counteract occlusion.
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Table 2
Average flight direction effect on occlusion and difference to four directions.
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< 27 -+ MR i EW 27.2 3.7
2 NE 26.3 2.8
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§ NW 27.7 4.2
3 101 EW-+NE 237 0.2
S EW+NW 24.5 1.0
S NS+NE 24.6 1.1
i NS+NW 25.3 1.8
8 NS+EW 24.8 1.3
2 NW-+NE 235 0.0
- All 23.5 0.0

Fig. 14. Scan angle rank effect on occlusion across the canopy. The reference for the
respective return modes FR and MR are the FR and MR settings at ASA=0°.

Fig. 15 displays how the individual flight directions compared to
the four directions and to each other. The most pronounced differences
in occlusion appeared in the middle canopy between 10m and 15m.
The single direction flights produced different levels of occlusion with
difference in occlusion compared to four directions of 2.8%, 3.7 %,
42% and 5.6% for NE, EW, NW, NS directions, respectively. These
differences propagated into the dual direction configurations. When
used together, NW and NE produced the lowest occlusion, which was
on the same level as the four direction setting. On the other hand, NS
and NW resulted in 1.8 % more occlusion.

4. Discussion

In recent years, UAV-LS have evolved from custom-built prototypes
to readily available survey-grade, turn-key solutions. With equally in-
novative applications comes the need for further standardisation and
understanding of the capabilities and limitations of these systems. This
study explored how scanner and flight planning properties affect the
exploration of forest canopy volume based on experimental flights over
a dense tropical forest. Most factors were found to influence the fraction
of occluded canopy in the order of up to 10 % with highest impact in
the upper canopy layers. These factors can potentially be optimised
independently from each other.

4.1. Pulse repetition rate

In particular, UAV-LS systems have been made available with an
increasing PRR over the past years. PRR is a key selling point for
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UAV-LS sensors as it determines the point density and productivity.
Typically, UAV-LS scanners nowadays have PRR of >200kHz with the
latest RIEGL VUX-120 having up to 1800kHz (Hu et al., 2020). Results
here suggest a saturation effect for middle and upper canopy layers
beyond the 550kHz for a scanner with properties as the scanners used
in this study and at a flight speed of 6ms~'. This translates into
approximately 100kHz per 1 ms~! flight speed. However, lower canopy
layers might still benefit from higher PRR of latest systems. Addition-
ally, flight mission boundaries should be regarded. For example, IMU
accuracy deteriorates below a flight speed of approximately 4 ms~! and
fixed-wing systems have a stall speed below which insufficient lift is
generated.

Considering different forest types, the level of required PRR can be
expected to be lower for less dense and less complex forests such as
temperate forests without understorey, savannas or even-aged planta-
tions. On the other hand, higher PRR should be employed in particular
for liana-infested tropical forests.

4.2. Pulse properties

The maximum measuring ranges of both miniVUX-1UAV and VUX-
1UAV scanners exceeded the flight altitude and even included mar-
gins for off-nadir sampling (Table 1). Still, scanning programmes with
higher maximum range and hence higher power were able to reduce
occlusion, thereby exploring more canopy volume. Furthermore, the
differences in occlusion between LP and MP were comparable to the
differences between MP and HP. Even though these were only two
power levels tested, this suggests that reduction in occlusion might
still continue with higher power scanning programmes and longer
range scanners (>760m range, Table 1). Additionally, higher power
modes could make better use of multi-return capabilities. This can
be explained with higher initial energy of pulses that leads to higher
remaining irradiance after interaction with first targets and higher

irradiance at higher-order targets so that smaller fractions of beam cov-
erage still triggered returns (Richter and Maas, 2022). A reduction in
pulse power heavily affects the ability to detect partial hits. This could
also be confirmed by the reduced contribution of higher order returns
in the point clouds for lower pulse power (Fig. 12). The pulse power
should also be considered when choosing a certain scan programme
or scanner for a given flight speed. Extremely high PRR with only FR
for a given flight speed might result in shallow returns from the top of
canopy instead of entering the lower canopy layers.

Apart from power, scanner wavelength, beam divergence and pulse
width also appeared to play a role in occlusion effects. As the range
specifications between VUX-1UAV at 550 kHz (LP) and miniVUX-1UAV
are similar (YS), the increased exploration of VUX-1UAV cannot be
explained with the measured range and power alone, but was more
likely related to different operating wavelengths, effective footprints
and pulse shapes (Table 1, Fig. 2). For FR mode, a likely explanation
for the observed differences in occlusion is the larger beam divergence
and higher reflectance of foliage of the 905 nm miniVUX-1UAV (Fig. 2),
which leads to returns being triggered higher up in the canopy and
occlusion of the underlying canopy. For MR mode, an additional effect
of the scanner’s range resolution might have increased the difference
even more. The miniVUX-1UAV range resolution was nearly twice
as large as the VUX-1UAV (Table 1). In combination with a higher
reflectance of leaves at the miniVUX-1UAV operating wavelength, this
might have led to triggered returns at the very top of the canopy and
no detected returns in the topmost canopy in this way. This effect is
slowly dissipating with increased contribution of woody elements in
the lower canopy <15 m. For MR mode on the other hand, higher order
returns dominate in the lower canopy. Higher order returns stem from
fragmented beam footprints, so that the original beam divergence and
shape could play a smaller role and occlusion behaviour becomes more
similar between YS and LP. Overall, miniVUX-1UAV could make less
use of multi-return capacity because fewer photons travel on after first
interaction with targets compared to the VUX-1UAV.
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The two tested scanner wavelengths of 905nm and 1550nm are
the two dominating wavelengths for UAV-LS. While 905nm UAV-LS
lasers use complementary metal-oxide—semiconductor (CMOS) technol-
ogy based on gallium arsenide (GaAs) or aluminium gallium arsenide
(AlGaAs) semiconductors, 1550 nm UAV-LS lasers are based on indium
gallium arsenide phosphide (InGaAsP) semiconductors. One important
difference is the easier availability of CMOS technology at lower costs,
which led to the domination of UAV-LS by this type of scanners. Results
here suggest that scanner wavelength, beam divergence and pulse
width have effects on occlusion but detailed attribution in this study
was limited because only two scanners were used. However, 1550 nm
lasers with smaller beam divergence might have an advantage in the
characterisation of wood and the lower canopy. On the other hand,
combined use of multiple wavelengths can potentially be exploited for
new applications like discrimination of leaf and wood returns (Shao
et al., 2022).

The results obtained for the specific scanners used in this exper-
iment can be expected to be generic with respect to their direction.
Higher power lasers should result in registration of more higher order
returns. Moreover, healthy vegetation typically follows the spectral
signatures displayed in Fig. 2. Only under extreme drought conditions,
higher reflectance at 1550nm can be expected that leads to similar
wood and foliage reflectances and consequently more similar responses
of 905nm and 1550nm systems. Another extreme would be leaf-off
conditions that result in only wood elements being present with more
homogeneous spectral and geometric properties compared to a mixed
wood-foliage canopy. Leaf-off conditions are generally favourable for
canopy volume exploration but due to very different composition of
the canopy it is difficult to predict how the different power and laser
properties would affect occlusion.

4.3. Absolute scan angle

Concerning the optimal scan angles for minimal occlusion, slightly
off-nadir angles seemed to be more suitable than nadir. This is in
line with Brede et al. (2017) who found that ASA of 30° to 40° were
optimal for trunk detection although results were species dependent.
This window is still within the 40° window where occlusion was <5 %
difference to ASA = 0° in this study (Fig. 14). Considering an optimal
off-nadir scan angle of up to 20°, a lateral overlap of FOV of 50 % on the
ground (Kiikenbrink et al., 2017) and a flight altitude of 120 m, flight
line spacing should be ran20° 120 m = 44 m.

For different sites with very different canopy conditions the optimal
ASA might be different than the 40° found here even though a general
trend should prevail. For example, very extreme foliage inclination
angles would benefit or hamper canopy exploration at large angles.
On the other hand, open canopies like savannas can be expected to
profit from large angles because the volume below single standing
trees’ canopies is much easier to explore at large angles. However,
it should be considered that large off-nadir require very long-range
measurements and high accuracy IMUs.

An optimal off-nadir scan angle of up to 40° is at odds with Liu
et al. (2018), who investigated scan angle effects on estimation of gap
fraction with ALS data. Liu et al. (2018) recommended to avoid large
off-nadir angles >23°. However, their recommendations are based on
estimation methods that assume nadir view, which is compromising
the estimation in heterogeneous stands with between-crown gaps. If
the actual viewing angle is taken into account, angle effects should be
addressed. As UAV-LS usually delivers higher off-nadir angles, viewing
angles should be considered in methods development.

Based on these findings, it can be recommended to pay attention
to the scanner FOV during acquisition of a new UAV-LS. Dedicated
downward looking designs that provide sufficient off-nadir geometry
should be preferred over designs that scan extreme angles. For example,
the RIEGL VUX-1UAV has a 330° FOV and maximum PRR of 550kHz.
This results in an effective PRR of 150kHz in the downward viewing
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direction assuming a FOV of 90°. Especially pulses in the upward
direction are not useful but still emitted per design of the scanner.
However, sub-optimal directions between 40° and 90° might still be
useful for secondary roles like registration and trajectory optimisation
tasks depending on mission characteristics.

4.4. Azimuthal flight direction

With respect to flight directions, it appeared that individual direc-
tions were affected differently and randomly. This should be expected
in the absence of any major source of anisotropy in a natural stand as
opposed to a plantation. Still, single directions were generally subjected
to more occlusion than combinations of multiple directions. Whether
the angle between the directions was either 90° or 45° did not make a
difference. Next to reduced occlusion, multi-direction setups also have
the advantage of providing cross-lines that connect different parts of
the study area and increase co-registration quality (Brede et al., 2017).
Hence, during flight planning at least two different directions should
be considered. As an alternative to adding directions, the spacing
between flight lines can be varied and thereby the overlap of flight strip
products. For example, Kiikenbrink et al. (2017) suggest an overlap of
at least 50 %. As both miniVUX-1UAV and VUX-1UAV have a theoretical
FOV of more than 180° this approach was not tested here. Nevertheless,
addition of viewing angles into the canopy through flight directions or
overlap can be expected to counteract occlusion.

4.5. Optimisation of flight protocol and scanner design

First of all, it should be mentioned that two important parameters of
mission planning, namely flight speed and altitude were not explicitly
covered in this study. However, flight speed is linked to the PRR in the
way that doubling the flight speed would correspond to halving the PRR
for a given travelled trajectory (Section 3.1). Flight altitude is directly
affected by the scanner maximum range (Section 3.2).

Furthermore, different overall optimisation strategies could be pur-
sued. This study aimed to give generic advice by investigating basic
scanner properties, even though it was limited to dense canopies, which
however should represent the most challenging conditions. The findings
here could be the basis for specific advice for a given study area. This
advice could be generated by acquiring data for a representative plot of
a study area, analysing the scanner and planning parameters, and deriv-
ing specific recommendations for plots in the same area or with similar
forest structure. A third approach could be an ad hoc adaptive approach
that produces advice on trajectory optimisation during flights. For
example, an ad hoc iterative approach was presented for TLS by Li et al.
(2021). However, in the case of UAV-LS considerable technological
advances need to be achieved for complex forest environments (Hyyppa
et al., 2020).

Concerning generic optimisation of the scanning process, interac-
tions between the examined parameters of this study could be further
evaluated. This is also relevant because flight plans need to make
compromises between parameters. For example, PRR and pulse power
are inversely related for the RIEGL VUX-1UAV (Section 2.4.2). Addi-
tionally, different forest types and complexities would need to be con-
sidered. However, a comprehensive analysis of all interactions would
quickly result in a very large number of experimental flights to be
conducted.

A solution to produce a large number of experiments could be
LiDAR numerical simulations that allow arbitrary flight protocols to be
tested (Gastellu-Etchegorry et al., 2015; Winiwarter et al., 2022). In a
first step, a representative virtual reconstruction needs to be created,
which is not a trivial task (Calders et al., 2018). Then, in particular
geometric parameters like PRR, ASA and flight directions can be easily
implemented and tested. This would make geometric parameters easy
to test with simulations.
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Interactions of individual pulses with canopy elements smaller than
the beam footprint as in the case of turbid occlusion are implemented
as well. For example, HELIOS++ implements beam divergence and
distribution of power within the beam via splitting the beam into
subrays, which allows dealing with partial hits via waveform sim-
ulation and analysis (Winiwarter et al., 2022). However, modelling
these interactions has limitations with respect to leaf properties like
curled and irregular surfaces, or variation of reflectance properties
within individual leaves. Also, modelling actual waveform analysis
of commercial discrete return systems is problematic because these
algorithms are closed source. For this purpose, calibration of models
with observed data could overcome limitations to model interactions
at the subfootprint level.

4.6. Occlusion mechanisms

When thinking of the different occlusion mechanisms (Section 2.3),
it seems plausible that strategies that counteract geometric occlusion
can compensate for each other. For example, a lower PRR could be com-
pensated with additional flight lines, preferably in different directions.
In this sense, PRR and additional flight directions are very helpful as
they could produce considerable improvements (Sections 3.1 and 3.4).
On the other hand, optimisation of ASA can involve the limitation to
a certain maximum ASA. This could be beneficial if the fired pulses
could be concentrated to these viewing angles, whereas filtering would
simply discard pulses. An example here is the RIEGL miniVUX-3UAV
that allows to limit the FOV and thereby increase the measurement rate
for this window.

Turbid occlusion caused by pulse power and laser properties should
be compensable with geometric strategies, at least to some degree. This
is the case when canopy volume below dense sections can be explored
from different directions, e.g., with additional flight lines. However,
this might be limited in case of dense canopy parts with leaf area
density >5m?m™3 (Soma et al., 2021). In these volumes partial hits
dominate and make laser properties more important.

5. Conclusions & recommendations

In this study the effect of UAV-LS scanner and flight parameters on
canopy occlusion were investigated with the aim to distil recommen-
dations for the investment in UAV-LS scanners and campaign planning.
The following conclusions based on the flights conducted can be drawn:

» PRR has a significant impact on occlusion. As a rule of thumb,
at least 100kHz per 1 ms~! flight speed for a scanner similar to
the scanners used here should be chosen for the exploration of
the middle strata (5m to 20m) of dense canopies, with relaxed
requirements for open canopies. Higher PRR are beneficial for ex-
ploration of lower canopy (<5 m) but would need to be increased
exponentially to achieve linear improvement. Alternatively, flight
speed could be reduced at the cost of increasing flight time.

The scanner maximum range specifications should not just be
made dependent on flight altitude, but also on canopy complexity:
dense canopies require higher power pulses and higher maximum
range than flight altitude. In this study, no saturation effect with
power could be observed and more powerful systems should be
tested.

Off-nadir scan angles of up to 20° (FOV = 40°) were comparable
to nadir occlusion levels, with a slight decrease in occlusion at 10°
to 20°. This optimal range would translate to a flight line spacing
of 44 m at a flight height of 120 m and lateral overlap of FOV of
50 % on the ground.

The exploration potential in particular directions over a given
forest might be dependent on the discrete arrangement of individ-
ual crowns, which should be regarded as random in the mission
planning stage. In order to ensure best exploration flying at best in
four directions should be performed, while at least two directions
are recommended.
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All the investigated parameters were most effective to reduce occlu-
sion in the middle and upper canopy. Occlusion at the bottom of the
canopy cannot be easily overcome with UAV-LS alone due to combined
geometric and turbid occlusion effects accumulating with increasing
beam traversal length along with the limited power of UAV-LS systems.
In this respect, canopy exploration would benefit from fusion with
TLS data (e.g., Terryn et al. 2022), which adds very different observa-
tion geometries, thereby reducing geometric occlusion. Furthermore, a
combination of LiDAR simulation and empirical experiments should be
employed to test interactions between scanner and flight parameters
with focus on interaction and compensation between parameters.
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Appendix. Voxel traversal algorithm

First, the study area was divided into cuboids and the laser pulses
were clipped according to the cuboids with the Cohen-Sutherland al-
gorithm (Sproull and Newman, 1973). Subsequently, the cuboids could
be processed independently and in parallel to speed up computations.
Then, the traversal algorithm was applied on the cuboids and clipped
pulses (Fig. A.16):

1. Define a 3D grid with resolution in x, y, z (corresponding to
Easting, Northing, Height).

2. Define pulse trajectories based on flight trajectory as origin and
hit coordinate as end point. Extend the pulse trajectories to the
height of the lowest z grid coordinate.

3. Identify crossing points of pulse vector with grid ¢, separately
for each dimension.

4. Sort crossing points in x, y, z dimensions according to Euclidean
distance to origin.

5. Define the path through a voxel p as the segment between
consecutive crossing points ¢, and ¢, ;.
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Fig. A.16. Graphical description of the voxel traversal algorithm.

6. Calculate mid-point of p as (deyering — dexir)/2, Where d refers
to the three dimensions x, y, z. Derive nearest voxel centre
coordinates as round(d /res,) * res;, where res, is the resolution
of the grid in dimension d.

7. Define crossed voxels as (1) empty if they do not contain a return
and their exit point is closer to the scanner than the last return,
(2) returns if the last return is between entry and exit point, (3)
occluded if their entry point is further away from the scanner
than the last return.
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