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Abstract. Background: Production of high-quality 3D models of trees has a practical application in arboriculture, allowing the assessment,
measurement, and recording of aboveground structural features of individual trees. Commercially available hobby UAVs (uncrewed aerial
vehicles) with integrated cameras in combination with a low-cost photogrammetry software package can produce high-definition 3D models
of tree structures with low financial investment. Methods: Our study compared an established orbital flight strategy and 2 novel close-range
flight strategies for collecting digital imagery to produce 3D models of features of interest (FOIs) in trees. We used 3 separate tests to establish
if these different flight strategies resulted in reliable, measurable, and complete models for FOIs in mature broadleaf trees. Results: Our study
substantiated the findings of previous studies, in that a well-planned, automated orbital strategy of flight can render full models of trees from
which accurate measurement of dimensions can be obtained. A flight strategy involving collecting clusters of images from different angles
whilst the UAV stayed in one location was trialled, and the resulting models were typically incomplete and of low quality. However, the second
close-range strategy of hand-flown missions running parallel with the FOI yielded highly detailed, complete models from which observations
of the FOI's surface and accurate measurements of its dimensions could be obtained. Conclusions: We conclude that there are substantial oppor-
tunities for the use of low-cost UAVs to undertake visual tree assessments of the aerial parts of trees, subject to ease of access to the feature and
the right choice of flight strategy.
Keywords. 3D Modelling; Arboriculture; Drones; Tree Risk Management; Tree Surveying; UAV; Visual Tree Inspection.

INTRODUCTION which the use of UAVs is regulated. Recent changes
Background in drone regulations in the UK have dispensed with
the differentiation between hobbyist flying and com-

Uncrewed aerial vehicles (UAVs) with mounted, inte- e :
mercial flight. Low-weight UAVs (sub-250 g) have

grated cameras capable of capturing high-definition o s
stills and video are now an established tool in the inspec- some of the lowest restrictions for operating in urban
tion of structures such as power grids, dams, and build- spaces in the UK, which opens their use for a wider

ings (Buffi et al. 2018; Seo et al. 2018). UAVSs are a variety of inspection tasks within areas where UAV
' use had previously been restricted (The UK Civil

Aviation Authority 2019).
Visual tree inspections are mainly undertaken from

cost-effective means of inspecting areas which are
otherwise difficult to access. The same technology has

the potential to be used in the inspection of compo- i ° .
nent parts of trees that are high above the ground and the ground with the surveyor aided by binoculars or

thus also difficult to access (Priestley 2017; Cannon cameras with telephoto lenses to assist with inspect-
etal. 2018). ing the stem, crown, and branches of a tree (Dunster

et al. 2017). Even with such visual aids, the views
obtained are limited to the bottom and sides of sec-
tions of branches and stems. It is not easy to accu-

As this technology has developed, the size and
weight of drones has reduced while the sophistication

of'the cameras has increased along with battery power

and flight times (Anderson and Gaston 2013). Inter- rately measure and evaluate many aerial features of
nationally, there is great variation in the degree to trees from the ground due to this limitation. Where a
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ground-based tree inspection identifies a defect or
structural feature of interest (FOI) higher up in a tree,
a climbing arborist may be brought in to climb the
tree and inspect these FOIs to inform tree management
recommendations. Specialist aerial inspections can
provide invaluable information otherwise unavailable
to a tree surveyor. However, such aerial inspections
involve specialist training, equipment, and insurance,
and can add significant expense and time to a tree
assessment.

Although tree structure can be modelled success-
fully with terrestrial LIDAR (Co6té et al. 2009), this
does not allow for a view downwards onto aerial fea-
tures of trees. Aerial photography can provide addi-
tional visual information to a tree assessment, such as
damage to the upper sides of branches and identifica-
tion of pests and pathogens: e.g., branch decay caused
by massaria disease of plane (Splanchnonema platani),
which is often only visible on the upper side of hori-
zontal branches near their point of attachment to the
tree’s main stem (Schmitt et al. 2014). However, it
can be difficult to extract quantifiable information on
the dimensions of features from images or video
alone. The dimensions of the features of a tree are
important to a tree surveyor, to assess the scale of a
structural fault or other feature. For example, the
length of branches, diameter of wounds, angle and
form of branch junctions, and the size of any dead-
wood in the crown of a tree are all valuable metrics
for assessing the significance of these features and for
providing suitable recommendations for their manage-
ment (Cox and Melarange 2017; Slater 2022).

Photogrammetry, the production of digital 3D models
from overlapping images, can produce high-definition,
scaled 3D models from which detailed observations
and measurements can be made (Ganz et al. 2019).
Photogrammetry is a means of increasing the useable
data from the information collected during an aerial
inspection by a UAV.

Photogrammetry works by obtaining images of the
object from multiple positions. The photogrammetry
software uses data from those images, such as posi-
tion and angle of the camera for each image, and the
camera characteristics, such as focal length, to create
point clouds. From the point cloud a 3D mesh is pro-
duced and information from the input images is over-
laid to produce a final digital 3D model. The quality
and accuracy of the 3D model is dependent on the
quality and accuracy of the data used to build it.
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UAVs and photogrammetry software are regularly
used to assess solid, static structures such as build-
ings, dams, and bridges. The digital 3D models which
they produce can be easily shared with people for
inspection, to communicate ideas, and for planning pur-
poses. However, the sometimes complex form and
flexibility of tree stems and branches often makes the
capturing of quality imagery of these structures by
UAVs more challenging. Structures which sway in
windy conditions can make capturing sharp, well-
exposed images more difficult. In addition, every tree
has a different form and grows in different surround-
ings. Some methods of capturing images with a UAV
may be more achievable than others in certain scenar-
ios; for example, an automated orbital flight around a
tree may not be possible if the subject tree is growing
close to other trees in a woodland setting or close to
tall buildings in an urban environment.

Current Research Gaps
The value and accuracy of UAV surveys is recognised
in associated literature (e.g., Koh and Wich 2012; Seo
et al. 2018; Nitoslawski et al. 2021). Several studies
have investigated the use of UAVs and photogram-
metry as a method of obtaining accurate measurements
from trees for varying purposes, such as understand-
ing tree growth and behaviour (e.g., Scher et al. 2019;
Moreira et al. 2021) and forest mensuration (e.g.,
Krause et al. 2019; Ramalho de Oliveira et al. 2021).
Many of these studies focus on landscape scale pho-
togrammetric models or models of single trees from
which core measurement data can be obtained, such
as diameter at breast height (DBH) and overall tree
height. For example, Krause et al. (2019) have shown
the successful use of photogrammetry to accurately
measure tree heights in forest stands, whilst Nezami
et al. (2020) showed how UAV technology could
identify different tree species within forests through
spectral analysis and the use of artificial intelligence
(AI). However, such studies have typically involved
the use of high-cost systems, often bespoke systems,
and most have not focused upon individual assess-
ments of open-grown or urban trees.

To take existing UAV technology and make it into
a viable tool for an arborist carrying out a visual
inspection of the aerial parts of a single tree, the use
of low-cost equipment that provides sufficiently
informative visual models is needed. In addition, it is
important to establish the best way a UAV can be
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deployed in terms of accuracy and efficiency of model
production, and to identify key limitations to this
approach to aerial tree surveying.

Research Objectives

Our first research objective was to determine the
accuracy of photogrammetric models that could be
obtained from low-cost UAVs and any key limitations.
For the photogrammetric models to be recommended
for tree surveys, the accuracy and level of detail that
can be achieved needs to be quantified and objec-
tively determined to be at an acceptable level for the
purposes of the survey.

Our second research objective was to investigate
which UAV flight path might provide a more accurate
photogrammetric model of an FOI in a tree. We trialled
3 different flight strategies for capturing images of
trees and processing into 3D models with the aim of
determining if UAVs and photogrammetric models
can be successfully used in the assessment of tree
FOIs and thus inform management recommendations
for trees.

MATERIALS AND METHODS

This study was designed to make use of low-cost,
easily accessible hardware and software so that the
results can be utilised by practitioners without the
need for specialist, expensive equipment. The UAV
used for this study was a DJI Mini 2® (DJI, Shenzhen,
China) equipped with an integrated 12-mp camera
with manual exposure controls. It is a hobby aircraft
which currently costs less than £600 (USD $736)
(Figure 1). This UAV weighs less than 250 g which
places it in the lowest level of restrictions in the UK,
and it does not require a professional qualification to
be flown. The software used was the lite version of
3DF Zephyr (3Dflow SRL, Verona, Italy) photo-
grammetry software currently costing approximately
£150 (USD $184) at the time of writing (3Dflow SRL
2022). The software used for the assessment of the
dense point clouds from the field study was Cloud-
Compare (EDF R&D, Los Altos, CA, USA), which is
an open-source program (EDF R&D 2022).

This study assessed the quality of information that
could be obtained from UAV-derived photogramme-
try models of FOIs set above eye level. To do this, a
2-step approach was devised. First, we carried out an
accuracy trial to assess the accuracy and reliability of
the photogrammetric models for isolated tree
branches in an artificial setting. The outcome of the

:
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Figure 1. Photograph of the commercially available hobby
drone, a DJI Mini 2° (DJI, Shenzhen, China) UAV, which was
used for this study.

first trial then fed forward to a field trial, where FOIs
of 4 mature oak trees (Quercus robur L.) on their stems,
crowns, and canopies were recorded using the UAV-
mounted camera to capture images for processing into
digital 3D models using photogrammetry software.

Accuracy Trial

This first trial tested the accuracy of digital 3D models
processed from UAV-obtained digital images captured
under ideal conditions. Using photogrammetry soft-
ware, 3D models were created of tree branches, allow-
ing direct comparisons between measurements taken
from the 3D photogrammetric models and the subject
branches.

Ten samples of variously sized fallen branches
from broadleaf tree species were collected locally.
These samples were elevated from the ground using a
timber gantry crane, ropes, and pulleys (Figure 2A).
Two photographic scales were attached to each upright
leg of the gantry crane to allow for the photogram-
metric models to be scaled. The UAV was then flown
around the subject branches, collecting images from
multiple angles at 2-second intervals, with an orbital
radius of approximately 1.5 m. The camera has a
24-mm equivalent lens and a fixed aperture of 2.8F.
The ISO of all images was set at 200, and the expo-
sure was adjusted to the available light by changing
the shutter speed to provide well-exposed pictures. All
the flights were undertaken during similar flight con-
ditions: less than 10-mph (4.5 m/s) winds to reduce
movement of the elevated branches, and with overcast
skies to provide a more even light with fewer shadows.
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Each set of photographs was then processed using
3DF Zephyr Lite Steam Edition (3Dflow SRL, Verona,
Italy). The full version of this software was previ-
ously found to be one of the most accurate and precise
photogrammetry software packages for estimating
tree heights (Lipwoni et al. 2022). The lite version of
this program uses the same algorithm but has fewer
functions, such as export file options, and has a max-
imum limit of 500 photographs for processing. The
program automatically detects the camera settings
and calibrates the model based on the metadata con-
tained within the digital image files. Key point identi-
fication, point stereo matching (the process of
matching the corresponding pixels within the set),
sparse point cloud generation, dense point cloud gen-
eration, and the rendering of the mesh and textured
mesh are managed automatically by the program.
The following settings were used for all photogram-
metric models generated in our study:

e Category: General
e Preset: Deep/High detail

After processing, the textured mesh (hereafter
referred to as ‘the model’ or ‘the photogrammetric
model”) was manually cleaned to remove extraneous
details of the surrounding area. The model was scaled
using the photographic scales on the upright posts,
and the up vector was manually defined using the axis
tool (Figure 2A).

Using this method, 10 models (one for each sus-
pended branch) were produced, and for each of these
models, 5 measurements were taken using the ‘Quick
Measurements’ tool within the software (Figure 2B).
The total length of the modelled branch, 2 internal

lengths, and 2 end diameters were recorded for each
model. The corresponding measurements were taken
of the original branches using a tape measure. The
measurements from the models and branches were
used to establish the extent of correlation between
them.

Field Trial

Our second trial involved collecting photographic
data from 4 mature open-grown oaks during their
dormancy period when the trees were free of leaves.
Trees grow with an infinite variation of forms and in
various locations, sometimes on their own and some-
times near to other trees or structures. This can make
successful collection of data by UAV challenging.
The most-often used flight strategy in similar studies
of other structures (an automated orbital flight pat-
tern) is not always practicable for trees due to the
presence of surrounding structures which can obstruct
the planned flight path. This study, developed from a
study by Mokro$ et al. (2018), trialled 3 different
flight strategies involving an automated orbital flight
path as well as 2 hand-flown methods with the inten-
tion of gaining quantitative data on the photogram-
metric models obtained from using these 3 different
flight strategies.

All flights were undertaken using the DJI Mini 2%
and under closely similar climatic conditions: less than
10-mph (4.5 m/s) winds and bright sky but overcast
with clouds. All flights were undertaken during winter
and early spring while the trees were dormant. Before
initiating the flight and by using information from the
histogram in the flight app, the camera was manually
set to ISO 200 and the shutter speed changed to ensure

Figure 2. A: 3D model of a split oak branch suspended from a timber gantry crane. B: Example measurement along the surface of the
3D model of the branch, carried out within the software program 3DF Zephyr Lite Steam Edition (3Dflow SRL, Verona, Italy).
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that pictures were taken at the correct exposure. The
output was periodically checked throughout each
flight and the shutter speed altered where necessary.

Four veteran pedunculate oaks (Quercus robur L.)
were selected for this field trial (Figure 3). These trees
would be typical of mature parkland trees that may
require aerial inspections due to their potential to
develop structural weaknesses such as decay cavities
or junctions with included bark. For each tree, a sin-
gle feature of interest (FOI) was selected as the focus
of the associated UAV flights. Measurements of each
FOI, such as its elevation and length, were taken from
the ground using a handheld laser measure (Leica
DISTO D2, Leica Geosystems, Heerbrugg, Switzer-
land) or a measuring tape if the FOI was within reach
of the tape. The UAV was flown 3 times for each tree,
using 3 different flight strategies to capture images of
the FOL. The 4 FOIs were:

e T1 oak (11.5 m tall)}—the tree’s main stem

e T2 oak (17 m tall)}—part of the tree’s crown

e T3 oak (14 m tall)—co-dominant upright
scaffold branch

* T4 oak (20 m tall)—isolated lateral branch

The following 3 flight strategies were used during
the field study.

Orbital Flight Strategy

The automated orbital flight strategy, based on the
methods of Gatziolis et al. (2015) and Scher et al.
(2019), involved 2 concentrically stacked orbits with
staggered heights of between 2 and 3 m. The flight
was limited to 2 concentric orbits to keep the image
number to below 500, due to the limitation of the
associated software (Figure 4A). The orbits were as
close to the outer edge of the trees’ canopies as could
be achieved, at approximately 1 to 3 m from the can-
opy edge. The camera gimbal was set to the approxi-
mate height of the FOI for each flight. For vertically
aligned FOlIs (e.g., a tree’s main stem) the gimbal was
set to the height of the middle point of the FOI. The
speed of flight was between 0.9 and 1.5 mph (0.4 and
0.7 m/s), depending on the radius of the orbit. The
shutter mode was on ‘timed shot” and set to take an
image every 2 seconds.

Cluster Flight Strategy

The cluster flight strategy was considered useful
where access to the FOI might be restricted due to
either a dense canopy, foliage, or another obstruction
which would prevent effective use of either the orbital
or parallel flight strategy. The cluster flight strategy
involved finding vantage points from where multiple
images of the FOI could be captured at different
angles (Figure 4B). In this test, between 8 and 9

Figure 3. The 4 subject oak trees used in the field trial: T1, top left; T2, top right; T3, bottom left; and T4, bottom right. These were all

open-grown trees in a parkland setting.
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A

Figure 4. Visual representation of the 3 different flight strategies used in this study, where the blue shapes represent camera posi-

tions. A: Orbital. B: Cluster. C: Parallel.

vantage points were used around each FOI. The UAV
was flown to each position, and, using only the yaw
control (left and right turn) and the gimbal control (up
and down) of the camera, multiple images were taken
from each vantage point.

Parallel Flight Strategy

The parallel flight strategy involved manually flying
the drone close to the tree and with a flight path which
repeatedly ran parallel to the FOI of each tree (Figure
4C). At the initial stages of this study, this flight strat-
egy had produced some good, detailed models in
some short trials of the equipment and software. The
UAV flight mode was set to cine/tripod mode, which
reduces the aircraft’s speed and slows both yaw and
gimbal to reduce blurring in the images. Each parallel
flight was undertaken in one continuous flight with
the camera pointing towards the FOI. The distance
between the drone and the FOI varied between 1 and
4 m depending on accessibility through the tree’s can-
opy by the UAV. The gimbal was operated manually
to allow for changes of angle throughout the flight.
The shutter mode was ‘timed shot” and set to take an
image every 2 seconds.

The automated orbital flights were planned and
executed through the Litchi flight app (VC Technology
Ltd., Islamabad, Pakistan), which is a third-party app
which allows for automated flight planning. The manu-
ally flown missions were undertaken using the DJI Fly
app (DJI, Shenzhen, China). The resulting UAV-derived
images were then processed to create a photogram-
metric model for each FOI and for each flight strategy.

A square, rigid target with known dimensions was
attached to the stem of each tree before each flight at
an approximate height of 1.5 m above ground to
allow for the model to be scaled in postproduction.
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The processing of the images followed the same
steps as in the first trial, which was automated within
the program. The final model from each set of cap-
tured images was scaled within the program using the
images captured of the square target attached to each
tree’s stem. The up vector was manually defined using
the axis tool.

Point Cloud Density Assessment

Point cloud density provides a good indication of the
detail which can be achieved in a final model (Moy-
ano et al. 2020) and quantifies the level of detail in a
way which is difficult when assessing the textured
mesh (3D model). The dense point cloud of the FOI
from each model of each tree was exported as a PLY
file using a trial version of the full 3DF Zephyr pro-
gram. The 3 files of the FOI pertaining to each tree
were opened together in CloudCompare, which includes
analytical tools for the assessment of point clouds.

Final adjustments were made within this program
to bring the scale and orientation of each of the point
clouds into line with each other. Each set of cross sec-
tions were then interrogated using the ‘compute geo-
metric features’ tool. Using this tool, the density of
each point cloud was assessed by measuring the num-
ber of neighbours () within a radius () of 0.25 (equiv-
alent to 25 mm in the models created)(Hobart et al.
2020). This process turns the dense point cloud into a
3D scalar field which visually represents the variation
in density of each point cloud (Figure 5).

The point density (), mean density, and standard
deviation for each point cloud was computed at » =
0.25 within CloudCompare. The mean values were
used to evaluate the point density and, therefore, the
detail achieved in each model by each flight strategy.
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Figure 5. Screenshot of the T1 FOI models represented as RGB scalar fields within CloudCompare (EDF R&D, Los Altos, CA, USA).

A histogram showing the number of neighbours was
produced for each model, giving a mean value and
the standard deviation. The coefficient of variation
for each point cloud was derived as a percentage from
the point density (n) and the standard deviation using
the calculation 2’ i % 100, allowing comparison of the
percentage of point density variation between the
models.

The point cloud assessment within CloudCompare
only assesses points which fit the criteria of having
neighbours (7). The completeness of a model (for the
purposes of this study, the formation of a visibly com-
plete circumference in the transverse plane) cannot be
assessed by a measure of point density. To assess
model completeness, 3 corresponding cross sections
were taken from the centre and each of the extremi-
ties of all 12 of the generated models of the FOlIs, pro-
ducing 36 cross sections for assessment (Mokros et
al. 2018). To aid visual assessment, all the points
were coloured white. To avoid bias in this assess-
ment, a panel of 3 objective assessors was then asked
to inspect, discuss, and come to a consensus on a
score of completeness for each of the 36 cross sec-
tions. The mean score for each flight strategy was
then used to compare the completeness of the models
that had been generated (Pfeifer et al. 2021). The
score for completeness for each cross section was
based on the following scale:

Score 0 — No discernible point cloud—a blank
image or only a few random points presented.

Score 1 — Incomplete point cloud—there were
sections of the point cloud where the circum-
ference of the branch/stem modelled could not
be easily discerned.

Score 2 — Mostly complete point cloud—Ilargely
complete point cloud presented with enough
points to allow measurement of the branch/
stem model reliably.

Score 3 — Complete point cloud—point cloud
considered to provide an entire circumference
of the branch/stem modelled.

Statistical Analysis

To compare results from direct measurements of the
parameters of branches and FOIs with the results of
the photogrammetric models, Pearson’s correlations
were used. As data for point density and model com-
pleteness were not normally distributed, Kruskal-Wallis
tests with post hoc Dunn’s tests were utilised to identify
differences in the results of the 3 flight strategies.

RESULTS

Accuracy Trial

The 10 models of the branches were processed using
3DF Zephyr Lite Steam Edition. The models ranged
between 102 and 205 images used to create them.

©2023 International Society of Arboriculture



82

Roberts and Slater: Miniature UAVs and Photogrammetry

The software was able to incorporate all the images
taken by the UAV into all 3D photogrammetric mod-
els of the branches. Fifty pairs of corresponding mea-
surements were taken from the ten branch samples
and the associated models. The chosen features on
the branches ranged from 40 mm to 1.66 m in length.
The measurements taken included total branch length,
internal distances between identifiable surface details,
and the branch end diameters. There was a very
strong correlation between the standard measure-
ments recorded from the physical branches and those
taken from the photogrammetric models (R = 0.9999;
P < 0.001). The mean difference between these 50
measurements was 0.33% =+ 0.03 standard deviation,
with a range between 4% overestimation to 17.2%
underestimation by the digital models.

Field Trial
In total, 12 flights were successfully conducted using
the 3 differing flight strategies for image collection
around FOIs exhibited by the 4 selected oak trees.
The sets of images were processed using 3DF Zephyr
Lite Steam Edition. The program provided informa-
tion on the number of images captured and the subse-
quent number of images which were used in creating
the photogrammetric model. The numbers of images
which were successfully matched by the program for
each model’s creation are provided in Table 1.

All the models created using the automated orbital
flight strategy used over 99% of the images captured

of the FOIs. Observation of the models showed good
formation of entire trees out to fine branch structure
with little to no fine surface detail. Three of the mod-
els created from the cluster flight strategy did not uti-
lise a substantial number of the captured images
during processing. Consequently, 3 of the photo-
grammetric models using this flight strategy had sig-
nificant sections of the FOI missing. Within the
software it could be observed that the images used in
these models were from between one and 3 closely
located clusters out of the 8 to 9 clusters from the
flights. Only the model for the FOI on T3 was formed
from 100% of the images captured using the cluster
flight strategy (Table 1). Two of the four models cre-
ated using the parallel flight strategy (T1 parallel and
T2 parallel) lost nearly half of the images captured
during processing, and their models were formed
from 54% and 57% of the captured images, respec-
tively. T3 parallel and T4 parallel models utilised
greater than 99% of the images from the sets (Table 1).

Correlation to FOl Measurements

Each of the FOIs in the 4 trees had 3 measurements
taken from the ground. Ten of the measurements were
taken using a handheld laser measure Leica DISTO
D2 with two others taken by a measuring tape due to
sufficient access being available to the FOI of that
tree. Corresponding measurements were taken from
the photogrammetric models and the results grouped
based on the flight strategy. All correlations for these

Table 1. Number of images captured and used in each FOI (feature of interest) photometry model. UAV (uncrewed aerial vehicle).

E‘?el and flight strategy No. of images taken by UAV No. of images used in model % of used :ﬁ:gzz from total
T1 orbital 341 339 99.4%
T1 cluster 159 38 23.9%
T1 parallel 221 119 53.8%
T2 orbital 345 345 100.0%
T2 cluster 174 67 38.5%
T2 parallel 276 158 57.2%
T3 orbital 406 406 100.0%
T3 cluster 268 268 100.0%
T3 parallel 248 248 100.0%
T4 orbital 344 344 100.0%
T4 cluster 178 42 23.6%
T4 parallel 275 273 99.3%
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paired measurements were strong, for the orbital, clus-
ter, and parallel flight strategies (R = 0.9982, 0.992,
and 0.9981, respectively); however, 4 measurements
could not be taken from the photogrammetric models
generated by the cluster flight strategy due to missing
sections.

Point Density of Models
The 3D photogrammetric models were represented as
scalar fields of point density along with correspond-
ing histograms of the density values to facilitate anal-
ysis. The orbital flight strategy produced point cloud
densities between 1 n — 1.9 n/0.025. The cluster flight
strategy generated point cloud densities between
4.6 n — 5.1 n/0.025 for 3 of the models, but the T4
cluster model produced a point cloud with a density
of 28 1/0.025. Of the point clouds using the parallel
flight strategy, 3 had a density between 32.7 n and
35.7 n/0.025; however, the T3 parallel model had a
lower mean density of 15.4 n/0.025. The coefficient
of variation for all the models had a spread between
38.9% and 81.3% with 2 outliers: T1 orbital, which
had the lowest variability (11.4%), and T4 cluster,
which had a variation of 125.2%. The mean density
and standard deviation for each model along with the
coefficient of variation are provided by flight strategy
type in Table 2.

A Kruskal-Wallis test confirmed that the point
cloud densities were significantly different for the 3
flight strategies (H,;, = 9.269; P = 0.00971), and a

post hoc Dunn’s test at 95% confidence identified that
the median point cloud value for the orbital flight
strategy was significantly lower than that of the paral-
lel flight strategy.

Model Completeness

The scores determined by a panel of 3 reviewers for
each cross section resulted in mean completeness
scores for the orbital flight strategy of 2.75; 1.08 for
the cluster flight strategy; and 2.83 for the parallel
flight strategy. A Kruskal-Wallis test confirmed that
these scorings were significantly different (H,;; =
11.208; P = 0.00368) and a post hoc Dunn’s test at
95% confidence found that the median panel scores
for the cross sections produced by the cluster flight
strategy were significantly lower than the median values
for the cross sections generated by the other 2 flight
strategies.

Model Appearance and Suitability

Figure 6 illustrates all models created by the field trial
and Figure 7 provides close-up views of FOIs gener-
ated within each model. This visual comparison iden-
tifies that the parallel flight strategy provided the best
visual images for use by an arboriculturist when it
comes to realism and fine detail.

For the parallel flight strategy, inspection of the
spread of cameras for the T1 model revealed that the
images that were utilised were well spread around the
FOI, allowing the associated software to render a

Table 2. Mean point density for each model generated from the field study, with standard deviation and coefficient of variation.

FOI (feature of interest).

FOI ref Mean point density Standard deviation Coefficient of variation
T1 orbital 1.007 0.115 0.114
T2 orbital 1.075 0.418 0.389
T3 orbital 1.223 0.602 0.492
T4 orbital 1.911 1.322 0.692
T1 cluster 4.627 2.046 0.442
T2 cluster 4.725 3.799 0.804
T3 cluster 5.074 2.445 0.482
T4 cluster 28.027 35.091 1.252
T1 parallel 32.719 17.719 0.542
T2 parallel 33.840 22.314 0.659
T3 parallel 15.400 6.469 0.420
T4 parallel 35.765 29.078 0.813
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visibly complete model (Figure 8A). In comparison,
the camera map for the T3 model using the parallel
flight strategy shows that images from one side of the
FOI were entirely missing from the model (Figure
8B).

DISCUSSION

Of the 10 models created of suspended branches in
the accuracy trial, all were formed from 100% of the
images captured by the UAV. The results show that
the measurements of surface detail from photogram-
metric 3D models had a 99% agreement with tradi-
tional methods of measurement (i.e., tape measure
and ruler). This demonstrates that the measurements
obtained from photogrammetric models created with
this equipment can be used with some confidence for
the purposes of tree inspection and evaluation of tree
features, fulfilling our first research objective.

In the field trial, the orbital flight strategy consis-
tently resulted in a higher proportion of captured
images being used in the arising model than in the
other methods. As with similar studies (Gatziolis et
al. 2015; Scher et al. 2019), the orbital flight strategy
produced full 3D models of the subject trees with

easily distinguishable branch structures from the stem
and crown out to the finer branches. Such models
would be of considerable value in site planning and
design scenarios, as well as for long-term tree
monitoring.

Small numbers of images from the cluster flight
image sets were utilised by the software for 3 of the 4
models (T1, T2, and T4). In those models, images
from one to 3 of the closely located clusters were uti-
lised for rendering. As a result, these 3 photogram-
metric models were visibly incomplete. The outlier
from using the cluster flight strategy was the model of
T3, which was formed from 100% of the images in
the set. This outlier provides a useful insight as to
why the 3 other models were incomplete. The FOI for
the T3 model was an exposed lateral branch which
was free from other obstructions. It is likely that the
3 incomplete models arose due to an inability of the
software to effectively match key points from the var-
ious groups of images. As the cluster flight strategy
does not use a set of sequential images, images from
the first 3 cluster flights processed did not contain suf-
ficient overlapping points within the captured images
for the software to match up (Gatziolis et al. 2015). A

T3

Figure 6. Visual comparison between the rendered models for the 4 FOIs (T1, T2, T3, T4) in the order of orbital flight, cluster flight, and
parallel flight. For each of the 4 FOls, the parallel flights provided the most detailed rendering of the shape and surfaces of the FOIs

within the photogrammetric models.
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commonality of the 3 incomplete models was the sig- the reason so many images were rejected by the soft-
nificant lengths of branch or stem which lay between ware when generating these models.

the various clusters which obscured the views beyond. The parallel flight strategy had mixed results in
This lack of overlap between captured images was terms of utilisation of the input images. The model

Figure 7. Images of all 4 FOIs for all 3 flight strategies. The rows represent the FOIs for T1, T2, T3, and T4, respectively. The columns
represent the photogrammetric models from the orbital flight, cluster flight, and parallel flight strategies, respectively. In all 4 cases,
the level of visual detail and accuracy is noticeably better for the images generated from the parallel flight strategy.
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Figure 8. Camera maps (camera positions marked in blue) for T1 and T2 parallel flights around FOls. A: Camera map for the T1 parallel
flight, which shows that images taken all around the FOI were used for the photogrammetric model. B: Corresponding camera map for
the parallel flight of T2, where the images used for the model were only situated on one side of the FOI, limiting the associated model’s

accuracy.

for T4 used nearly all the input images, and the T3
model used 100% of the images from the set, whereas
the models for T1 and T2 lost nearly half of their
images in the initial matching stage. However, this
flight strategy did produce a well-formed model for
T1 despite losing substantial numbers of images in
the matching stage. Image losses occurred for the
same reason as for the lower-quality cluster flights,
due to too few images being matched up by the soft-
ware because of discontinuity within image sequences.
This resulted in a 3D model with one side of the FOI
having visibly lower detail than the other surface
areas (for T2).

It is worth noting that all the photogrammetric
models from the parallel flight strategy exhibited an
elevated level of surface detail, including bark tex-
ture, grain patterns of any exposed wood, and surface
details of lichen. This level of detail would provide
valuable diagnostic information for a tree surveyor
and contributes to an assessment of a given feature in
terms of its physiological and structural condition.

With regards to model quality, the models using
the ‘orbital’ strategy were consistently the lowest in
point density. As the flights take a path outside of the
canopy of each tree, the images are taken from further
away from the subject than in the other strategies.
This resulted in fewer pixels from each frame being
utilised to match and process into the point cloud.
Even the higher numbers of images which were pro-
duced using this strategy did not compensate for the
distance that the subject was away from the camera.
The effect of this low point density can be observed

©2023 International Society of Arboriculture

in the models obtained. Although each model from
the orbital flight strategy formed a surface which
would be adequate for measuring the dimensions of
the FOI, there is a lack of fine detail (Figures 6 and 7).
It would not be possible from these models to make
detailed observations of the condition of the surface
of the tree’s stem, crown, or branches.

The parallel flight strategy produced consistently
higher density point clouds. The detail rendered from
these point clouds into the final model was also far
greater than the other methods (Figure 6), allowing
for a meaningful observation of the FOI and details of
its surface. This result answers our second research
objective—that a parallel flight strategy, using this
specific combination of technology, provided the best
output for an arboriculturist.

Study Limitations

Point density varied widely across the FOI models,
albeit at different scales of density. There was a non-
significant association between the locations of the
FOIs as well as a significant association with the
flight strategies used. For example, the models of the
FOI in T4 exhibited the highest variability, whereas
the models of the FOI in T1 had some of the lowest
variation in point cloud density. The variation in den-
sity may have resulted from a combination of factors
associated with the technology used, site features, and
human-led variation in the manually controlled flights.
However, it is not possible to draw a conclusion
beyond these suggestions without analysis of a greater
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number of models under far more tightly controlled
conditions.

Despite low replication in the field trial, key statis-
tical differences and obvious visual differences in the
photogrammetric models were evident. However,
extended trials with a higher number of replicates are
likely to provide further insights into techniques and
flight paths that reliably capture FOIs in sufficient
detail for tree assessment purposes. For example, from
the insight that continuity of overlapping images is
needed for good rendering of a visual model with the
equipment used in this study, the cluster flight strat-
egy could be revised to achieve more complete mod-
els. We also recommend that future studies undertake
the surveying of trees in urbanised areas, where addi-
tional obstructions such as buildings and aboveground
utilities may require changes to flight strategies.

CONCLUSION

This study demonstrates that it is possible to produce
digital 3D models of aerial FOIs of individual trees
which can be inspected and measured using low-cost
equipment and software. This method of data collection
and processing has practical application in arboricul-
ture, effectively extending a ground-based tree assess-
ment to parts of the tree otherwise only accessible to
view using rope and harness or mobile elevated work
platforms. In addition, this technology automatically
produces a record of inspection that can be repeatedly
interrogated and compared with further models of the
same FOIs over time.

Models of an FOI can be inspected three-
dimensionally by practitioners within the software,
allowing for a greater visual interrogation of the con-
text and significance of a given feature than would be
possible from still images or videos (Koh and Wich
2012). In addition, the ability to take measurements
from the models means collecting accurate dimen-
sions is simple, repeatable, and can be undertaken by
the inspector rather than by a climbing arborist under
instruction from the ground (Cannon et al. 2018;
Krause et al. 2019). The external measurements taken
from the models can be used in biomechanical assess-
ments of trees; for example, the slenderness ratios of
branches when considering the likelihood of their fail-
ure. The form of branches and branch junctions can
have their orientation recorded and used to assess the
effect of loading from different directions. The use of
this method can be expected to improve the analysis
of the residual strength of tree sections when used in

conjunction with other tree assessment methods, such
as microdrilling or tomography, by providing accu-
rate information on the external dimensions and form
of the feature.

Where tree assessment leads to recommendations
for remedial tree surgery, digital pruning of these pho-
togrammetric models is possible. More accurate spec-
ifications and more predictable outcomes for high
value trees could be achieved by assessing the effects
of pruning on a tree’s pruned form, and the extent of
proposed pruning can be gauged easily using the
model prior to the pruning of the tree. For example,
proposed crown reduction work could be communi-
cated very accurately in a visual form to arborists,
municipal tree officers, and clients by sharing such
digitally pruned models, enabling a clear conception for
all involved about the proposal and potentially increas-
ing the precision of the actual pruning carried out.

We conclude that, where the FOIs can be viewed
from multiple points by the camera of a UAV, and sub-
ject to local UAV flight restrictions, the use of UAV
obtained photogrammetry can provide an immediate
and cost-effective method of visually inspecting the
aerial FOI of trees and obtaining measurements that
have comparable levels of accuracy to conventional
measuring equipment.
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Résumé. Contexte: La production de modeles 3D de haute qua-
lité d’arbres a une application pratique en arboriculture, permet-
tant I’évaluation, la mesure et I’enregistrement de caractéristiques
structurelles hors-sol d’arbres individuels. Les drones de loisir
(engins aériens sans pilote) disponibles dans le commerce et
munis de caméras intégrées, combinées a un logiciel de photo-
grammétrie peu colteux, peuvent produire des modéles 3D en
haute définition de structures d’arbres avec un faible investisse-
ment financier. Méthodes: Notre recherche a comparé une straté-
gie de vol orbital établie et deux nouvelles stratégies de vol de
proximité pour collecter des images numériques afin de produire
des modeles 3D de caractéristiques d’intérét (CDI) dans les
arbres. Nous avons effectué 3 tests distincts afin d’évaluer si ces
différentes stratégies de vol donnaient lieu a des modéles fiables,
mesurables et complets pour les CDI d’arbres a feuilles caduques
matures. Résultats: Notre étude a corrobor¢ les résultats d’études
antérieures, a |’effet qu'une stratégie de vol orbital automatisée et
bien planifiée peut générer des modeles complets d’arbres a partir
desquels des mesures précises de dimension peuvent étre obte-
nues. Une stratégie de vol consistant a recueillir des ensembles
d’images selon différents angles pendant que le drone demeurait
stationnaire a été testée, mais les modéles obtenus étaient généra-
lement incomplets et de mauvaise qualité. Cependant, la deu-
xiéme stratégie de missions de proximité, consistant a effectuer
des vols dirigés manuellement en paralléle aux CDI, a permis
d’obtenir des modeéles complets et trés détaillés a partir desquels
il a été possible d’observer la partie visible des CDI et d’obtenir
des mesures précises de ses dimensions. Conclusions: Nous
concluons qu’il existe des possibilités considérables pour 1'utili-
sation de drones a faible cot afin d’effectuer des évaluations
visuelles des parties aériennes des arbres, sous réserve de la faci-
lité d’acces a la caractéristique d’intérét et au bon choix de la stra-
tégie de vol.

Zusammenfassung. Hintergrund: Die Erstellung hochwerti-
ger 3D-Modelle von Béumen ist in der Baumpflege von prakti-
scher Bedeutung, da sie die Beurteilung, Vermessung und
Aufzeichnung der oberirdischen Strukturmerkmale einzelner
Bédume ermoglichen. Kommerziell erhéltliche Hobby-Drohnen
(unbemannte Luftfahrzeuge) mit integrierten Kameras konnen, in
Kombination mit einem kostengilinstigen Photogrammetrie-
Softwarepaket, hochauflésende 3D-Modelle von Baumstruktu-
ren mit geringem finanziellen Aufwand erstellen. Methoden: In
unserer Studie wurden eine etablierte Orbitalflugstrategie und
zwel neuartige Nahflugstrategien fiir die Erfassung digitaler Bil-
der zur Erstellung von 3D-Modellen von interessanten Merkma-
len (Features of Interest, FOIs) in Béumen verglichen. Anhand
von 3 separaten Tests wurde ermittelt, ob diese unterschiedlichen
Flugstrategien zu zuverldssigen, messbaren und vollstindigen
Modellen von FOlIs in reifen Laubbdumen fiihren. Ergebnisse:
Unsere Studie bestdtigte die Ergebnisse fritherer Studien, wonach
eine gut geplante, automatisierte orbitale Flugstrategie vollstin-
dige Modelle von Baumen erstellen kann, anhand derer genaue
Messungen der Abmessungen mdglich sind. Es wurde eine Flug-
strategie erprobt, bei der mehrere Bilder aus verschiedenen Blick-
winkeln aufgenommen wurden, wihrend das UAV an einem Ort

blieb. Die zweite Nahbereichsstrategie mit Handfliigen, die paral-
lel zum FOI durchgefiihrt wurden, lieferte jedoch sehr detail-
lierte, vollstindige Modelle, anhand derer Beobachtungen der
Oberfliache des FOI und genaue Messungen seiner Abmessungen
vorgenommen werden konnten. Schlussfolgerungen: Wir kom-
men zu dem Schluss, dass der Einsatz kostengiinstiger UAVs fiir
visuelle Baumbeurteilungen der oberirdischen Teile von Baumen
betrachtliche Mdglichkeiten bietet. Voraussetzung dafiir ist, dass
das Objekt leicht zugdnglich ist und die richtige Flugstrategie
gewdhlt wird.

Resumen. Antecedentes: La produccion de modelos 3D de
arboles de alta calidad tiene una aplicacion practica en arboricul-
tura, permitiendo la evaluacion, medicion y registro de carac-
teristicas estructurales sobre el suelo de arboles individuales. Los
UAV (drones) disponibles de bajo costo, comercialmente dis-
ponibles, con camaras integradas en combinacioén con un paquete
de software de fotogrametria pueden producir modelos 3D de alta
definicion de estructuras de arboles con baja inversion financiera.
Métodos: Nuestro estudio compar6 una estrategia de vuelo orbital
establecida y 2 nuevas estrategias de vuelo de corto alcance para
recopilar imagenes digitales para producir modelos 3D de carac-
teristicas de interés (FOI) en arboles. Utilizamos 3 pruebas sepa-
radas para establecer si estas diferentes estrategias de vuelo
dieron como resultado modelos confiables, medibles y completos
para FOI en arboles maduros de hoja ancha. Resultados: Nuestro
estudio corroboro los hallazgos de estudios previos, en el sentido
de que una estrategia orbital de vuelo bien planificada y automa-
tizada puede producir modelos completos de arboles a partir de
los cuales se puede obtener una medicion precisa de las dimen-
siones. Se probo una estrategia de vuelo que implicaba la recolec-
cion de grupos de iméagenes desde diferentes angulos mientras el
UAV permanecia en un lugar y los modelos resultantes eran tipi-
camente incompletos y de baja calidad. Sin embargo, la segunda
estrategia de corto alcance de las misiones voladas a mano para-
lelas a la FOI produjo modelos completos y altamente detallados
a partir de los cuales se pudieron obtener observaciones de la
superficie de la FOI y mediciones precisas de sus dimensiones.
Conclusiones: existen oportunidades sustanciales para el uso de
UAV de bajo costo para realizar evaluaciones visuales de las par-
tes aéreas de los arboles, sujetas a la facilidad de acceso, a la car-
acteristica y a la eleccion correcta de la estrategia de vuelo.
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