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shape was calculated and classified as correctly trimmed (CT) when the distance was
within 2 cm of the ground-truth shape. Using this information the percentage of CT points
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before and after trimming were compared. Results show a reasonable robot accuracy when
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trimming spherical topiaries, reporting a 24 percentage point increase of CT points, going

Autonomously

from 27% (before) to 51% (after) trimming of the bush surface. Cylinders and cuboids had a

Trimming robot

lower performance, which reported an increase of CT between 0.2 and 6 percentage point.

3D evaluation

The performance of the robot was also qualitatively assessed by human observers by
scoring topiaries. The highest score of a single bush is a 3.1 out of 5. These results, combined with the quantitative evaluation show that the robot can trim autonomously, but it
does not reach the required accuracy for practical application. Despite this, the evaluation
method was able to reveal main bottlenecks of the robot in real-world experiments.
Together with the robot description, this paper can be used as a guideline for the development and evaluation of gardening robots.
© 2021 The Authors. Published by Elsevier Ltd on behalf of IAgrE. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1.

Introduction

Garden maintenance is a labour-intensive task. Although
some basic gardening tasks have already been fully automated and commercialised, such as autonomous lawn

mowing (Wang & Huang, 2018; Adeodu et al., 2018), many
operations are difficult to automate because of the large
variation in the natural environment. One important repetitive task, not only in home gardening but also in professional
horticulture, is to trim topiaries (e.g. bushes, shrubs and
hedges). In plant nurseries, where bushes are grown in regular

* Corresponding author.
E-mail address: bart.vanmarrewijk@wur.nl (B.M. van Marrewijk).
https://doi.org/10.1016/j.biosystemseng.2021.12.001
1537-5110/© 2021 The Authors. Published by Elsevier Ltd on behalf of IAgrE. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

12

b i o s y s t e m s e n g i n e e r i n g 2 1 4 ( 2 0 2 2 ) 1 1 e2 7

Nomenclature
Symbols
А
В
CT
d
G
OT
PCT
POT
PUT
r
UT

Rotation around horizontal x-axis in
degrees ( )
Rotation around horizontal y-axis in
degrees ( )
% Correctly trimmed points (Equation (2))
Distance between point and ground-truth
shape in metres
Rotation around vertical z-axis in degrees
( )
% Over trimmed (Equation (4))
Number of points that are classified as
correctly trimmed 0.02 < di < 0.02
Number of points that are classified as
over trimmed di < 0.02
Number of points that are classified as
under trimmed di > 0.02
Signed distance between octrees for the
online trimming evaluation Section 2.2.3
% Under trimmed (Equation (3))

Abbreviations
AR
Always repetition; always repeat the
trimming segment
DOF
Degrees-of-freedom
EPS
Expanded polystyrene
Fitted shape Fitting the desired shape in the point cloud
obtained by the robot itself
Ground-truth shape A shape fitted on complete point
clouds obtained with SfM
photogrammetry
GTSP
Generalized Travelling Salesman Problem
ICP
Iterative Closest Point
LUT
Look-Up Table; a look up table to speed up
trajectory planning
MVS
Multi-view stereo
NR
No trimming repetition; only trim the
segment once
p.p
Percentage point
RANSAC
Random sample consensus
ROS
Robot Operating System
RR
Result-based repetition; only repeat
trimming if average signed distance >1 cm
SfM
Structure-from-motion

patterns, commercial pruning machines are available for
some simple size constrained geometrical shapes (e.g. TEA
RAP-XRL Trimming Machine from Hamilton Design Ltd,
Buckinghamshire, United Kingdom or the shape pruning
machines from Gebr. Ezendam, Borne, The Netherlands).
These systems use the global positioning system (GPS) for
positioning and trim purely mechanically in an open-loop
fashion, without any sensory feedback. However, when
dealing with more complex shapes and less structured environments, such as topiaries in a garden, the perception of the
location and the shape of the bush from the robot's own

perspective is necessary, as well as the ability of the robot to
evaluate its own performance. Currently, no commercial robotic solution exists. The European TrimBot2020 project
researched the underlying robotic and vision technologies for
such a task (Fisher, 2020). In the project, a trimming robot was
developed for topiary trimming of different shapes, such as
spheres, cylinders and cuboids, in an unstructured outdoor
garden. This paper presents the robot and focuses on the
evaluation of the robot's trimming performance.
For the evaluation of the robot's trimming performance, a
method to quantitatively compare the realised bush shape
with respect to the desired target shape was needed. A common approach of the evaluation is using a silhouette method
as proposed in (Kaljaca, Vroegindeweij, et al., 2019). In this
method, the bush is photographed from different viewpoints
with a defined camera and background setup. The projected
shape of the bush from each viewpoint can be determined and
used to quantify the trimming accuracy. This method, however, was found to be inappropriate for outdoor experiments
since for a full evaluation, images from many viewpoints are
needed and the difference before and after trimming requires
images from exactly the same position and background.
Another evaluation approach is calculating the similarity of
the bush with respect to the positions of the trimming tool (Li
et al., 2021). This method is especially useful for the evaluation
of trimmings tools. However, for real garden experiments, this
method was not as appropriate since the plant must be
rotated and the method is limited to a 2D analysis. As a result
of this, the silhouette and similarity methods are constrained
to non-complex shapes. A 3D evaluation method that includes
the complete bush surface was consequently needed. Laser
scanners are an option however they expensive and cannot
capture the complete plants without moving the scanning
system, requiring the use of precise Global Navigation Satellite Systems (GNSS) or scan matching techniques such as
Iterative Closest Point (ICP) to combine multiple point clouds
(Hosoi et al., 2011; Guevara et al., 2020). It is also possible to use
a sequence of 2D images to acquire the 3D shape of complex
objects can be acquired using photogrammetry based on
structure-from-motion (SfM) and multi-view stereo (MVS)
(Hartley & Zisserman, 2003). This method has been applied
extensively in, for instance, geosciences (Fonstad et al., 2013),
and cultural heritage (Agarwal et al., 2011). Even complex
objects like plants can be reconstructed using SfM with a
comparable accuracy as high-accurate laser scanners (Rose
et al., 2015). The only disadvantage of SfM is that it is
computation intensive and needs to be done offline.
In this paper, a complete trimming robot is presented as
well as a novel quantitative method for the evaluation of the
trimming performance based on photogrammetry. The trimming robot performed basic navigation tasks and trimmed the
bush by a trimming tool on a robotic arm. The evaluation
method compared the 3D bush shape before and after trimming with the required ground-truth shape. The robot and
evaluation method were tested in real-world experiments
with three different types of bushes (spheres, cylinders and
cuboids). Finally, the results were compared to a quantitative
and qualitative manual assessment of the trimming results.
The work described here focuses on the performance of the
robot when it was already close to the target object. Robot
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navigation through the garden is outside the scope of this
work and therefore not evaluated here.
The paper is organised as follows: In Section 2, the trimming robot is described. Section 3 describes the evaluation
methodology. The materials and experimental protocol are
described in Section 4 and the results are presented in Section
5. Finally, the work is discussed and concluded in Section 6
and 7.

2.

Trimming robot

The trimming robot is shown in Fig. 1, presenting an autonomous mobile platform equipped with a manipulator for
trimming. The manipulator consisted of a robotic arm and a
custom trimming tool (the end-effector). For the experiments
described in this work multiple platform poses around the
bush were needed to trim the full bush, because not all parts
of the bush surface could be reached by the manipulator from
one platform pose. This behaviour was implemented using a
Robot Operating System (ROS) FlexBE state machine
(McDonald Hayhurst & Conner, 2018). The state machine
consists of 3 main stages, starting with platform navigation,
the robot moves in the garden towards the first trimming pose
close to the bush. The next stage is trimming preparation, in
which the robot scans the bush using a RGB stereo camera
mounted on the 6 degrees-of-freedom (DOF) manipulator, in
order to get a 3D reconstruction of the bush, which is then
matched to the desired shape (spherical, cylindrical of
cuboid). In the final stage, trimming execution, a trajectory is
planned for the end-effector to trim the bush. After trimming
execution the state machine switches to the previous stage
(trimming preparation) to assess the trimming result. Based
on this result, either trimming was repeated or the platform
navigates to the next trimming pose. All trimming stages are
summarised in Fig. 2. Each of these stages are explained in
more detail in the sections below. The words in bold correspond with the processes in Fig. 2. All software on the robot

Fig. 1 e Overview of the robot platform and used hardware.
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was implemented using separate modules in the ROS framework (Quigley et al., 2009).

2.1.

Platform navigation

2.1.1.

Hardware

A Bosch Indego robotic lawnmower (Robert Bosch GmbH,
Germany) was selected as the vehicle base of the system. This
platform was modified to carry the arm and tools by adding an
aluminium frame that provided space for additional electronics, sensors and a mounting point for the manipulator
(Fig. 1). The manipulator, a Kinova Jaco2 robotic arm (Kinova
Robotics, Canada) with spherical wrist was mounted on the
vehicle using this frame. This light-weight arm did not need
an external control box, and consumed little power, while the
6 rotational joints of the arm provided the dexterity needed for
the trimming trajectories. For vehicle navigation a Velodyne
Puck LiDAR (Velodyne Lidar, San Jose, CA, USA) was mounted
to the platform base in front of the manipulator. Low-level
platform control (wheel control, battery management) was
handled by the Indego lawnmower hardware, and higherlevel vehicle motions and localisation were executed on a
Pokini i2 industrial computer (Pokini, EXTRA Computer
GmbH, Germany). Bush detection and arm control were performed by a Razer Blade gaming laptop with a Nvidia GTX1060
GPU (Nvidia, Santa Clara, CA, USA).

2.1.2.

Approaching bush

On initialization of a bush trimming operation, the bush must
have been in sight of the LiDAR sensor. The goal of
approaching the bush is to reach the first trimming pose with
the centre of the arm at a defined distance (75 cm) to the
centre of the bush. The bush approaching motion consisted of
two components. First, the platform was controlled to
approach on a straight line until it is about 1.5m from the
plant. Then, the robot was parked along a tangential line of
the circle with the centre of a bush with a radius of 75 cm. This
process is visualised in Fig. 3ab.
As seen in Fig. 3a, at the start position a bush is in sight of
the LiDAR. Using the point cloud of the LiDAR the bush is
detected within a volume above the ground in front of the
robot (of dimensions 2m  4m  0.4m). Next, all points within
30 cm of this nearest point are used to fit a sphere or cuboid
using a variant of Trimmed ICP (Chetverikov et al., 2002),
similar to the work in (Kaljaca, Mayer, et al., 2019). The centre
of the fitted shape is then reported as the centre point of the
bush. The desired pose of the platform is 75 cm from the
bushes’ centre and perpendicular to the tangential line from
centre of the robot to centre of the bush (Fig. 3b). Based on
these values, the robot moves to the first trimming pose with a
circular motion (dashed line) using a PID controller on robot
pose outputting linear and angular velocity commands.
When the platform trimming pose is reached, control
switches to the trimming-preparation stage (Section 2.2) and
trimming-execution stage (Section 2.3). When both stages are
finished, control returns back to the platform-navigation
stage. First, the arm moves to a parking pose. This pose is
convenient for driving. Then the robot moves to the next
trimming pose by moving around the bush in a circular path
using the above mentioned controller (Fig. 3). After the robot
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Fig. 2 e Flowchart of the multi-pose trimming pipeline, as controlled by the state machine. The dashed lines represent the
three state machine stages: platform navigation (blue), trimming preparation (red) and trimming execution (black). The light
blue rounded rectangles are processes executed by the robot. The pink blocks are decisions. The process starts top-left with
approaching the bush, followed by scanning the bush and plan a trajectory. After trimming from one of the five poses, the
platform is moved to the next pose and starts scanning again, or ends the process after the final pose. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3 e a) Start position and four out of five trimming poses. b) Schematic drawing of desired pose of the platform with
respect to the bush before trimming. The black dashed line is the motion to the next trimming pose. Note that for cuboids
the tangential line should cross the corner points of the bush.

has trimmed each pose, there are no trimming poses available, which means that the robot has finished its task and the
trimming state machine has ended.

2.2.

Trimming preparation

In the trimming-preparation stage, data for a 3D reconstruction of the bush is acquired, and the desired bush shape is
fitted as input for the trimming execution. This section provides a brief overview of these two steps. A more detailed
description is provided in (Kaljaca, Mayer, et al., 2019). Apart
from these steps, a method was developed for the online
evaluation of the trimming process.

2.2.1.

Bush reconstruction

A 3D reconstruction of the bush is made by scanning the bush
using a RGB stereo-camera (resolution ¼ 752  480, FoV z 68 ,
baseline z 5 cm) mounted on the robot arm above the endeffector, see Fig. 4a. Extrinsic hand-eye calibration was done
using the dual quaternions method (Daniilidis, 1999) with
HALCON 18.11 (MVTec Software GmbH, Germany). The

extrinsic and intrinsic stereo calibration was done using
Kalibr (Maye et al., 2013). For depth sensing, the images acquired by this camera were processed using the DispNet-CSS
deep neural network to estimate the dense disparity maps
based on the left and right camera images (Ilg et al., 2018).
With the known camera pose from the forward kinematics of
the robot arm, the disparity maps could be directly converted
into a metric point cloud in the robot's coordinate system.
The 2.5D observation from only a single viewpoint does not
provide enough information to reliably recover the bush
shape, due to occlusion caused by outgrowth and ambiguous
feature matching in DispNet. To get a more complete 3D
reconstruction of the bush, a predefined scanning trajectory
was applied that allows the camera to view the bush from 6
additional viewpoints (for both left and right side of the robot
an image was made at three height levels). The point clouds of
all viewpoints were merged based on the camera pose determined by the forward kinematics of the robot arm, and further
refined with the Iterative Closest Point (ICP) algorithm. A more
detailed description of the bush scanning method can be
found in (Kaljaca, Mayer, et al., 2019).
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Fig. 4 e a) The trimming tool mounted as end-effector on the Kinova Jaco2 arm. The front blade is rotating counterclockwise, while the barbs on the rear blade make sure all branches are caught. This is an updated version of the tool
described in (van Tuijl et al., 2018). b) In green the reconstructed bush and in the red the fitted shape. This shape is made
using the target shape information and fitted in the reconstructed point cloud using ICP. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

2.2.2.

Shape fitting

The shape of the observed (outgrown) bush is assumed to be
known (sphere, cylinder, or cuboid), along with its approximate size. This shape information was used to create a point
cloud of the target shape. This target shape was fitted in the
point cloud by trimmed ICP (Chetverikov et al., 2002), using
both position and colour information to identify point correspondences. The fitted shape in the point cloud is visualised in
Fig. 4b. The resulting position and orientation of the fitted
shape were used for the trajectory planning in section 2.3.1.

2.2.3.

Online evaluation of trimming result

Because the trimming execution does not always result in
correct trimming of the bush, for instance due to twigs being
pushed out of the trimming tool, the robot was allowed to
perform repetitions if needed. In order to do this an online
trimming evaluation was implemented. Before and after the
execution of each trimming segment, the arm acquired a new
single-viewpoint cloud of the bush. The point clouds before
and after trimming were then used to create two octree representations of the bush. By matching corresponding points in
both octrees, the region that was trimmed is found. In this
region, the trimming effect is calculated as a signed distance ri
between the trimming result and the fitted shape on all points
where cutting took place. If the average distance of all points
(r) was larger than a trimming result threshold of 1 cm, the
trimming was deemed unsatisfactory and a second repetition
was triggered. Otherwise next trimming segment was started
(2.3.2).

2.3.

Trimming execution

In the trimming execution state, the fitted shape was used to
plan a trimming trajectory and execute the actual trimming.
To execute trimming, a custom trimming tool was mounted
on the end-effector. This end-effector is an updated version of
the one described in (van Tuijl et al., 2018), with a stationary
rear blade with barbs to hold the branches and a rotating front

blade to cut the branches. As result, branches are more likely
to be cut by the blades instead of being pushed aside and
remaining untrimmed (for more details, see Fig. 4a), thereby
increasing cutting efficiency.

2.3.1.

Trajectory planning

Trajectory planning is based upon the fitted shape obtained by
the trimming preparation stage (Section 2.2). The point cloud
of the fitted shape is converted into a triangular mesh, representing the surface of the bush shape. First, the triangles in
this mesh that are spatially close and have a similar orientation are grouped into segments, followed by a check if they are
reachable from the current platform pose. Then, the
trajectory-planning algorithm determines for each reachable
segment the set of desired tool poses to trim that segment. For
each tool pose, multiple Inverse Kinematics (IK) solutions are
generated. An efficient trajectory through all tool poses and
patches is computed by approximately solving a Generalized
Travelling Salesman Problem (GTSP) over a graph whose
nodes are the IK solutions for each target tool pose, and whose
edges are weighted with a custom objective function. A
detailed description of this procedure and the resulting path
are provided in (Kaljaca, Vroegindeweij, et al., 2019).
The major shortcoming of this algorithm is its computational cost as it needs to evaluate a very high number of
possible solutions in order to find a proper coverage
schedule. To speed up trajectory planning, a Look-Up Table
(LUT) was generated by precalculating the trajectories for a
grid of size/position instances of the fitted shape in an offline
setting. When at runtime a size and position of the fitted
shape is encountered that was close to one of those used in
the generation of the LUT, the existing GTSP solution from
the LUT was used. If the scenario was slightly perturbed with
respect to the one in the LUT, the optimal traversal order was
expected to be essentially the same and the arm configurations from the LUT were adjusted to match the new tool
poses (with only minor reduction of accuracy in shape
following).
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Trajectory execution

The trimming trajectory was executed segment by segment,
in which each trimming segment contains tool poses that are
connected by short and smooth motions as explained in
Section 2.3.1. To go to the next segment, the arm performed
larger non-trimming motions.
The planned trajectory and an on/off signal for the trimmer
were sent to an action server implemented on top of the
standard Kinova ROS driver. First, the action server computed
a time-sampled version of the planned trajectory using
quintic splines to create smooth motion trajectories, with the
addition of constraints on the peak speed and acceleration.
Next, the time-sampled trajectory is used to compute suitable
joint speeds using a PID controller. This PID controller is based
on the actual arm configuration and the one that was expected at the current time instant according to the timesampled version of the trajectory. Subsequently, this trajectory is executed by the Kinova manipulator in a segment-bysegment order.

2.3.3.

Executing trimming repetitions

As described in Section 2.2.3 the robot was able to evaluate
intermediate trimming performance using an online evaluation method. To gain insight if this method was actually
necessary the experiments were done using three different
repetition settings: (1) No trimming repetition (NR), meaning
that the trimming operation is performed only once and no
online evaluation is needed; (2) always repetition (AR), when
the robot would always take three attempts; and (3) resultbased repetition (RR), in which trimming was repeated if the
online trimming evaluation method indicated that the trimming result was unsatisfactory (r > 1 cm see Section 2.2.3). At
most two trimming repetitions were allowed. After trajectory
execution has completed control was given back to the platform navigation stage (Section 2.1).

3.

Evaluation method

3.1.

Quantitative assessment

The quantitative assessment evaluated the trimming performance of the complete system. Since this performance was
influenced by specific processes in the total system, some of
them were also given specific attention in the evaluation.
Thus, in evaluation step A, the trimming performance was
assessed as result of the complete trimming pipeline. Subsequently, in evaluation step B, the accuracy of fitting the target
shape (also known as the fitted shape) in the 3D reconstruction of the bush was investigated, as a first possible cause for
reduced trimming performance. Finally, in evaluation step C
the impact of the end-effector poses on the trimming result
were investigated, as they determined the actual surface that
was trimmed. The quantitative evaluation was based on an
accurate 3D reconstruction of the bush before and after
trimming. The data acquisition of this reconstruction is
described in Section 3.1.1 and the methods for the three
evaluations steps are in Section 3.1.2.

3.1.1.

Data acquisition

Accurate 3D points clouds of the bushes before and after
trimming were generated using Structure from Motion (SfM)
photogrammetry (Westoby et al., 2012) with Agisoft v1.5.5
(Agisoft LLC, St. Petersburg, Russia). The 3D reconstruction
was based on a large set of images taken from different
viewpoints around the bush. To this end, a Nikon Z6 camera
(24.5 MP) was used, with a Nikon Z 24-70 F/2.8 lens. The
camera settings were configured in aperture-priority mode (f/
11), ISO200, and focal length of 35 mm. For each bush, a total of
250 images were taken before and after trimming. Images
were taken from a horizontal distance of 0.5 m between the
bush and camera centres, and from 5 different heights
(Fig. 5a). For each height, 50 images were acquired around the
bush, corresponding to approximately 7.2 rotation between
two consecutive camera positions (Fig. 5b).
Since the 3D reconstruction based on SfM is scale
invariant, a set of six known reference markers (Fig. 5c) were
used to scale the point clouds to realeworld scale. Using the
same markers, the bush reconstructions could also be placed
in a world-coordinate system. These markers were manually
selected in Agisoft, which resulted in an average marker position accuracy 4 mm. Additionally, eight reference markers
were mounted on the robot platform to register the pose of the
robot in the world-coordinate system. The pose of the platform and bush were measured using a motion capture system
(OptiTrack, NaturalPoint), consisting of 6 cameras placed
around the test location in the garden. Calibration of the
OptiTrack resulted in an average position error of 0.5 mm. An
overview of the motion capture setup is shown in Fig. 9.

3.1.2.

Evaluation pipeline

The quantitative evaluation pipeline of the robot performance
is illustrated in Fig. 6. The green trapeziums are the inputs.
The orange rectangles are calculated by the evaluation
methods and the blue rectangles correspond with the output
of the evaluation method.
The input files were the point clouds of the bush obtained
with SfM photogrammetry before and after trimming, the
fitted shape by the robot during the trimming operation, and
the poses of end-effector during trimming. The fitted shape
and the end-effector poses were mapped to the worldcoordinate system using the reference markers placed on
the platform as explained above.
To calculate the output of the evaluation methods (blue
rectangles), the 3D point-cloud reconstructions (Fig. 7a) were
processed in a number of steps. The first step was to separate
the bush from the ground in the point clouds by fitting a plane
using the random sample consensus (RANSAC) algorithm
(Fischler & Bolles, 1981; Mehmood, 2021). On the resulting
point cloud of the bush, the desired shape of the bush after
trimming (the ground-truth shape) was fitted (Fig. 7b). In the
experiments, the ground-truth shape could be a sphere, cylinder or cuboid. Note that the ground-truth shape was not the
same as the fitted shape because the latter was derived by
fitting the target shape in the point cloud obtained by the robot
itself as explained in Section 2.2.2. Whereas the ground-truth
shape was made by fitting a shape in the complete point cloud
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Fig. 5 e Photographic process layout. a) Side view of a bush showing the 5 camera height positions. b) Top view of bush and
camera indicating angle between consecutive camera positions. c) Side view camera positions and close up ring with
reference markers.

Fig. 6 e Evaluation software pipeline. Green trapeziums are the input files. The orange rectangles are pre-processing steps
and the blue rectangles are the outputs of the evaluation code corresponding with subsections 3.1.2.1, 3.1.2.2 and 3.1.2.3.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7 e Ground detection and ground-truth shape fitting. a) 3D reconstruction of the bush. b) Segmented 3D model, showing
the ground points (blue), bush points (green), and ground-truth shape (mesh). c) Distance between each bush point and
ground-truth shape (red positive, blue negative distance). d) Segmented 3D model showing the ground points (blue),
correctly trimmed points (green), under-trimmed points (red), over-trimmed points (magenta). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

made with SfM before trimming (as explained above). The
dimension of both the ground-truth and fitted shape are
similar. As a result they only differ in position and orientation.
After pre-processing the point clouds made by SfM, the
robot's performance was evaluated using these point clouds in
three evaluation steps A, B and C, as detailed below.

3.1.2.1. Evaluation step A: trimming performance. To evaluate
trimming performance, the Euclidean distance di between
each point i of the SfM-based point cloud reconstruction of the
bush and the corresponding ground-truth shape was
computed (Fig. 7c). From that, a point was classified as
correctly trimmed (PCT) if 0.02m < di < 0.02m, as under-
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OT ¼

POT
PCT þ PUT þ POT

(4)

where n is the number of points in the point cloud.
In order to test the reliability of the proposed quantitative
method, Section 5.1.1 tests the methodology by measuring the
amount of CT, UT and OT points for two ground truth spherical objects: an expanded polystyrene (EPS) foam sphere and
an artificial bush.

3.1.2.2. Evaluation step B: shape fitting accuracy by the robot.
Fig. 8 e Top view of creating a polyhedron from endeffector poses. a) The coloured dots are end-effector poses.
Each colour represents a different platform pose. (Pose 5 is
removed for readability) b) The polyhedron is shown in
blue. The red points are not used since the green points
were closer to the centre. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)

trimmed (PUT) if di > 0.02m, or as over-trimmed (POT) if di <
0.02m. These classes are visualised in Fig. 7d in respectively
green, red and magenta colours.
Based on this, for each bush the evaluation metrics for the
trimming performance were calculated as the mean point
distance (d) and the ratio of points classified as correctly
trimmed (CT), under-trimmed (UT) and over-trimmed (OT):
Pn
d¼

i¼1 kdi k

n

(1)

CT ¼

PCT
PCT þ PUT þ POT

(2)

UT ¼

PCT
PCT þ PUT þ POT

(3)

The robot trimmed the bush from five poses by fitting the
target shape in the point cloud made by the robot. To evaluate
the shape fitting accuracy, the fitted shapes made by the robot
were compared with respect to the ground-truth shape with
respect to the translation and rotation displacement between
them. The translation was calculated using the Euclidean
distance in 3D between the centres of the fitted shape and the
ground truth shape. The rotation error (a, b, g) of the fitted
cylinder and cuboid shape with respect to the ground truth
shape were computed by calculating the transformation between the two using ICP. The KruskaleWallis test was used
since the data was not normally distributed. This test determined if the distance to the centre of the bush was the same
for all platform poses.
Additionally, the precision of the shape fitting method was
tested in lab conditions by scanning a bush from the same pose
10 times. The standard deviation from these fitted shapes were
calculated. Ideally this standard deviation should be close to
zero, indicating high precision of the shape fitting method.

3.1.2.3. Evaluation step C: trimming surface. To gain insight in
the final shape of the bush, the end-effector poses during
trimming were stored and used to reconstruct a polyhedron
(Fig. 8). Because the robot trims the bush from multiple positions some end-effector end-poses are closer to the centre of
the bush than others. These points are referred as inner and
outer points and visualised in Fig. 8b as green and red points
respectively. It is assumed that the outer points do not
contribute to actual trimming, because that part of the bush is
already trimmed by inner points. As a result of that the
polyhedron in Fig. 8b was made by only using green inner
points. Using this reconstructed surface of the polyhedron it
was possible to compare the polyhedron with the actual
trimming results and discuss if the trimming tool worked
properly.
3.2.

Fig. 9 e System overview of an experiment, showing the
bush to be trimmed in the lower-right corner and the robot
in the background. 1. Motion capture system (OptiTrack) 2.
Platform with markers. 3. Target bush. 4. Reference ring
with markers.

Qualitative evaluation

Along with the quantitative evaluation described in Section
3.1, a qualitative evaluation was performed by visual scoring
of the trimmed bushes. The scoring was performed by ten
evaluators: eight agro-robotic specialists, a boxwood grower
and a professional gardener. Each participant scored each
trimmed bush from 1 (bad) to 5 (perfect), taking into account
the shape of the bush, smoothness and amount of underand over-trimming. Afterwards, the distribution and
average scores for all trimmed bushes were calculated and
evaluated.
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4.

Trimming evaluation experiments

4.1.

Materials

5. Have the robot navigate itself to the first platform
trimming pose (Section 2.1).
6. Check platform pose with respect to the bush and
manually adjust distance (and orientation if necessary)
if the platform is beyond the desired distance (0.7e0.8 m
between arm and bush centre), as this work does not
focus on navigation and the results should not be
dependent on navigation accuracy.
7. Let the robot automatically trim the bush from all five
trimming poses (section 2.3).
8. Generate a post-trimming SfM point cloud of the bush
(Section 3.1.1).
9. Perform quantitative (Section 3.1.2) and qualitative
(Section 3.2) evaluation of the trimming performance.

To evaluate the trimming performance, spherical, cylindrical
and cuboid bushes were used in the experiments. The robot
was designed to be able to deal with any desired bush shape,
but these geometrical shapes are most used in practise. In
total 10 spheres, 9 cylinders and 10 cuboids were trimmed. To
avoid adverse effects due to extreme outgrowth and shape
inconsistency, branches larger than 8 cm (with respect to
expected size after trimming) were removed.

4.2.

Robot settings

At each platform trimming pose, the robot fitted the target
shape to the acquired point cloud (Section 2.2.2). The
following parameters were set manually prior operation,
depending on the type of bush and on the size of the bush
before trimming. For the spheres, a diameter of 0.34 m was
used. The cylinders had a diameter of 0.33 m and a height of
0.5 m. For cuboids, an edge length of 0.30 m was used,
except for 2 bushes, for which 0.34 m was used. After shape
fitting, the diameter and edge lengths were reduced by 2 cm
to set the desired trimming shape. The maximum joint
speeds of the manipulator were set to 0.2p s1 during arm
transitions and 0.1p s1 during cutting (loop rate 50 Hz). The
blade speed of the trimming tool was set to 20 rpm. During
planning, the triangulation grouping thresholds (Kaljaca,
Vroegindeweij, et al., 2019) were set to 0.5 for sphere sides
and 0.3 for sphere top, cylinders and cuboids. The
maximum arm reach for planning was set to 0.7 m in all
cases. The experiments were not focused on trimming
speed. In general trimming one bush required at least
18 min. For every trimming pose (one out of five), the robot
had to scan the bush, calculate the trajectory and finally
trim the bush. These processes required respectively 80, 20
and 120 s per trimming pose.

4.3.

Experimental protocol

The experiments were performed in the experimental outdoor
garden at Wageningen University and Research (see Fig. 9).
The robot was tested on trimming of the spherical, cylindrical
and cuboid bushes in pots. Three different repetition settings
were evaluated: no repetition (NR), result-based repetition
(RR) and always repetition (AR) (see Section 2.3.3). NR was
tested on 9 bushes (3x sphere, 3x cylinder, 3x cuboid), RR was
tested on 10 bushes (4x sphere, 3x cylinder, 3x cuboid) and AR
was tested on 10 bushes (3x sphere, 3x cylinder, 4x cuboids).
For each evaluated bush, the following steps were taken:
1. Place the potted bush at the evaluation spot.
2. Generate a pre-trimming SfM point cloud of the bush
(Section 3.1.1).
3. Register the reference ring around the bush using the
motion capture system.
4. Place the platform approximately 2m away from the
bush.
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5.

Results

5.1.

Quantitative results

First, the assessment methodology is tested in Section 5.1.1.
Next, Section 5.1.2 presents the overall trimming performance. The evaluation of the intermediate steps are described
in Section 5.1.3 shape fitting accuracy and Section 5.1.4 endposes of the end-effector respectively.

5.1.1.

Testing assessment methodology

To test the accuracy of reconstructions made by the photogrammetry, an artificial spherical bush and an expanded
polystyrene (EPS) foam sphere with known 3D shapes were
used. The results in correctly trimmed (CT), under trimmed
(UT) and over trimmed (OT) points (Equations (2)e(4)) and
average Euclidean distances (Equation (1)) are summarised in
Table 1. Respectively 99% and 100% of the points are correctly
reconstructed for the artificial bush and the sphere, meaning
that they are within 20 mm of the known shape. The average
distance of all points to the ground-truth shape, dall is 5 mm
for the artificial bush and 1.1 mm for the sphere. The distance
of each point to the ground-truth shape is visualised in Fig. 10.
The bright green colours indicates that the points in the
reconstruction are close to the ground-truth shape.

5.1.2.

Results step A: trimming performance

The overall trimming result in terms of the percentage of CT,
UT and OT are summarised in Fig. 11. The arrows indicate the
amount of increase or decrease in the metrics averaged for all
bushes in the trial. The base of the arrow indicates the value
before trimming and the tip of the arrow indicate the value
after trimming. Good trimming performance would show a
large increase in CT (green arrow) and decrease in UT (red
arrow) while keeping OT (blue arrow) at the level that it was
before trimming. The plot shows the performance for trimming the spheres, cylinders, and cuboids for the three
different repetition settings (no repetition (NR), result-based
repetition (RR), and always repetition (AR)). The results are
complemented by Table 2, providing the average Euclidean
distance of all correctly trimmed points, (dall ), of all undertrimmed points, (dUT ), and all over-trimmed points, (dOT ). The
next sections discuss the results per bush shape.
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Table 1 e Accuracy of point cloud of artificial bush and
styrofoam sphere. Percentage correctly (CT), under (UT)
and over-trimmed (OT) points and mean Euclidean
distance [mm] of all (dall ), under-trimmed (dUT ) and overtrimmed (dOT ) points.
%CT
%UT
%OT
dall
dUT
dOT

Artificial bush

Styrofoam sphere

99%
0%
1%
5.0
27.0
25.4

100%
0%
0%
1.1
e
e

Figure 12 shows an example of the distance between the
points and ground-truth shape for a spherical bush before and
after the trimming with RR settings. It is clear that most of the
outgrown branches are trimmed closer to the desired shape.
However, some branches are still too long (red points), especially those close to the ground. It can also be observed that
parts of the bush are now over-trimmed (blue points). The
histograms in Fig. 13 visualise this as well, with a shift to the
left side after trimming and a decreased skewness from 0.00 to
0.73. This is partly caused by the robot taking off too much of
the bush. However, it can also partially be explained by the
fact that after trimming, the bush is more open, showing more
natural cavities in-between the branches.

5.1.2.1. Spheres. Figure 11 indicates that after trimming, for

5.1.2.2. Cylinders. In Fig. 11, the magnitude of the green ar-

all settings, an increase in CT of 20e30 percentage point
(p.p.) can be observed and a decrease of UT of 30e45 p.p.,
indicating that many parts of the bush are correctly trimmed to the required shape. For the NR setting, OT increases
only marginally, but for the RR and AR settings, OT
increased with (23 p.p.) and (31 p.p.) respectively. This indicates that with trimming repetition turned on, too much
of the bush is trimmed, resulting in over trimming of the
bushes. The NR setting gives the best results for the spheres,
with the highest increase and absolute value of CT. This is
confirmed by Table 2 showing the lowest Euclidean distances for the NR setting.

rows for CT indicates poor performance of cylinder trimming.
For the AR experiment, there is even a decrease in CT.
Although there is a strong decrease in UT, there is also a big
increase in OT, indicating that after trimming, large parts of
the bush are over-trimmed. Table 2 indicates that there is
virtually no difference in the Euclidean distance of the bush
points to the ground-truth cylinder before and after trimming.
Figure 14a shows the distance of bush points to the groundtruth cylinder after trimming using RR settings. In this
example, CT points decreased from 52% to 38% due to overtrimming. On the righthand side of the bush, almost all
points are over trimmed (blue) yet there are few under

Fig. 10 e (a) Point cloud of the artificial sphere. (b) The distance of all points in the photogrammetric reconstruction with
respect to the ground-truth shape. (c) The expanded polystyrene foam sphere. (d) The distance of all points in the
photogrammetric reconstruction with respect to the ground-truth shape.

Fig. 11 e Percentage correctly (CT, green), under (UT, red) and over-trimmed (OT, blue) points for each setting and bush type.
NR, RR and AR indicates “no repetition”, “result based repetition” and “always repeat”, respectively. The arrows indicate the
direction and the value from before to after trimming, e.g. the spheres in the NR experiment increased the percentage CT to
58%. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Table 2 e Trimming performance of spherical, cylindrical and cuboid shaped bushes in terms of mean Euclidean distance
and in brackets standard deviation of all-, under-, and over-trimmed points, dall , dUT , and dOT , respectively. NR, RR and AR
indicates “no repetition”, “result based repetition” and “always repeat”, respectively. The avg columns refer to the average
results of all bushes for one bush type.
Spheres

Before
dall
dUT
dOT
After
dall
dUT
dOT

Cylinders

Cuboids

NR

RR

AR

avg

NR

RR

AR

avg

NR

RR

AR

avg

3.7 (3.0)
4.8 (2.3)
3.5 (1.2)

4.2 (3.3)
5.2 (2.4)
4.3 (2.0)

3.8 (3.1)
5.0 (2.4)
3.7 (1.4)

3.9 (3.1)
4.2 (2.4)
3.9 (1.7)

3.0 (3.7)
4.2 (1.7)
4.2 (1.7)

2.7 (3.3)
3.9 (1.5)
4.1 (1.7)

3.1 (3.7)
4.4 (1.8)
4.1 (1.6)

2.9 (3.5)
4.2 (1.7)
4.1 (1.7)

2.6 (3.0)
4.1 (1.6)
3.7 (1.5)

2.7 (3.1)
4.1 (1.6)
3.9 (1.7)

2.4 (2.9)
3.8 (1.6)
3.8 (1.6)

2.5 (3.0)
4.0 (1.6)
3.8 (1.6)

2.1 (2.4)
3.6 (1.4)
3.4 (1.2)

2.5 (3.3)
3.6 (1.5)
4.6 (2.1)

2.5 (3.1)
3.7 (1.5)
4.1 (1.7)

2.4 (3.0)
3.6 (1.5)
4.2 (1.9)

3.0 (3.0)
3.3 (1.2)
4.4 (1.8)

2.7 (3.0)
3.3 (1.1)
4.5 (1.9)

4.0 (4.6)
5.1 (2.9)
5.3 (2.2)

3.2 (3.7)
4.3 (2.4)
4.7 (2.0)

2.3 (2.9)
3.7 (1.4)
3.8 (1.6)

2.3 (2.9)
3.5 (1.3)
3.9 (1.7)

2.2 (2.7)
3.4 (1.3)
3.8 (1.6)

2.2 (2.9)
3.6 (1.3)
3.8 (1.6)

Fig. 12 e Distance between points and the target sphere before (a) and after (b) trimming with RR setting.

Fig. 13 e Histogram of distance between points and the target sphere before (a) and after (b) trimming with RR setting.
Skewness (before) 0.00 vs ¡0.74 (after) and kurtosis (before) 3.69 vs 4.62 (after).

trimmed points (red) on the left, indicating that trimming was
not well centred, but shifted to one side. The histogram in
Fig. 15, shows this as well before trimming the bush was
centred around 0 cm. As a result of trimming, the distribution
shifts to the left, which means that actual trimming did work,
but due to shape fitting inaccuracies the points that were
previously assigned as CT, became OT after trimming.

5.1.2.3. Cuboids. Figure 11 shows a small improvement in CT
after trimming cuboid shaped bushes. A decrease of UT is
visible, which becomes larger with the increment of repetitions, from NR settings to AR settings, indicating that multiple
trimming repetitions improves the removal of outgrowth.
However, with the repetitions, the OT increases as well,
indicating that multiple repetitions result in over trimming of
the bush. Despite the over-trimming the average Euclidean

distance (dall ) decreased for all trimmed cuboids regardless the
repetition setting (Table 2).
The over-trimming is visualised in the dark blue spots in
Fig. 16b. Some branches remain uncut. For this example, the
amount of UT points decreased from 38% to 12% after trimming, but at the cost of more OT points (18% before and 39%
after the trimming). This is also visible in Fig. 17, the whole
distribution shifts to the left, with its peak at 0.02 cm after
trimming, resulting in more OT points.

5.1.3.

Results step B: shape fitting accuracy by the robot

In this section, the results of the shape fitting by the robot are
given in terms of precision and accuracy in translation and
orientation with respect to the ground-truth shape.
The precision was tested by repeated scanning and shape
fitting of the same bush by the robot from the same platform
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Fig. 14 e Distance between points and ground-truth cylinder before (a, b) and after (c, d) trimming with RR setting.

Fig. 15 e Histogram of distance between points and the target cylinder before (a) and after (b) trimming with RR setting.
Skewness (before) ¡0.43 vs ¡0.29 (after) and kurtosis (before) 3.08 vs 2.85 (after).
pose. The 10 runs resulted in an average Euclidean distance of
0.9 cm (±0.4). The accuracy is tested by comparing the pose of
the ground-truth shape with the fitted shape by the robot. The
average translation error in cm (standard deviation) of sphere,
cylinder and cuboids are respectively, 6.1 (2.9), 6.1 (3.2) and 5.1
(1.4) cm. These translation error for every pose are visualised
in Fig. 18. The box and whisker plots indicates the distribution
of the distance between the fitted shapes by the robot and the
ground-truth shape for every platform trimming pose and
bush type.  indicates the average Euclidean distances, which
are all above 4.3 cm, indicating that there is quite a large
translation offset between the fitted and ground-truth shape.
The translation error for the cuboids is relatively low and
constant for the different poses compared with the spheres
and cylinders. Cuboids have the advantage that the robot can
only see two sides of the bush, whereas for the spheres and

cylinders, the robot saw both trimmed and yet untrimmed
parts of the bush, making shape fitting more erroneous. The
KruskaleWallis test shows that the spheres have a significant
difference (p ¼ 0.04), indicating that the platform pose has an
effect on the translation error. Whereas there is no significant
difference for the cylinders and cuboids (0.24, 0.79).
The orientation accuracy was calculated as a rotation
measured in Euler angles (a, b, g) between the fitted shape and
the ground-truth shape. For the cylindrical shapes, the
average (max) rotation angles are 1.1 (3.7 ) for a, 1.7 (3.7 ) for
b, and 1.2 (3.6 ) for g. For the cuboids, the rotation angles are
larger: 2.5 (7.1 ) for a, 2.5 (7.4 ) for b, and 17.7 (42.5 ) for g.
Especially g is large, which is the rotation around the vertical
axis. The distributions of the rotation errors for the cuboids
per pose are given by means of the box and whiskers plot in
Fig. 19a. There is no clear effect of the pose on the rotation

Fig. 16 e Distance between points and ground-truth cuboid before (a) and after (b) trimming with RR setting.
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Fig. 17 e Histogram of distance between points and the target cuboid before (a) and after (b) trimming with RR setting.
Skewness (before) ¡0.49 vs ¡0.27 (after) and kurtosis (before) 3.55 vs 3.34 (after).
polyhedron and ground-truth shape as the sphere. Despite
this, the shape after trimming looks more like the polyhedron
indicating that the trimming action itself is actually effective.
As explained in previous section the cuboids have a rotation error with respect to the ground-truth target. As a result
of this error, the reconstructed polyhedron in Fig. 22 does not
have clear vertices.
Despite this Fig. 22c also shows that some branches outside
the polyhedron are uncut.

5.2.

Fig. 18 e Box and whisker plot of Euclidean distance
between fitted and ground-truth shape for every platform
trimming pose and bush type. £ denotes the average
distance and the points are outliers.
error (p-value for a ¼ 0.55, b ¼ 0.52, and g ¼ 0.69). The consequences of the rotation error is visualised in Fig. 19b, where
the four fitted cuboids are distinctly rotated with respect to
each other; the shape after trimming is indicated with a black
line.

In Fig. 23, the average grade provided by the human experts
are shown. The box plots show the distribution over all experts. For the sphere, the highest average score is obtained
when NR were allowed. For the RR and AR settings, the performance drops. This was true for the other shapes as well,
the NR setting is best on average. This indicates that inconsistencies in the trimming happen when multiple repetitions are performed. The highest score for a single bush is 3.1
out of 5, indicating a low trimming performance according to
the evaluators.

6.
5.1.4.

Qualitative results

Discussion

Results step C: trimming surface

To evaluate the quality of the trimming actions made by the
robot, the trimming results were evaluated by reconstructing
the trimming surface as a polyhedron using the end-effector
end-poses. An example of such a polyhedron is shown in
Fig. 20. In (a), the polyhedron (blue surface) is shown together
with the trimmed bush, showing a good correspondence,
which indicates that the trimming actions of the robot
worked. (b) shows the polyhedron together with the groundtruth shape (red sphere), indicating the mismatch that was
discussed in Section 5.1.3. There is a visible offset between the
ground-truth sphere and the polyhedron and the polyhedron
is larger than the ground-truth shape. (c) shows the distance
of all bush points to the ground-truth shape. It is clear that the
bush was not trimmed to the ground-truth shape because of
the irregular polyhedron.
The polyhedron is also visualised for a cylinder and cuboid
in Figs. 21 and 22. The cylinder shows a similar offset between

This paper presented an autonomous robot for topiary trimming of boxwood bushes, as well as a novel method to evaluate the trimming performance in outdoor conditions. The
quantitative evaluation method assessed the trimming performance by acquiring high-density point clouds with a SfMMVS method as well as with a motion-capturing system. To
investigate the factors that influenced the performance, each
fundamental step of the trimming pipeline was evaluated
separately. This approach allowed the analysis of the error
components and their propagation through the pipeline,
revealing the relatively large influence of the shape fitting.
Whereas other methods in literature are focused on 2D analysis (Kaljaca, Vroegindeweij, et al., 2019; Li et al., 2021), the
benefit of our 3D evaluation method is clear, as a objective
quantitative analysis of the complex trimming behaviour of
the robot could be performed. By systematically looking at
different steps in the pipeline, sources of error could be
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Fig. 19 e a) Box and whisker plot of rotation angles a, b, g for cuboids for every pose, £ gives the average rotation error. b) A
top-view on an example bush showing the large error in rotation around z axis (g). The dotted areas represent the fitted
shapes (pose colour corresponds with legend a), the black solid line indicates the bush shape after trimming. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 20 e a) Trimmed bush with polyhedron (blue) b) Top-view comparison polyhedron with ground-truth shape (red sphere)
and end-effector poses (green). c) Side view of the distance between points and ground-truth shape. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 21 e a) Trimmed bush with polyhedron (blue) b) Top-view comparison polyhedron with ground-truth shape (red sphere)
c) Side view of the distance between points. The red ovals indicate over trimmed regions. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 22 e a) Trimmed bush with polyhedron (blue) b) Top-view comparison polyhedron with ground-truth shape (red sphere)
c) Distance between points. The transparent red square indicates the ground-truth shape. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 23 e Summarised score given by human experts for
each bush type and experimental setting. The £ indicates
the average of all bushes trimmed with given repetition
setting.

pinpointed, leading to insights in how to improve the behaviour in future work.

6.1.

Evaluation method

The accuracy of our quantitative evaluation method was
tested using two artificial spheres (section 5.1.1), which
showed high accuracy of the method, with >99% of the points
within the desired error range of 2 cm, and the average
Euclidean distance of the points to the ground-truth shape, dall
< 0.5 cm. Give the size of the bushes (30-34 cm diameter) and
maximum outgrowth of 8 cm, the accuracy of the evaluation
method can be considered sufficient to evaluate the trimming
results.
The disadvantage of the bush reconstruction method is
that the floor has to be segmented by fitting a plane allowing
some variation due to grass and unequal soil. As a result, some
points of the bush were classified as floor, as can be seen in
Fig. 12. The consequence is that the lowest branches were not
always evaluated. These branches were challenging for the
robot, this could have resulted in a slight underestimation of
UT-points.
Furthermore, an overestimation occurred in the amount of
OT. This is caused by the assumption that the bush shape is a
closed surface. However, there are naturally occurring holes
in the bush's surface, and sometimes the reconstructed
method correctly observes these holes. However, by
comparing the reconstruction with ground-truth shape, the
holes are classified as over-trimmed, even though this was not
caused by the robot's trimming action.

6.2.

Trimming performance

From the results of the quantitative evaluation methods, the
trimming performance of the spherical shapes was reasonable with an average improvement of 24 p.p. CT points.
However, the performance for cylindrical and cuboid shapes
was poor with an average increase of 0.2 p.p. and 6 p.p. on CT
respectively, see Fig. 11.
The low trimming accuracy was largely due to errors in the
shape fitting performed by the robot (see Section 5.1.3). The
average 3D displacement between fitted and ground-truth
shapes was 6.1 cm for the spheres, 6.1 cm for the cylinders
and 5.1 cm for the cuboids. The rotational error for cylinders
was relatively low (between 1.1 and 1.7 for the different
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rotation angles), but was high for the cuboids, especially for
the rotation around the vertical axis (17.7 ). As these fitting
errors occur at every platform trimming pose, the errors add
up and result in the odd-shaped polynomial shapes, as it can
be observed in Figs. 19b, 20, 21 and 22.
As a result of the shape fitting inaccuracies, there were
many OT and UT points, as illustrated in Figs. 12, 14 and 16.
Since the platform was manually adjusted, the accuracy of the
navigation system did not have any influence on the shape
fitting accuracy. As a result, the shape fitting inaccuracy was
probably caused by the fact that the robot acquires only a
partial point cloud of the bush, distorting the shape fitting.
Moreover, due to previous trimming actions, the observed
bush was already partially trimmed. Future improvements of
the trimming robot should acquire a complete point cloud of
the bush before trimming to fit the target shape and to plan
the sequence of actions.
Taking the inaccuracy in shape fitting into account, polyhedrons were reconstructed to visualise the planned trimmed
surface with respect to the shape of the bush after trimming,
as illustrated in Figs. 20 and 21. Close similarities were
observed after overlaying the polyhedron with the trimmed
bush. In Fig. 22, however, some large branches remained
uncut, despite the fact that the branches are outside the
polyhedron. This is partially caused by branches that were
pushed away by the end-effector at the corners of the cuboid.
From that it can be concluded that the trimming actions still
need to be improved for cuboid shaped bushes. For spherical
and cylindrical bushes, however there is a high overlap between the polyhedron and trimmed bush, indicating that the
trimming actions performed by the robot were effective.
Comparing the different trimming repetition settings,
there was no clear difference between experimental settings
NR, RR, and AR for all the three bush shapes in terms of the
percentage of correctly trimmed points. But with more repetitions, the percentage of over-trimmed points increased for
both the spherical and cuboid shapes (Fig. 11). Trimming
repetitions can improve the level of under-trimming, but with
the cost of over-trimming parts of the bush. The qualitative
analysis suggest that the best results were achieved with no
repetition (NR). This was especially clear for the spherical
bushes and in agreement with the quantitative results in
Section 5.1.2.1.
Not all results in the qualitative analysis were in agreement with the quantitative result. According to Table 2, the
cylinders trimmed with the AR setting had the highest
average Euclidean distance after trimming (dall ). However, the
qualitative analysis (Fig. 23) shows the spheres trimmed with
the AR setting had a lower score and RR cuboids had a similar
score. The differences between the qualitative and quantitative can be explained by the fact that the quantitative results
are mostly based on the distance between 3D points and the
ground-truth shape, whereas the evaluators in the qualitative
analysis included other traits like symmetry and smoothness
in their final score.
The robotic trimming experiments were very time
consuming, limiting the amount of test data. Despite having
used 29 bushes, the sample size per shape type and repetition
setting was too limited to allow thorough statistical analyses.
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The lack of ground-truth objectivity is a general problem for
many evaluation studies that involve interactions with a
complex environment, such as in a real application environment. However, the preservation of the one-by-one correspondence between the features before and after trimming
gives a high precision of the evaluation performance.

7.

Conclusion

The performance of the mobile trimming robot was evaluated
by comparing 3D point clouds of the topiaries acquired before
and after trimming. The evaluation methodology was tested
by measuring two artificial spheres, concluding that the
method matches the accuracy demands for our application.
The trimming accuracy for three different topiaries was
determined: spherical, cylindrical and cuboid shapes. On
average, for the spherical shape, the percentage of CT points
increased from 27% to 51%. The percentage increase in CT
points for the cylinders and cuboids varied between 0.2 p.p.
and 6 p.p. The trimming result of each bush was also manually
scored by ten evaluators. The highest score was 3.1, out of 5.
The poor trimming performance, in particular for cylindrical
and cuboid shapes, indicates that the trimming result of the
mobile robot is not yet accurate enough for practical application of trimming complex shapes. Using the novel evaluation method presented, it was possible to investigate the
accuracy objectively and to identify bottlenecks and weak
points, showing that the trimming accuracy of the robot presented here was largely influenced by the shape fitting
method. Furthermore, the complete robot description is
interesting for future work since to our best knowledge this is
the first paper that completely describes an autonomous topiary trimming robot. Together with the identified bottlenecks
this paper can be used for the further development and
evaluation of future robots for plant manipulation.
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