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Abstract: Sustainable forestry requires efficient regeneration methods to ensure that new forests are
established quickly. In Sweden, 99% of the planting is manual, but finding labor for this arduous work
is difficult. An autonomous scarifying and planting machine with high precision, low environmental
impact, and a good work environment would meet the needs of the forest industry. For two years, a
collaborative group of researchers, manufacturers, and users (forest companies) has worked together
on developing and testing a new concept for autonomous forest regeneration (Autoplant). The con-
cept comprises several subsystems, i.e., regeneration and route planning, autonomous driving (path
planning), new technology for forest regeneration with minimal environmental impact, automatic
plant management, crane motion planning, detection of planting spots, and follow-up. The subsys-
tems were tested separately and integrated together during a field test at a clearcut. The concept
shows great potential, especially from an environmental perspective, with significantly reduced soil
disturbances, from approximately 50% (the area proportion of the area disturbed by disc trenching)
to less than 3%. The Autoplant project highlights the challenges and opportunities related to future
development, e.g., the relation between machine cost and operating speed, sensor robustness in
response to vibrations and weather, and precision in detecting the size and type of obstacles during
autonomous driving and planting.

Keywords: automation; silviculture; planting; mechanical site preparation; route planning; obstacle
detection; system analysis; motion planning

1. Introduction

In the ongoing climate crisis, it is important to maximize carbon sequestration [1,2] and
minimize greenhouse gas emissions in all parts of forestry to reach the goal of a sustainable
bioeconomy. A major societal challenge is to maximize forest growth and carbon storage
in standing forests [1,3] at the same time as more wood needs to be harvested to produce
forest biomass for substituting fossil fuel products [4] or other products associated with
high greenhouse gas emissions, such as cement [5]. Forest management methods need to be
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environmentally friendly and cost-efficient and offer a good work environment for forest
workers. Ecologically, economically, and socially sustainable forestry methods, including
high and value-creating growth through resource-efficient precision technology, are an
important part of the solution. Efficient forest regeneration has the potential to provide
rapid re-establishment and growth of seedlings to shorten the phase during which forest
regeneration areas are carbon sources instead of carbon sinks [6–8].

Traditional mechanical site preparation methods, such as mounding and disc trench-
ing [9–11], involve high energy consumption and impact a significant proportion of the
soil in a regeneration area (17–70% of the total area of a clearcut [8]). The dominant tree
species to be planted in northern Europe are Scots pine (Pinus sylvestris L.) and Norway
spruce (Picea abies (L.) H. Karst.). From the perspective of the survival of these seedlings, a
disturbed soil area proportion of 3% of the total area is necessary, ensuring that a seedling
is surrounded by at least 20 cm of mineral soil to reduce pine weevil (Hylobius abietis (L.))
damage [12].

Currently, labor-intensive manual planting is difficult to source in northern Eu-
rope [13,14]. The shortage of labor has been a main driver for silvicultural technology
development in boreal forestry since the mid-1960s, with renewed attempts during periods
when the shortage has been more evident [15]. As workforce turnover increases, the quality
of manual planting may decrease, as it takes time for manual planters to acquire the skills of
selecting good planting spots while retaining a high level of productivity. Other drivers of
silvicultural technology development, as summarized in [13], have been reductions in the
use of herbicides, improvements in the work environment and planting quality, reductions
in regeneration costs, and increases in productivity.

Internationally, there are several different commercial planting machines operating, es-
pecially within short-rotation plantation forestry, although manual planting still dominates,
by far, worldwide [13]. Automation has been suggested as one way to increase productivity
in mechanical planting [16]. In Brazil, a semi-autonomous planting machine with three
heads was launched in 2019 [13]. However, the large eucalyptus fields in Brazil are very dif-
ferent from stony boreal forests, in which the forest floor is mainly intact and standing and
fallen trees are left in the regeneration areas. Several projects have tested new technology in
recent years, including automation and image analyses in planting machines. In Poland, a
scientific–industrial consortium is developing a planting robot, RoboFoR [17,18]. In parallel
with the Autoplant project, Södra (the forest owners’ association of southern Sweden) is
developing its own planting machine, BraSatt [19]. In Sweden, several forestry companies
have invested in making PlantmaX (a development of the Silva Nova [20]) smarter such
that it avoids unsuitable planting spots by using image analysis [21].

To address several challenges related to forest regeneration, the collaborative project
Autoplant was set up by nine organizations: the Forest Research Institute of Sweden
(Skogforsk), Luleå University of Technology (LTU), the Swedish Royal Institute of Technol-
ogy (KTH), the silvicultural technology company Bracke Forest AB, the Cluster of Forest
Technology, three forest companies (SCA, Holmen, and Sveaskog), and one forest owners’
association (Södra). The project period was from February 2021 to February 2023.

The overall aim of the project was to address the societal challenges summarized as
follows, using the methods shown in italics:

1. The Climate Challenge: Improving planting spots and seedling survival rates results in
quicker establishment of new forests following harvesting, thereby reducing carbon
dioxide emissions [6–8]. The increased precision in site preparation and planting
further improves energy efficiency due to a much smaller area proportion of the soil
being processed.

2. The Environmental Challenge: Precision site preparation and more precise regeneration
planning significantly reduce the area proportion of soil disturbance by only affecting the area
closest to the planted seedlings. This benefits environmental and cultural conservation
(less damage to cultural remains), as well as other forest values, such as recreation,
berry picking, and reindeer herding [22].
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3. The Work Environment Challenge: Automation eliminates harmful whole-body vibrations
associated with off-road driving, and a safer work environment is promoted.

4. The Workforce and Gender Equality Challenge: New work tasks and lighter workloads
may attract new demographic groups to forest work. In the future, the remote
handling of certain tasks could contribute to a better balance between work and
family life.

The objective of the Autoplant project was to develop autonomous forest regeneration
techniques adapted to boreal conditions and characterized by high precision, low environ-
mental impact, and a favorable work environment, while retaining high productivity. The
specific objective of the two-year project was to develop and test the different subproducts
needed for the future system to work, integrate the subsystems, and demonstrate a fully
autonomous site preparation and planting cycle in full scale and in real time at a forest
regeneration area (clearcut) in central Sweden. The aim of this paper is to describe the dif-
ferent parts of the Autoplant concept and discuss the challenges and opportunities related
to the future development of the complete system, as well as the different subsystems.

2. The Autoplant Concept

Autoplant is not a planting machine prototype but a research concept for developing
key subsystems for enabling autonomous forest regeneration machines. The subsystems
are described in different sections below and include the following: the brain of the
machine—Mission Supervisor (Section 2.1); regeneration and route planning—Pathfinder
(Section 2.2); autonomous navigation—Path Planning (Section 2.3); the terrain vehicle
platform (Section 2.4); the Planter—new technology for forest regeneration (Section 2.5);
the Crane Controller—motion planning and control of the crane (Section 2.7); and finally,
detection of planting spots—the Planting Planner (Section 2.8).

A communication diagram of the different subsystems and how they interact, along
with the main hardware components, is presented in Figure 1. The Mission Supervisor
acts as the coordinator that instructs the main subsystems using ROS (Robot Operating
System [23]) actions and services. Prior to the launching of the system, a global route
is loaded as a file of coordinates from Pathfinder. In addition to the components shown
in the diagram, three computer units run the different software components, mainly as
ROS nodes. All three computers and the vehicle Programmable Logic Controller (PLC)
are connected to a local ethernet network. An additional laptop allows the control and
monitoring of the machine and connects to the machine network using Wi-Fi.

2.1. The Brain of the Machine—Mission Supervisor

The Mission Supervisor serves as the mission planner and is the primary controller
of the machine. A detailed description of its function is presented in [24]. This system is
structured hierarchically, comprising various subsystems, each tasked with managing a
specific hardware system or function. The Mission Supervisor orchestrates the activities of
these subsystems, dictating the actions to be executed and their timing.
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Figure 1. Autoplant concept communication overview. Each of the yellow boxes represents a sub-
system. The green boxes are support functions and nodes, whereas the gray boxes are hardware 
components. The communication paths of actions, topics, and ros_control are within ROS. UDP is 
transmitted using the machine network, and the USB connections are to different computers in the 
system. Figure adapted from [24]. 
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Figure 1. Autoplant concept communication overview. Each of the yellow boxes represents a
subsystem. The green boxes are support functions and nodes, whereas the gray boxes are hardware
components. The communication paths of actions, topics, and ros_control are within ROS. UDP is
transmitted using the machine network, and the USB connections are to different computers in the
system. Figure adapted from [24].

The Mission Supervisor design is based on finite state machines—a control logic prin-
ciple that facilitates complex behaviors through a defined set of states. The SMACH
toolbox [25] was utilized within ROS to implement the Mission Supervisor as an ROS node.
In the setup, most states in the Mission Supervisor correspond to specific actions. These
actions, integral to the functioning of the machine, are listed in Table 1. The main operation
path in automatic mode can be summarized as follows:

1. The Crane Controller performs TRANSPORT to place the crane in the transport position.
2. The Path Planner performs NEXT_POS, which makes a local path and autonomously

moves the machine a predefined distance along the planned path. If the path has
reached the final point, the execution goes to standby. Otherwise, the machine stops
and initiates planting operations in this new staging area.

3. Now, the crane performs DOCK to place the crane in docking position. Meanwhile,
the Planter performs TRANSFER to pick a seedling from the local storage.

4. When the crane is in position, the Planter performs DROP to load itself. Meanwhile,
the Planting Planner performs PHOTO_WORKAREA followed by ADD_OBSTACLES
to map the obstacles in the staging area.

5. The Planting Planner performs GET_POSITION to find a free position for planting.
If no free position is found, the machine will restart at Step 1 and move to a new
position.
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6. The Crane Controller performs POSITION_ABOVE_SEEDLING followed by POSI-
TION_ON GROUND to place the Planter on the ground using ground pressure
sensing.

7. The Planter performs PLANT to scarify and plant the seedling.
8. The Crane Controller performs PHOTO_SEEDLING to place the crane above the plant

to take a photo.
9. The Seedling Photo performs TAKE_PHOTO to take a photo of the planting spot.
10. The Planting Planner performs SAVE_SUCCESS, SAVE_FAIL_SCAR, SAVE_FAIL_

GROUND, or SAVE_FAIL_CRANE depending on the outcome of the planting.
11. If the attempt failed, and the seedling is still intact, the Planting Planner loops back to

Step 6 and performs GET_POSITION. However, if the planting was successful, the
execution loops back to Step 3 to load a new seedling instead. This time around, there
will be no new detection of obstacles in the staging area. All the planting attempts
have already been saved based on the Planter’s location, and no visual identification
is needed to localize the seedlings.

Table 1. The commands that the subsystems accept from the Mission Supervisor. Here, site preparation
is named scarification.

Path Planning Crane Controller
NEXT_POS Move to next staging area position DOCK Position for seedling transfer
Planting Planner DOCK_WAYPOINT Move to waypoint near docking
PHOTO_WORKAREA Take photo of new staging area TRANSPORT Move to transport position
ADD_OBSTACLES Build obstacle map of staging area POSITION_ABOVE_PLANT Prepare to move to ground
GET_POSITION Obtain suggested planting position POSITION_ON_GROUND Place unit on ground
SAVE_SUCCESS Save last planting as fail PHOTO_PLANT Position above seedling
SAVE_FAIL_SCAR Save last planting as scarification fail Planter
SAVE_FAIL_GROUND Save last planting as ground contact fail TRANSFER Transfer seedling from tray
SAVE_FAIL_CRANE Save last planting as crane fail DROP Place seedling in plant unit
Seedling Photo PLANT Scarify and plant
TAKE_PHOTO Take photo of the planted seedling STOP Emergency stop

The flow of operations in the Mission Supervisor is dynamic, where the transition
from a completed state can lead to various subsequent states, depending on the preceding
outcomes. One strength of state machines is the methodology for describing and developing
these types of processes in a structured way. Placing the code and logic for executing
the actions corresponding to states within the individual subsystems keeps the Mission
Supervisor at a manageable abstraction level. Each subsystem may encompass additional
mechanisms for handling specific tasks, as further illustrated in Figure 1.

2.2. Pathfinder—Regeneration and Route Planning

Pathfinder is a decision support tool developed in the Autoplant project that suggests
net area to plant, tree species, seedling density, and the global route for autonomous driving
(Figure 2). It consists of two submodules, PlantP [26] and PathP [27], which are described
briefly below.

2.2.1. PlantP

The PlantP module, which has been developed in an adjacent project [26], uses the
harvested production (hpr) files to decide the net area for regeneration (Figure 2b, the
gross area is the planned area for harvesting, Figure 2a). PlantP suggests tree species and
seedling density based on the site index derived from the harvested trees. Forest data
from the Swedish Forest Agency are used to identify areas with a priori low tree coverage
(e.g., impediments). The Swedish National Road Database is used to separate regeneration
areas from roads. A soil moisture index map from the Natural Land Cover Database [28]
is used to exclude areas that are too wet or too dry, and parent material maps are used to
exclude peat soils. The threshold values are based on inventory data from ~6000 sample
plots throughout Sweden [26].



Forests 2024, 15, 263 6 of 24

Forests 2024, 15, 263 6 of 25 
 

 

 

 
Figure 2. A selection of steps in the Pathfinder decision support tool, demonstrated at the site for the 
Autoplant integration test at a regeneration area outside Bräcke, Sweden. (a) Gross area planned for 
final felling (8.4 ha); (b) net area clearcut (blue, 8.1 ha) based on harvester production files (hpr), 
where the harvester position when felling a tree is marked with a yellow dot; (c) net area to plant 
(8.0 ha) from the submodule PlantP, including tree species and seedling density, where areas that 
are too wet for site preparation/planting are excluded; (d) hexagons with different slope and direc-
tion; (e) the continuous route (traveling salesman problem, TSP); (f) the routes (different colors) if 
the machine capacity is 1500 seedlings (vehicle routing problem, VRP). 

2.2.1. PlantP 
The PlantP module, which has been developed in an adjacent project [26], uses the 

harvested production (hpr) files to decide the net area for regeneration (Figure 2b, the 
gross area is the planned area for harvesting, Figure 2a). PlantP suggests tree species and 
seedling density based on the site index derived from the harvested trees. Forest data from 
the Swedish Forest Agency are used to identify areas with a priori low tree coverage (e.g., 
impediments). The Swedish National Road Database is used to separate regeneration ar-
eas from roads. A soil moisture index map from the Natural Land Cover Database [28] is 
used to exclude areas that are too wet or too dry, and parent material maps are used to 
exclude peat soils. The threshold values are based on inventory data from ~6000 sample 
plots throughout Sweden [26]. 

2.2.2. PathP 
The output from PlantP (Figure 2c) is used as input to PathP together with a digital 

elevation model (DEM), forcing passages, additional NoGo areas (if present), and machine 
data. Here, a resolution of 1 m was used for the DEM. The machine data include working 
speed (default 1 m s−1) and width (here 6 m), extra time penalties for turns of different 
sharpnesses, critical slope where driving direction is significant (here ≥ 15°), and the 

Figure 2. A selection of steps in the Pathfinder decision support tool, demonstrated at the site for the
Autoplant integration test at a regeneration area outside Bräcke, Sweden. (a) Gross area planned
for final felling (8.4 ha); (b) net area clearcut (blue, 8.1 ha) based on harvester production files (hpr),
where the harvester position when felling a tree is marked with a yellow dot; (c) net area to plant
(8.0 ha) from the submodule PlantP, including tree species and seedling density, where areas that are
too wet for site preparation/planting are excluded; (d) hexagons with different slope and direction;
(e) the continuous route (traveling salesman problem, TSP); (f) the routes (different colors) if the
machine capacity is 1500 seedlings (vehicle routing problem, VRP).

2.2.2. PathP

The output from PlantP (Figure 2c) is used as input to PathP together with a digital
elevation model (DEM), forcing passages, additional NoGo areas (if present), and machine
data. Here, a resolution of 1 m was used for the DEM. The machine data include working
speed (default 1 m s−1) and width (here 6 m), extra time penalties for turns of different
sharpnesses, critical slope where driving direction is significant (here ≥ 15◦), and the
seedling carrying capacity (here 1500). The reloading of seedlings is a manual task at the
landing. As sharp turns are difficult both for autonomous terrain vehicles in unknown
terrain and for large traditional scarifiers, the tool aims to minimize U-turns.

The solution approach is divided into several steps to find the routes: 1. The area
is discretized into hexagons, where each hexagon has 10 m between its opposing sides
(Figure 2d), each comprising a slope direction based on the DEM. 2. The slope of each
hexagon is smoothed in relation to its neighbors. 3. Hexagons are connected to create
groups of larger areas with the smoothed directions. Only certain directions are allowed
if the slope is greater than a chosen threshold (here 15◦). For all feasible and imposed
directions, the longest possible path without turning is created. 4. Within each group of
hexagons, many lines are generated in the preferred driving direction. 5. A point grid
with 1-m squares is generated, and a set-covering problem is solved to find the minimum
number of lines to cover all points (penalties are imposed if a point is not covered or if lines
are too close to each other). 6. Overlapping lines in different directions are divided into
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segments, and those that overcover are removed in a postprocess. 7. A traveling salesman
problem (TSP) is solved to generate a path for calculation, considering the working width
of the machine, including the total time and cost of following the route. The connection
costs between arcs resemble the extra turning time (sharp turns have greater time penalties
than smooth turns). As one of the outputs, Pathfinder suggests one long route (Figure 2e)
that could be used by scarifiers or by planting machines carrying enough seedlings for
the whole area. 8. To obtain a route solution based on seedling capacity, a vehicle routing
problem (VRP) is solved, calculating the total time and cost for routes considering the
seedling capacity in each route. The selected feasible routes make up the solution used
in the present Autoplant concept (Figure 2f). A more detailed description of Pathfinder is
presented in [27].

2.2.3. Pathfinder Results

The forest area planned for the Autoplant integration tests was 8.4 ha, and the net
harvested area derived from the hpr files in PlantP was 8.1 ha, with an additional 0.1 ha
excluded because of conditions that were too wet (Figure 2). The stand index (dominating
tree height when the stand is 100 years) based on hpr data was 23, and PlantP suggested that
7.1 ha be planted with Scots pine at a density of 2000 seedlings ha−1 and 0.9 ha be planted
with Norway spruce at 2300 seedlings ha−1 (Figure 2c). The total driving distance in
Figure 2e is 15.0 km, of which 2.3 km is driving without planting. The suggested 14 routes,
each including a maximum of 1500 seedlings, are presented in Figure 2f. The total number
of seedlings is 16,200, and the total driving distance is 19.4 km, including 6.7 km without
planting. The distance includes the machine following the border back to the landing, not
taking the shortest route as visualized in the figure.

2.3. The Path Planner—Autonomous Navigation

It is not possible to precisely follow a global plan in harsh terrain, as the global plan
never considers all variations in a clearcut area. Therefore, a local path planning system has
been developed that is described in this section. Navigating autonomously in a harsh forest
environment is challenging. Compared to on-road applications, the challenges center on
machine–terrain interactions rather than vehicle–vehicle interactions and traffic rules. Even
though tools for off-line route planning (global planning) are becoming more precise and
advanced, local planning is still needed. The forest is not a static environment, meaning
that divergence from a preplanned global route will and must be possible. The resolution
from a global plan (here, the output from the Pathfinder decision support tool) could also be
insufficient, resulting in a path suggestion impossible to traverse. Autonomously diverging
from a global route and briefly following a local path is very similar to the case of a manually
driven vehicle, where the operator needs to make local adjustments based on the terrain
ahead. These local adjustments are based on the operators’ visual input of the terrain. To
accomplish this while driving autonomously, an estimation of the terrain in front of the
machine is essential.

In Autoplant, a full-scale test vehicle and a downscaled prototype [29] were both
equipped with a stereo camera (ZED2, Stereolabs) in the front of the vehicle to sense the
terrain. The sensor input was used to estimate a topology map of the terrain ahead of
the vehicle. The topology map was generated using an elevation map developed in [30].
The vehicle is centered on the map and uses point cloud data, based on camera input, to
estimate the topology of the terrain around and ahead of the vehicle. The elevation map
can be seen as a function that maps height coordinates at the coordinate location, as shown
in Equation (1), where M is a function that takes a coordinate pair, (x, y), and gives the
height h at that location: M(x, y) = h.

M : R2 → R : (x, y) → h (1)

For the local Path Planner to function, it needs to know its position relative to the
global route. This positioning was performed using a combination of GNSS data and wheel
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odometry. The GNSS module gives the position and heading of the machine, providing
there is satellite coverage, and wheel odometry compensates when coverage is lacking.

The developed local path-planning algorithm uses the preplanned global route from
Pathfinder (Section 2.2) as a reference and uses a local trajectory rollout approach to generate
candidate paths [31]. In the first step, candidate paths are generated in front of the machine,
and the topology map is sampled. In the second step, the candidate paths are evaluated
based on the vehicle–terrain interaction model, which evaluates a set of state parameters:
ground clearance, slope, roll angle, roll angle velocity, and the change in steering angle
compared to the previous path. In this step, the goal is to find all paths that are infeasible for
the machine and remove them so that only the feasible paths remain, which is accomplished
by comparing these parameters to their maximum allowed value based on the vehicle’s
capabilities. The calculations of the state parameters are described in Equations (2)–(5).

Firstly, a path is defined as a set of consecutive points. Then, the vehicle model, which
is only the front section of the machine, is evaluated at each of these points as shown in
Figure 3a. This evaluation starts with the roll angle calculation in Equation (2), where the
roll angle dw is calculated from the wheel span, zl , zr, and the height under the wheels at
that position as defined in Figure 3b.

α = sin−1
(

zl − zr

dw

)
(2)
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Figure 3. Illustration of (a) the forward simulation along a path and (b) evaluation at each point
in the path, where p(s) is an arbitrary point between the wheels, z(s) is the height at that point, zl
and zr are the heights under each wheel, dc is the nominal ground clearance, gc is the true ground
clearance, and α is the roll angle of the machine.

From the roll angle α, a discrete roll velocity can be calculated by looking at the
difference in roll angle between two consecutive evaluation points. Let αk be the roll angle
at the current evaluation point and αk−1 be the roll angle at the previous evaluation point;
then, the roll velocity

.
α can be calculated as

.
αk = αk − αk−1. The slope is calculated for each

wheel independently because it is meant to capture obstacles and terrain that the machine
is unable to climb. The slopes ∆zl,k, ∆zr,k are defined as the difference in height between
two consecutive evaluation points zl,k, zl,k−1 and zr,k, zr,k−1 as shown in Equation (3).

∆zl,k = zl,k − zl,k−1 (3)

The last state parameter evaluated along the paths is the ground clearance gc. This
is the shortest distance between the bottom of the machine chassis and the terrain. To
calculate this distance, the distance from the bottom of the chassis to the wheel–terrain
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contact must be known. Let that distance be dc, as shown in Figure 3b. Then, under the
assumption that the roll angle α is small, the distance between the chassis and the ground
at an arbitrary position p(s) is

∆dc(s) = z(s) + dc − M(p(s)) (4)

Here, s ∈ [0, 1], p(0) are the coordinates of the inside of the left wheel, and p(1) are
the coordinates of the inside of the right wheel. M(p(s)) obtains the height at p(s) from
the elevation map, and z(s) is defined in Figure 3b. The resulting ground clearance is the
minimum ∆dc between the wheels:

gc = min
0≤s≤1

∆dc(s) (5)

The final state parameter is the change in steering angle between plans. Because each
candidate path has a constant steering angle, each plan will have the same. The steering
angle of the path under evaluation can be compared to the steering angle of the previous
selected path. This evaluation is included to handle cases where, as an example, an obstacle
is straight in front of the machine and two candidate paths with similar optimality lie on
each side of the obstacle. In this case, it would be preferable to choose one direction and
continue, even if this would result in reduced optimality, to avoid a case where the machine
zigzags toward the obstacle until it is too close to avoid. If the steering angle changed
instantaneously, this would not be an issue, but changing direction takes some time in the
real world. The change in steering angle ∆β can be calculated by ∆β = βc − βp, where βc
is the steering angle of the candidate path and βp is the steering angle of the last chosen
path. Then, a cost vector q can be constructed by combining all of the state parameters:

q =
[
|gc|, |∆z|, |α|,

.
|α|, |∆β|

]
.

In the third step, all infeasible paths are removed as options by comparing each
element of q against their maximum allowed value. In the fourth step, the remaining
possible paths are evaluated as an optimization problem, which is done by weighting the
parameters in q at each point in the paths and adding up the weighted parameters along
the path. The resulting sum is viewed as the cost of the path under evaluation. In this step,
the distance to the global route is also included as a factor, and the path with the lowest cost
will be chosen and published as the new local plan, i.e., the selected path. The local Path
Planner generates an updated path at 1 Hz. This allows the algorithm time to recalculate
with new sensor data while ensuring continuous improvements of the overall path. The
stereo camera covers 15 m ahead of the machine, and each plan is 6 m long, which allows
the planner to react to obstacles in time due to vehicle speeds below 2 m/s. This does not
limit the planner to including obstacles that can be handled by later samples. The local
path-planning steps are illustrated in Figure 4.

2.4. The Terrain Vehicle Platform

The primary tool for exploring forestry within Autoplant is a heavy-duty unmanned
forest machine platform [32,33] (Figure 5), developed by The Machine Design Group at
Luleå University of Technology, affiliated with the Arctic Off-Road Robotics Laboratory
(AORO). The objective behind creating this unmanned forest machine is to test various
robotic software solutions aimed at achieving fully automated forest operations. The
machine has, for example, previously been used to successfully demonstrate autonomous
forwarding [32].
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Figure 5. The Autoplant digital twin, with coordinate frames for joints and sensors depicted. Coordi-
nate frames are depicted with axes colored red, green, and blue for x, y, and z axes, respectively.

The 10-ton platform comprises two chassis components: the front section houses the
engine, hydraulic pumps, and most computing units, whereas the rear accommodates
additional equipment, including a full-scale forest crane that can be interchanged with
different modules, or other end-effectors added to the crane. These main sections are
connected by a hydraulic articulation joint with 1 degree of freedom (DoF). Powering the
machine is a diesel engine and a hydrostatic drivetrain with four hub motors. To allow for
traversing over rough terrain, pendulum arms (1 DoF each) are individually controlled
hydraulically. The engine also includes generators supplying 24 V and 12 V electrical power
to the control units and sensors.

The control system consists of four primary computers with distinct functions. The
first, a Ueidaq I/O computer named UEISIM, manages signals activating various me-
chanical components and gathers data from positional and pressure sensors. The second
computer, an NVIDIA Jetson Xavier, is an embedded computing board focused on visual
computing and object detection. This board interfaces with a stereo camera for environmen-
tal perception. The third computer is a laptop PC with Ubuntu 18.04 that acts as the ROS
master in the system and executes most of the other ROS nodes. In addition, a PLC handles
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control for seedling transfer, site preparation, and planting. Through a local area network,
communication is enabled among the three computers, and an analog bit logic interface
comprises the communication interface between the PLC and the other computers.

There are positional sensors for all moving joints on the machine and the crane, except
for the underactuated joint between the crane and the end-effector the Planter. Pressure
sensors are installed on all hydraulic cylinders for precise monitoring. ZED2 stereo cameras
from Stereolabs are fitted on both the front and rear of the machine. The platform is
equipped with a Leica iCON GPS80 GNSS system featuring dual antennas for accurate
localization. A remote emergency switch is in the hand of an operator at all times to ensure
the machine can be stopped immediately at any sign of safety-related issues. The mission
is otherwise started and stopped from a remote laptop connected to the same local area
network.

2.5. The Planter—New Technology for Forest Regeneration with Low Environmental Impact

A major challenge in developing new technology for forest regeneration with low
environmental impact was to make the Planter (the site preparation and planting device)
lightweight and compact but with sufficient strength and power to perform a sufficient site
preparation. Bracke Forest AB, as detailed on its official website (www.brackeforest.com),
holds a prominent global position in the development and manufacturing of silvicultural
technology. This company has garnered recognition for its robust, heavy-duty site prepa-
ration equipment, which is designed for integration with forwarders. It is also noted
for its advanced planting heads, specifically engineered for attachment to excavators. To
develop a new planting device specific to the Autoplant system, about 45 rough concepts
were generated and evaluated during several brainstorming sessions, of which some were
3D-modeled to check their feasibility. One conclusion from those sessions was that site
preparation was the most challenging part to solve.

To gain a further understanding of a few main principles, three site preparation ideas
were chosen and manufactured for testing (Figure 6). The three concepts were (1) a digging
concept with a rake-shaped blade that rotates around a horizontal axis, (2) a drilling concept
with a spiral, and (3) a scraping concept that scrapes the soil apart with two blades moving
parallel to the ground. The designs went through several iterations to test and evaluate their
weight, hydraulic demand, and anchoring ability and the quality of the site preparation
spot. For example, different kinds of methods were used to obtain a stable anchoring point
against the ground. Many tests were conducted both indoors and in the field before a
decision was made on which one to use in the final concept. The pros and cons of the three
site preparation devices are summarized in Table 2. The drilling concept made the best
planting spots consistently and was chosen to be integrated into the final concept (Table 2).

The planting part in the final concept made use of a modified planting tube, which
can be compared to a standard manual planting tube, mounted on a parallel linked arm.
The drill was also mounted on a parallel linked arm on the opposite side of the planting
tube. This was done to achieve a simple and compact device that would scarify and plant
in the exact same spot.

Table 2. Evaluation of the three site preparation concepts.

Digging Drilling Scraping

Weight + ++ −
Hydraulic demand ++ + +

Anchoring ability + ++ −−
Quality of planting spot + ++ −

Overall rating +++++ +++++++ −−−

www.brackeforest.com
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Figure 6. From left to right: (a) a digging concept with a rake-shaped blade that rotates around
a horizontal axis, (b) a drilling concept with a spiral, and (c) a scraping concept that scrapes the
ground apart.

The final tests of this concept are promising, and they show a proof of concept that
lightweight (around 200 kg) and compact devices like this can achieve an approved result
that combines the scarifying and planting parts in 11 s.

Camera for Following Up Planting

The planting follow-up camera was based on an FLIR Blackfly, mounted within a
surveillance camera chassis for weather protection. The assembly had a magnet mounting
plate and adjustable joint to allow for view adjustment. The magnet attached the camera
assembly to the Planter. The camera had its own computer hardware, an NVIDIA Jetson
Nano, in a separate enclosure housing. An ROS node was running on the Nano that
connected to the machine network using Wi-Fi (Figure 1). In the proposed concept, camera
images are taken of both planted seedlings and failed planting attempts. The images can
be stored together with metadata such as machine and planting position and machine
parameters. Although not further explored in the project, this enables the development of
systems for automatically grading the quality of the planting.

2.6. Automatic Seedling Transfer

Early in the workshops held with all participating companies in the Autoplant project,
a decision was made that the seedlings should be picked directly from the Hiko-trays
(BCC AB, Landskrona, Sweden) in which they are delivered from the nursery. An onboard
storage of 1500 seedlings was seen as reasonable to fit on the available terrain vehicle
platform, but a single Hiko-tray was used for the integration tests (Figure 7). Automatic
seedling transfer from the storage to the planting device is important for increasing the
productivity of mechanized planting [34,35] but is challenging due to the sensitivity of the
seedlings.
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In parallel with the development of the scarifying and planting device, a picking robot
was developed by Bracke Forest to transfer seedlings from the onboard storage to the
planting device. The picking tool and robot itself were developed in an earlier project [36].
The robot is an SCARA type of robot with the tool mounted on the arm (Figure 7). The tool
uses the z-axis (i.e., up-and-down motion) to lift the seedling from the tray. It then rotates
around and drops the seedling into the planting tube of the Planter.

2.7. The Crane Controller—Motion Planning of the Crane

The crane client subsystem used MoveIt™, a key component of the ROS package suite
renowned for its extensive robotic motion planning tools [37]. This software leverages
the joint_trajectory_controller from ros_control, enabling precise control over robotic arm
movements [38]. It seamlessly integrates essential robotics elements, including kinematics,
dynamics, and sophisticated control techniques. A significant feature of MoveIt is its
collision avoidance algorithms, essential for the safe and efficient operation of robot arms.

The joint_trajectory_controller processes trajectories from MoveIt to guide the robot
arm movements, employing precise control over each joint. The controller utilizes PID
joint controllers, which are integral parts of the ROS control system. For these controllers
to effectively manage machine movements, an ros_control hardware interface is required,
typically implemented in C++. The full control path is illustrated in Figure 1. Hydraulic
cranes are typically nonlinear systems with considerable intrinsic dynamics. Nevertheless,
modern hydraulic systems generally include a load-sensing feature, which minimizes the
interaction among different actuators. The output from a control valve is closely related
to the corresponding actuator speed. By conducting calibration measurements to assess
the joint speed at varying valve control signals, a linearization table was developed. This
table correlates the desired joint speed with the corresponding valve control signal. With
this linearized control being employed as a velocity joint interface in ros_control, the crane
could be handled like a robotic arm within the MoveIt and ROS framework.

Although our crane control system has not yet matched the proficiency of an ex-
perienced human operator, it demonstrated satisfactory performance as a proof of con-
cept within the limited timeframe of the project. However, the complexity inherent in
ros_control, particularly in developing the C++ hardware interface necessary for MoveIt
activation, posed significant challenges. This complexity was partly attributed to the nature
of ros_control hardware interfaces, which function more like plugins than traditional ROS
nodes in terms of communication.
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2.8. The Planting Planner—Detection of Planting Spots

Effective planting requires the strategic placement of seedlings. A proficient plant
planning system is therefore essential to discern viable planting locations while avoiding
unsuitable ones. In the Autoplant project, this challenge is addressed using an obstacle
detection system. This can visually identify obstacles like stumps and stones and determine
their size and location within the machine’s operational area. The core of the obstacle
detection relies on data from a ZED2 stereo camera, complemented by a bounding box
detection from the YOLO family. The initial development and training of this AI system
are described in [39], and transfer learning was used to merge the work to a contemporary
YOLO detector (version 7). The obstacle detector used in the project exhibits a mean
average precision (mAP) of 0.80 at an IoU threshold of 0.5. Mean average precision is the
typical way of evaluating a detector’s performance across its classes [40].

The plant planning algorithm focuses on selecting locations that maintain a safe
distance from detected obstacles and existing seedlings. To achieve this, the Planting
Planner initially projects all detected obstacles onto a 2D map of the work area. It then
performs a convolution of this map using a specially designed kernel. This kernel embodies
the necessary margins required around each seedling, ensuring adequate space for growth.
The algorithm processes the convoluted map to pinpoint positions where the values fall
below a predefined threshold, indicating suitable planting locations. After each planting
attempt, the 2D map is updated, and a new convolution is performed. The projected
map and how detected obstacles are projected are illustrated in Figure 8 and described
thoroughly in [41].
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The developed method is computationally efficient and highly adjustable. Various
parameters can be fine-tuned, such as the design of the convolution kernel and the values
assigned to projected obstacles on the map, allowing the system to be tailored to different
environmental conditions and planting requirements.

3. Integration Tests and Experiments
3.1. Integration Tests at a Forest Regeneration Area

The Autoplant system was integrated and tested together during a week in September
2022 at a regeneration area (clearcut) in the vicinity of Bräcke, Sweden, 62.9130◦ N, 15.6330◦

E (WGS84). The hardware developed by Bracke was mounted on the terrain vehicle
platform, and the mechanical, hydraulic, and electrical interfaces were connected. The
assembly itself went well, as all participants had made use of their respective digital twins.

In the field test, full autonomous site preparation and planting were demonstrated,
1.5 years after the project started (Figure 9). However, in the first test, only a limited number
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of planting cycles were completed successfully during the two days when the machine was
in operation at the clearcut. The main reasons for interruptions in the autonomous execution
were the improper configuration of the crane ground clearance model and the overheating
of one of the main computers. Once the overheating issue was identified, it was easily
solved by increasing the cooling of the computers. To enable proper crane operation, the
crane tolerance settings had to be adjusted, and the ground clearance model was redesigned.
However, these modifications came at the expense of valuable experimental time.
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Figure 9. Autonomous site preparation and planting demonstrated for the first time in September
2022 at a forest regeneration area outside Bräcke, Sweden. (Left) The autonomous vehicle platform
with the crane steering toward the self-selected planting spot. (Right) An autonomously planted
seedling with the light site preparation and planting device, developed by Bracke Forest.

The tests followed the operation path description in Section 2.1, but only one staging
area was tested each time, and the autonomous navigation was therefore not evaluated
to the fullest. The tests showed that the integration was successful, with all interfaces
working.

During system development, considerable attention was devoted to ensuring safe
operation, particularly concerning the crane’s behavior. Consequently, the system exhibited
a conservative tendency, favoring aborts over taking risks. One significant advantage of
employing a state-machine-based control system lies in its capacity to take appropriate
actions to recover from error events. Regrettably, during the integration testing phase, the
system had not reached the desired level of completeness in this regard. Future designs
should incorporate an error recovery strategy encompassing all states. Transitioning the
system to ROS 2 would enhance system monitoring and reliability [42]. Additionally, it is
advisable to include monitoring of machine parts and computing hardware parameters,
such as temperature and processor load. It can also be noted that streamlining the start
process should have been prioritized, as rebooting multiple scripts on multiple computers
is a time-consuming endeavor.

3.2. Field Experiment

In addition to the field tests outside Bräcke, a field experiment was conducted focusing
on the evaluation of the overall control of the machine. During these experiments, the
concept was able to perform its operation continuously without issues. Additionally, a
few simplifications were made to the setup. The actual planting unit was not added as
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hardware. Instead, an emulator was added to the system that used the same amount of
time (11 s, see Section 2.5) to perform the same actions as the real hardware. The location
was also easier, a flat grass area scattered with artificial birch stumps at Skogforsk Sävar
research station, 63.8944◦ N, 20.5489◦ E (WGS84), located close to the town of Umeå in
Sweden. Dummy obstacles were scattered on the ground with known positions, and the
obstacle detector and Planting Planner operated as intended. This setup made it possible to
record the operation times of the system parts (even if some were emulated). The results
are presented in Figure 10.
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7.5% of the time of the sum of the diagram. The data are collected for two staging areas with a total
of five plantings. Average time per planting in that case is 84 s. Figure adapted from [24].

The experiment served as a simulation model validation. The simulation model was
a real-time simulation model developed in ROS as a Python node, which mimicked the
velocities of joints in the machine. The real-time simulation differs from the discrete-event
simulation described in Section 4. The real-time model demonstrated an agreement in
timing within 10% for most crane operations. Two primary reasons account for the ob-
served differences. First, the simulation featured obstacles similar in type and size but at
uniformly random locations, resulting in varied crane movements. Second, for identical
movements like crane docking, the actual machine operated more slowly than the simulator.
This discrepancy is likely caused by the machine’s slower response at the start of a move-
ment. Such dynamics are not fully addressed by the linearization table in the controller
(Section 2.7), leading to differences in movement speed between the simulation and the
actual machine. Although a 10% variance may be acceptable in this application, modeling
this nonlinear behavior in the hydraulics might enable further movement improvements.
Machine movement was highly underestimated in the simulation because acceleration was
ignored by the model, and a 30% deviation was seen.

4. System Analysis
4.1. Modeling the Machine–Soil Interaction

The potential of autonomous planting machines in a conceptual context was assessed
by system analysis using discrete-event simulation.
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The soil, specifically obstacles, was modeled based on previous research and real-life
datasets [43–48]. These obstacles encompassed stones and boulders, roots, and stumps.
Stones and boulders were represented by six different sizes: 125 cm3, 3375 cm3, 27,000 cm3,
91,125 cm3, 216,000 cm3, and 421,875 cm3. The overall soil stoniness was set at either 20%
or 40%. Fourteen percent of the regeneration area was assumed to be covered by stumps
and roots (including the zone of rapid taper).

We assumed that the Planting Planner (see Section 2.8) could detect stumps and boul-
ders above the surface and therefore avoid them during site preparation and planting. In
contrast, roots and stones below the ground surface were nondetectable. Hitting a nonde-
tectable object would result in the failure of site preparation (and subsequently planting).
The minimum allowable distance between planted seedlings was set at 2.0, 2.2, or 2.4 m.

The Planter, i.e., the drilling concept developed by Bracke Forest AB, creates planting
spots with a depth of 4 cm, a borehole depth of 12 cm, and a spot diameter of 30 cm
(Figure 11). As the planting tube uses the same borehole for planting, there is no risk of
encountering obstacles during planting, only during soil preparation. We assumed that
the smallest stones (size 125 cm3) do not impede site preparation, whereas larger stones or
boulders could obstruct both site preparation and planting. Because the smallest stones
accounted for 40% of the stone mass, the effective soil stoniness during the simulation was
either 12% (i.e., 0.6 × 0.2) or 24% (i.e., 0.6 × 0.4).
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4.2. Simulation Results

The number of planted seedlings ranged from 1500 to 2300 per hectare, depending on
the minimum allowable distance between seedlings (Figure 12a). The planting densities
aligned with the preferences of the Autoplant collaborative project group. Stoniness had
minimal impact on planting density, but it did slightly increase soil disturbance. That
said, in all cases, the soil disturbance was below 3% of the area. Machine settings can be
adjusted to closely approximate the desired density, but the exact number of seedlings
that will survive varies. Generally, the optimal planting density in economic terms is
influenced by various factors, including site fertility and interest rates. For instance, the
Swedish Forest Agency suggests that the net present value of a stand is optimized when
1000–1500 seedlings are planted per hectare, depending on site fertility [49]. Furthermore,
in Fennoscandia, any gaps between planted seedlings are typically filled with naturally
regenerated trees, fostering the development of mixed forests, which is beneficial in a
number of ways [50].
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(b) The number of planted seedlings per hour and hectares planted (i.e., hectares accomplished) per
hour versus the minimum allowable distance (m) between planted seedlings.

Productivity was primarily affected by the minimum allowable distance between
planted seedlings (Figure 12b). A denser planting resulted in more seedlings planted
per hour due to a decreased proportion of time spent driving. However, when analyzed
per hectare, the situation was the opposite. A sparser planting arrangement allowed
the machine to cover a larger area per hour. The increase in productivity eventually
began to decline as the relative proportion of driving time (a constant addition) became
more significant.

5. How the Autoplant Concept Helps Solve Societal Challenges

In the emerging bioeconomy, a balance is needed between increased production and
regeneration so that the forest maintains its function as a carbon sink while also meeting
the new production needs. Our solution is fast forest regeneration with precision site
preparation and planting to avoid unnecessary soil disturbance and give the planted
seedlings a head start by ensuring sufficient planting spots (the Climate Challenge).

The Autoplant concept has the potential to reduce soil disturbance from today’s
17–70% [8] to less than 3% of the regeneration area (Figure 12a, the Environmental Chal-
lenge). In addition, decision support tools such as Pathfinder avoid soil disturbances in
sensitive soils (too wet or too dry) and exclude NoGo areas such as historical remains,
and they provide the operator with a plan for operation where those areas are already
excluded (Section 2.2). However, detecting unmarked historical or cultural remains might
become more difficult when the operator is no longer on board the machine. On the other
hand, many of the remains (for example charcoal pits) are more easily detectable on a DEM
derived from high-resolution LiDAR scans than by the human eye at the site.

In the two-year Autoplant project, there was not enough time to evaluate the planting
success in terms of the survival and growth of the planted seedlings compared to manually
planted seedlings. However, previous studies have indicated that mechanical planting
has been of high quality compared to average manual planting [51,52]. The presented
planter unit does not work in exactly the same way as the devices studied previously, and
the actual seedling survival rate is a critical aspect of future evaluation. The project has
recently received funding for two more years of development and evaluation of the entire
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Autoplant system, and seedling establishment experiments in different site conditions are
an important part of this work.

Manual planting also puts a lot of strain on the planting team, as they need to carry
the planting equipment and press it into the potentially stony soil, as well as carry all the
seedlings on foot through rough terrain (the Work Environment Challenge). By mechaniz-
ing the planting process, the work is transformed from harsh physical labor to operating
machines. Mechanical site preparations by scarifiers are today associated with a lot of
whole-body vibration, and moving the operator from the machine to the ground automati-
cally reduces these vibrations to zero. Planting machines with a higher level of autonomy
open new ways of working, where one operator could manage several machines at the
same time. In this scenario, the operator would be responsible for starting the machines
and then overseeing their work. If this concept is taken one step further, the operator might
not be needed on-site and could instead manage the machines from an office setting. The
new tasks could attract other people than those currently employed for the physical hard
regeneration work [53] (the Workforce Challenge).

A key feature of the Autoplant concept is precision, and the concept provides a
good start for precision forestry [54]. If the goal of improved seedling establishment is
reached, fewer seedlings will need to be planted per hectare, and costs can be reduced.
The coordinates and information about the planted seedling, such as tree species and
type, are stored and may serve as a starting point for a digital twin of the forest [55]. The
digital twin can be used for modeling how different forms of forest management, such
as precommercial thinning and thinning, affect the stand and its economic or biological
value. When the exact coordinates of genetically improved planted seedlings are known,
it is easier to make sure that these trees are not removed during precommercial thinning.
Known seedling coordinates also allow for precision low-dose fertilization.

6. Opportunities Afforded by the Autoplant Subsystems

The different subsystems have a wider potential for use than the Autoplant con-
cept. The decision support tool Pathfinder (Section 2.2 [27]) could be used for any planting
machine. The continuous route (Figure 2e) could also be used for traditional scarifiers, to im-
prove the estimation of the area in which they operate, minimize time-consuming U-turns,
and shorten the overall driving distances, thereby reducing time and fuel consumption.

The local Path Planner (Section 2.3) could be used as an operator support tool that
suggests paths to an operator driving a machine. The planner is not machine-specific, except
for the “maximum parameters” that allow it to be used on any articulated vehicle. Outside
real-world implementation, it could be used in simulations to increase the resolution, and
it could plan routes by driving the planned routes in a simulation to further improve them.

The vehicle platform (Section 2.4 [32]) can be used for testing various robotic software
solutions aimed at achieving fully automated forest operations. The Planter (Section 2.5)
is a new lightweight site preparation and planting device, although it is still in the early
prototype stage. It demonstrates that site preparation and planting can be performed with
a device with a weight that is only 10–15% of that of the Bracke products currently on the
market (www.brackeforest.com). This enables new applications for smaller machines (with
or without onboard operators), especially if continuous cover forestry increases, and the
need for light site preparation and planting in cap cutting or in shelterwoods increases in
areas where natural regeneration is insufficient [22]. The robot arm for automatic seedling
transfer (Section 2.6 [36]) developed by Bracke can be used not only for loading seedlings to
the Planter but also for transferring seedlings from trays to other seedling storage units on
the machine or to carousel trays connected to the planting device. This has been pointed
out as a crucial step to solve, generally, in mechanized planting [16].

Because the motion planning of the crane (Section 2.7) did not reach the performance of
a human operator, the method of linearizing the control allows for further development,
since the crane now can be handled as a normal robotic arm. This makes it possible to use
standard and readily available software for crane control.

www.brackeforest.com


Forests 2024, 15, 263 20 of 24

The planting spot detector (Section 2.8 [41]) could be used as an operator support tool to
indicate where there are suitable planting spots for mechanized planting. Its lightweight
setup, with stereo imagery as the main input, allows it to be used to preplan where to plant
seedlings, by scanning the area with stereovision beforehand.

The tool for system analysis of the planting machine–soil interaction (Section 4 [48])
could be adapted for other applications to test, for example, the soil disturbance level and
productivity of other forest regeneration machines, given different soil conditions and the
density and size of tree stumps.

7. Challenges Still Facing the Autoplant Concept

The specific objective of the two-year Autoplant project was to develop and test the
different subproducts needed to make the future system work, integrate the subsystems,
and demonstrate autonomous site preparation and planting. A fully autonomous site
preparation and planting cycle was demonstrated in full scale and real time in a forest
regeneration area (real environment) in September 2022 (Section 3). However, this was a
proof of concept and an integration test for testing the subsystems together. The concept
is far from a commercial product, and several improvements are needed before a final
prototype may be presented:

1. Robustness needs to increase in all sensors and subsystems, as reducing machine
down-time has been identified as an important factor for planting machine productiv-
ity [16]. The forest environment is rough, and mechanical site preparation produces
dust that can affect cameras and sensors. Vibrations when traversing the terrain,
as well as every time the Planter hits stones and boulders, also put great strain on
the equipment. Different weather conditions and different sun angles also increase
the amount of training data needed to create a system that can operate in all condi-
tions. Precision in detecting objects and their size and placement around the machine
also needs to increase. For example, fusing sensor data from several sources with
filtering techniques can counteract drawbacks caused by poor data from individual
sensors [56].

2. Instead of a crane, the machine needs one or several fast arms to carry the Planter(s)
and plant enough seedlings every hour. Autonomous machines may not have the
same productivity demands as manually operated machines or tools, but operators
are needed to start up the machines, monitor them, and reload them with seedlings.
The machine productivity must compensate for the costs of its capital and energy
use. Reaching a high level of productivity is a key factor for success [16]. From the
time study (Section 3.2), it is evident that the concept needs a fast actuator (crane or
robotic arm) to move the Planter into position quickly. It would also be beneficial if
the Planter could carry at least the quantity of seedlings needed to plant a staging area
and collect more seedlings while the machine moves to the next staging area. If the
investment cost can be kept down and the size allows for easy transportation between
regeneration areas, it would be possible for an operator to handle three machines at
the same time with the Autoplant concept [48].

3. A suitable commercial base machine is needed for the concept. The vehicle platform
developed by LTU and used in this project was developed to serve as a base for
off-road automation research and is not designed to be a commercial product. The
size may be appropriate for the task, but more research is needed to evaluate its
accessibility in rough terrain. The base machine in the Autoplant concept needs to
fulfill the hydraulic demand of the Planter, store at least 1500 seedlings, and be able
to traverse rough terrain with boulders and stumps. There are large machines, for
example, forwarders, which manage these tasks today, but few lighter and cheaper
base machines with good terrain capability are available on the market. Future
research includes finding the optimal setup for this kind of lighter terrain vehicle.

4. To enable autonomous forestry systems in Sweden, legislation must change. Today, an
operating area needs to be fenced off with, at minimum, continuous hazard warning
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tape. The cost of putting up the tape on fence posts is enough to ruin the economy
of the entire regeneration operation. New regulations and safety systems are needed
where, for example, geofencing [57] can replace physical fencing. The safety systems
developed in other projects need to reach a level where they can detect humans and
larger mammals within the safety zone of the machine.

5. Previous research has identified seedling packaging, transport, and transfer as a
bottleneck in the breakthrough of mechanical planting [16,34,35,58]. If seedling trays
were optimized for mechanical planting and the handling systems were more cost-
efficient, the potential for mechanized planting would increase [16,59,60]. However,
the automatic seedling transfer in the Autoplant concept allows for efficient seedling
transfer with the present Hiko-tray system.

These improvements will be addressed in the new two-year phase of the project,
funded by the Swedish Innovation Agency, Vinnova. This phase will involve large-scale
testing of different subproducts, including experiments on seedling establishment where
the Autoplant system will be compared to traditional methods. More focus will be directed
toward the work environment and human–machine interactions. Bracke Forest will develop
a plan for commercialization, and lobbying efforts will be carried out to bring about the
changes in Swedish legislation needed before autonomous vehicles can be used in forestry.

It may take a while until autonomous planting machines for rough boreal forest terrain
reach the market, but to reach the final goal, we must start somewhere, and the Autoplant
concept has tested some directions of the necessary system development. Some of the
subproducts might reach the market before the final concept is mature.

8. Conclusions

The Autoplant project has demonstrated fully autonomous site preparation and plant-
ing cycles at full scale and in real time in a real-world environment. However, the integra-
tion test was very short, and the project focus was on developing and testing the different
subsystems needed for the future system to work. Varying amounts of development and
testing remain until the subsystems can be used within operational forestry. Precision
site preparation and planting help give the planted seedlings a head start and are our
solution for addressing the Climate Challenge by both sequestering carbon in biomass and
using more wood products to decrease greenhouse gas emissions. The Autoplant concept,
with high precision, allows for a system shift toward a more sustainable bioeconomy. The
concept has the potential to drastically reduce soil disturbances during forest regenera-
tion. The lightweight precision Planter also has the potential to decrease the size of the
base machine, resulting in less machine-induced soil disturbances such as soil compaction
and rutting. The Autoplant project highlights the challenges and opportunities regarding
future development, e.g., the relation between machine cost and operating speed, sensor
robustness in response to vibrations and weather, and precision in detecting the size and
type of obstacles during autonomous driving and planting.
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