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Abstract Effective forest regeneration is essential for 
sustainable forestry practices. In Sweden, mechanical site 
preparation and manual planting is the dominating method, 
but sourcing labour for the physically demanding work is 
difficult. An autonomous scarifying and planting system 
(Autoplant) could meet the requirements of the forest indus-
try and, for this, a tool for regeneration planning and routing 
is needed. The tool, Pathfinder, plans the regeneration and 
routes based on the harvested production (hpr) files, soil 
moisture and parent material maps, no-go areas (for culture 
or nature conservation), digital elevation models (DEM), 
and machine data (e.g., working width, critical slope, time 
taken for different turn angles). The overall planting solution 
is either a set of capacity constrained routes or a continuous 
route and could be used for any planting machine as well as 
for traditional scarifiers as disc trenchers or mounders pulled 
by forwarders. Pathfinder was tested on eleven regeneration 
areas throughout Sweden, both with continuous routes and 
routes based on a carrying capacity of 1500 seedlings. The 
net operation area, species and seedling density suggestions 
were deemed relevant by expert judgement in the field. The 

routes provided by Pathfinder were compared with solutions 
given by two experienced drivers and a third solution based 
on the actual soil scarification at the site. Total driving dis-
tance did not differ significantly between the suggestions, 
but Pathfinder included less side-slope driving on steep 
slopes (≥ 27% or 15°) and medium slopes (15–27%). The 
chosen threshold value for steep slopes (where side-slope 
driving should be avoided) affects the routing, and a lower 
threshold means more turning and longer driving distance. 
Pathfinder is not only a tool for routing of planting machines, 
but also helps in planning of traditional regeneration by pro-
viding a more correct net area and tree species suggestions 
based on the growth of the previous stand. It also diminishes 
the risk of severe soil disturbance by excluding the wettest 
area in the planning.

Keywords Routing · Site preparation · Planting · 
Operational planning · Optimization

Introduction

There is a clear shortage of skilled labour in silviculture opera-
tions in boreal forestry (Ramantswana et al. 2020; Forsmark 
and Johannesson 2020). Manual planting is arduous, and tra-
ditional mechanical site preparation includes a high dose of 
whole-body vibrations for the operator when traversing the ter-
rain. Efficient regeneration methods are crucial to sustainable 
forestry, and in Sweden, where 99% of the planting is manual, 
interest in mechanized planting is rising. Autoplant is one of 
several Swedish collaborative projects among forest compa-
nies, manufacturers and researchers within silvicultural tech-
nology (Hansson et al. 2024). The overall aim of the Autoplant 
project is to develop an integrated autonomous site preparation 
and planting system with high precision, low environmental 
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impact, and a good work environment. A decision support tool 
is needed for operational planning of the forest regeneration, 
including route planning for such a machine.

Several decision support tools already exist for path plan-
ning in forestry (Flisberg et al. 2007, 2022, 2021; Hosseini 
et al. 2019, 2023; Hansson et al. 2022; Ovaskainen and Riekki 
2022; Holmström et al. 2023). The tools either design the net-
work for the routing or determine the routes given an existing 
network. The main challenge for a decision support tool for 
operational planning of planting is to design the network and 
routing simultaneously.

During forest harvest operations, data is collected about 
every tree location and all timber bucking in harvested produc-
tion (hpr) files (Anon 2021a). Even if the exact original tree 
position is not collected by all harvesters, at least the harvester 
position is stored. This information allows for a digital recon-
struction of the entire forest, extrapolating diameters along the 
stem to model total tree height. This, together with the age of 
the stand, can be used to estimate site index, i.e., the dominant 
tree height at 100 years of a specific tree species which cor-
responds to site productivity (Hägglund and Lundmark 1977), 
and supports subsequent regeneration planning.

If a clearcut area is to be regenerated with autonomous 
methods, an operational plan for the machine is needed, 
including operating area, which tree species to plant where 
and at what density, and finally how to achieve time-efficient 
routes that consider no-go areas and critical slopes. The Path-
finder tool was designed to meet these criteria. The aims of 
this study are to:

1. Describe the Pathfinder tool for forest regeneration plan-
ning and routing, based on harvested production data, soil 
moisture and parent material maps, digital elevation mod-
els, and machine specification. The tool should work not 
only for planting machines but also for traditional scari-
fiers, and it should provide both shorter routes where, for 
example, seedling carrying capacity is limited, and contin-
uous routes where capacity does not restrict route lengths.

2. Test the tool on several clearcut regeneration areas 
throughout Sweden. The sites should vary in terms of 
characteristics such as size, slope, tree species, produc-
tion capacity, and no-go areas.

3. Compare the solutions presented by the Pathfinder tool 
to manual solutions produced by two experienced opera-
tors, as well as the actual solution executed at the site.

Materials and methods

The pathfinder tool

The Pathfinder tool consists of two main parts: the seed-
ling-planning tool, here called PlantP, and the routing tool, 

here called PathP. The results from PlantP serve as input 
to PathP.

PlantP

The PlantP module was developed during previous stud-
ies under the Swedish name Plantbeställning for planning 
species and number of seedlings for a forest regenera-
tion area (Sörensen et al. 2023; Friberg et al. 2019). The 
PlantP module uses the data from the hpr files (i.e., tree 
height, diameter, root rot, species, and location in the land-
scape, Fig. 1b) to model the pre-harvest forest. Site indices 
(SI) are then averaged over units of approximately 1 ha 
(Fig. 1e). Site index is calculated from the hpr data by an 
algorithm described in Möller et al. (2011), by connecting 
the dominant tree height in each unit of calculation with 
the given or calculated stand age for the same unit (Offen-
bacher 2024). The dominating tree species for site index is 
based on the highest basal area at 1.3 m (here P for Scots 
pine (Pinus sylvestris L.) and S for Norway spruce (Picea 
abies (L.) H. Karst.)). Decay occurrence in stems, mainly 
caused by root or butt rot (Heterobasidion spp., Armillaria 
spp., or Stereum sanguinolentum), can be interpreted from 
the hpr files as manually chosen cutting lengths as opposed 
to lengths matching the currently preferred assortment. 
Site index is used for suggesting tree species and density 
except in the following cases (Table 1, Möller et al. 2011). 
Spruce is suggested instead of pine if there are at least 25% 
spruce and if SI > P28 (i.e., where pine is the dominating 
species and will be over 28 m at the age of 100 years). Pine 
is suggested instead of spruce if decay in the spruce stems 
exceeds a threshold level (here 70% of the total number of 
stems); if the decay is 30–70% an equal mix of pine and 
spruce is suggested. These threshold levels can be modi-
fied by the user in a decision scheme, and more species 
and thresholds can be added according to user preferences. 
The harvested area from the hpr files is used to decide 
the net area for regeneration, including a buffer of 6 m 
on the outer side of each harvester staging area and 12 m 
on the inner side (Fig. 1b, e). Non-regeneration areas are 
excluded based on additional cartographical data:

1. Non-productive land and other areas with a low tree cov-
erage pre-harvest, based on data on basal area, height, 
volume, and date of scan (Swedish Forest Agency 2024), 
are excluded from the regeneration planning.

2. The Swedish National Road Database is used to distin-
guish regeneration areas from roads, and roads are then 
excluded.

3. A soil moisture index map (Swedish Natural Land Cover 
Database; Olsson and Ledwith 2020) is used to iden-
tify and exclude harvested stems in areas that are too 
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wet, where 240 is saturation and 0 is a theoretical value 
where the soil is completely dry (Willén et al. 2021, 
Fig. 1c). In areas drier than 20, Scots pine is suggested 
and above 200, the area is set as too wet to operate. 
The chosen threshold values are based on inventory data 
from ~ 6000 sample plots throughout Sweden (Sörensen 
et al. 2023).

4. Parent material maps (Fig. 1d) from the Swedish Geo-
logical Survey (Anon. 2021b) are used to exclude peat 
soils, which was the only parent material class that was 
proven well enough predicted in the inventory data 
(Sörensen et al. 2023).

5. Additional no-go areas are drawn manually based on the 
field planning of the forest company (Fig. 1f).

PathP

There are several aims when establishing efficient vehicle 
routes. They should be long to avoid time consuming turns 
and avoid passing the same areas multiple times. At the same 
time, they should cover the entire area and avoid driving in 
steep side slopes, thereby forcing the routes in a specific 
direction. The net regeneration area from PlantP (Fig. 1f) is 
used as input to the PathP module together with additional 
no-go areas (if present), forced passages, a digital elevation 

Fig. 1  Input and output from the PlantP module at regeneration area 
1; a planned harvested area (gross area reported to the Swedish For-
estry Agency); b harvested stems (hpr), i.e., harvester position when 
felling a tree; c soil moisture map; d parent material map; e site index 
derived from the stem data in the hpr-file; f output from the PlantP 

module, including net area, species, and seedling density per hectare; 
the red triangle is the landing area where the seedlings are stored © 
Lantmäteriet,  © The Swedish Environmental Protection Agency,  © 
Swedish Geological Survey



 L. J. Hansson et al.   47  Page 4 of 14

model (DEM, resolution: 1 m), and machine data. The lat-
ter include seedling carrying capacity (here 1500), working 
speed (default 1 m  s−1) and working width (here 6 m), criti-
cal slope where driving direction is significant (here ≥ 27% 
or 15°). As sharp turns are difficult both for autonomous 
terrain vehicles in unknown terrain and for large traditional 
scarifiers, the tool aims to minimise sharp U-turns. We can 
set different penalties or additional times for turning in each 
specific radius. These are input parameters for determining 
different cost coefficients (examples are given in the case 
study below).

To find the most efficient routes that minimise overall driv-
ing time, the solution approach is divided into four steps. The 
motivation is to identify important characteristics of each 
identified region (part of the entire area), and then build up a 
solution by making overarching or strategic decision first (for 
example, driving direction) and local operational decisions (for 
example, turning) later. Each step uses a different model for-
mulation and solution methodology. The steps can be briefly 
summarised as follows.

Step 1. Area discretisation and critical slope calculation

Step 2. Identify regions with similar slope directions
Step 3. Identify long driving lines in each region that cover 

the entire area
Step 4. Identify best turnings to connect driving lines
Each of the steps are described in more detail below.
Step 1. Area discretisation and critical slope calculation
We start by dividing the overall area into hexagons (width 

10 m, side length 5.785 m, and height 11.6 m, Fig. 2a). We use 
the DEM to compute the principal directions in each hexagon 
(Fig. 2b). We also need to identify average directions in areas 
larger than a single hexagon. Slope within a hexagon is evalu-
ated as a percentage in directions with a step size of 15°. The 
slope is determined using a circle with a diameter of 10 m, 
centred at the midpoint of the hexagon. For each direction, the 
slope is calculated between two points on the circle’s circum-
ference passing through the middle in the given direction. For 
hexagons where the slope exceeds the threshold (here 27%), 
we enforce a driving direction (Fig. 2c).

Step 2. Identify regions with similar slope directions
The overall area has regions with different slope charac-

teristics. This step aims to identify these regions, where the 
slope is consistent throughout each region. The problem can 
be formulated as a set-partitioning model. This is an integer 
programming (IP) problem and can be formulated as (Eq. 1a, 
b, c). The parameters and decision variables are defined in 
Table 2.

The objective function (Eq. 1a) is the total cost of the cho-
sen regions. For each region, the best direction is determined. 
The cost cr is designed to increase logarithmically with the 
number of hexagons in a region. It also increases for each hex-
agon in the region where the best direction for the region is 
not the best for the hexagon. Hence, the model finds a solution 

(1a)min z =
∑

r∈R

cryr

(1b)
∑

r∈R

shryr = 1,∀h ∈ H

(1c)yr ∈ {0, 1},∀r ∈ R

Table 1  How tree species and seedling density are suggested in the 
PlantP module based on site index (SI) and decay occurrence

P25 means that the highest pine trees are 25 m at 100 years of age; S 
denotes spruce; P denotes pine

SI detected Plant density  
(ind.  ha–1)

P25+ 2300
P20-P24 2000
< P20 1700
S32+ 2300
S24-S31 2000
< S24 1700
SI-species >28 → change to spruce, if at least 25% spruce at 

harvest
Decay occurrence when spruce is dominating species
< 30%, no change of species
30–70%, pine-spruce mix recommended
> 70%, change to species from spruce to pine

Fig. 2  Results from Step 1 for 
regeneration area 1. a Distribu-
tion of hexagons in the area; 
b initial dominating slope 
directions (arrows); c enforced 
directions due to the slope limit 
(red arrows)
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where the overall area is subdivided into regions, each with 
similar principal directions of the hexagons. The constraints 
are to ensure that each hexagon is included in exactly one 
region (Eq. 1b) and that the binary restrictions on the vari-
ables are fulfilled (Eq. 1c). The potential number of regions 
is extremely large due to an exponential growth of combina-
tions, and it is not practical to generate all. Instead, we solve 
the model heuristically in two phases. The first phase is to 
solve the set-partitioning model with a set of limited regions 
made up of different sized hexagons (Fig. 3a). Here, we create 
regions for each hexagon by creating circles with larger and 
larger radius around them (in effect, creating larger hexagon 
regions). All hexagons within the circle radius are included in 
a region. Only regions where all the hexagons in the region 
are inside the harvest area are allowed. Also, there must be 
at least one driving direction in each region that is allowed 
for all hexagons within the region that have enforced driving 
directions. The number is limited as each hexagon can only 
contribute with a linear number of larger hexagons based on 
the radius of the circles considered. This reduced set-partition-
ing problem can be solved to optimality using the commercial 
solver CPLEX (IBM ILOG CPLEX Optimization Studio, 
IBM, Armonk, N.Y.)

The second phase is to combine the found regions (differ-
ent sized hexagons) with a repeated matching (RM) algorithm 
(Flisberg et al. 2007) where the regions are matched together 
two and two to larger areas until no more matches can be done 
(Fig. 3b, c). This does not guarantee an optimal solution, but 
the performance of the RM algorithm is known to produce 

high quality solutions for this type of problems. The RM algo-
rithm also includes finding the best direction for all matched 
regions.

Step 3. Identify long driving lines in each region that cover 
the entire area

For each identified region, we need to determine paths 
for the vehicle that cover the entire region. Here, we gener-
ate many lines (representing straight paths) for each region 
that start on one side and end at the other side of the region 
(Fig. 4). From this large set, there is a need to select a sub-
set that covers the region. To formulate constraints for this 
aspect, we introduce discretised points for each square metre 
(Fig. 4a, b). Each line will cover a subset of points depend-
ing on the assumption of the reach of the planting arm. The 
optimisation problem is to select a subset of lines so that all 
discretised points are covered. The problem can be formulated 

Table 2  The parameters and decision variables for Eq. 1

Parameter Variable Definition

H Set of all hexagons
R Set of all possible regions of connected 

hexagons
shr 1 if hexagon h is in region r, 0 otherwise
cr Cost of region r

yr 1 if region r is selected, 0 otherwise

Fig. 3  Results from Step 2 for 
regeneration area 1. a Solu-
tion of mixed sized hexagons 
with similar slope directions 
in the first phase; b combina-
tions of mixed-sized hexagons 
to regions with similar slope 
directions in the second phase; 
c identified regions with similar 
directions in different colours

Fig. 4  Results from Step 3 for regeneration area 1. a All discretised 
points to cover; b zoomed in part of the area of the discretised points; 
c generated large set of lines; d selected lines from the extended set-
covering model that cover all points (red arrows indicate forcing 
direction (slope ≥ 27%))
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as an extended set-covering model, which is an IP problem, 
as Eq. 2a, b, c, d, e. The parameters and decision variables are 
defined in Table 3.

The objective is to minimise the cost of all selected lines 
and penalty costs for overcovering. The constraints are to 
ensure that each point in the area is covered at least once 
(Eq. 2b), limit overcover of lines (Eq. 2c), binary restrictions 
(Eq. 2d), and non-negativity constraints (Eq. 2e). Due to 
the detailed discretisation, there will be some overcover in 
practice. With Eq. 2c, it is possible to reduce the overcover 
and at the same time manage which lines are used. The cost 
for a line is defined as Eq. 3.

The set-covering problem is relatively easy to solve and 
can be solved optimally using CPLEX (Fig. 4d).

Step 4. Identify best turnings to connect driving lines
The lines provide paths where the machine is to drive in 

the area, but the driving direction along a line has not been 

(2a)min z =
∑

l∈L

(clzl + opl)

(2b)
∑

l∈L

alpzl ≥ 1,∀p ∈ P

(2c)
∑

i∈LO
l

zi + mlzl ≤ ml + pl,∀l ∈ L

(2d)zl ∈ {0, 1},∀l ∈ L

(2e)pl ≥ 0,∀l ∈ L

(3)cl = rl

(
1 + log

(
rmax

rl

))

decided yet. Given the lines, we now need to identify the 
driving direction and turns or change of directions needed 
to pass along each line. Essentially, we need to identify 
how to combine the lines in such a way that we construct 
one continuous route. This is the case if we can refill the 
machine with seedlings during the journey along the path, 
or if the machine can carry all seedlings needed for the site. 
If we need to return to a reloading point, multiple routes are 
needed. In practice, we solve a travelling salesman prob-
lem (TSP, in the case of one continuous route) or a capaci-
tated vehicle routing problem (VRP, in the case of multiple 
routes). To solve the TSP (or VRP) problem, we must for-
mulate a network problem with nodes and arcs.

In a TSP model formulation, the nodes represent the “cit-
ies” the “salesman” must visit, and the TSP route, consist-
ing of arcs or edges, represents the sequence that minimises 
the length or cost. Also, as the directional driving costs are 
not symmetric, we need arcs (edges with a direction) in the 
network formulation for the TSP. In our case, the driving 
lines represent such cities or nodes, and the possible turns 
represent arcs. Figure 5 describes a small example when we 
study the turning options from the red node. There are four 
different turning options to the edges 1–4 and the time (or 
cost) for the turning differs. For example, making a 180°turn 
to edge 4 takes longer than driving straight to edge 2. Turn-
ing to edge 3 is relatively easy while making a 90°turn to 
edge 1 takes longer time. To formulate the network for the 
TSP, each edge must be represented by three nodes and four 
arcs. The reason for this is that we must guarantee that the 
machine follows the entire line and by using the three nodes 
and four arcs we enforce this requirement. We make sure 
that all middle nodes for each edge will only have arcs to the 
other nodes associated to the edge and no turning can start 
or end at the middle node. This means that the TSP route is 
forced to drive along each driving line, and we can identify 

Table 3  The parameters and 
decision variables for Eq. 2

Parameter Variable Definition

P Set of all discretised points
L Set of lines
L
O

l
Set of lines that should be avoided if line l is used (since they will 

overcover some areas)
ml Max number of lines from the set LO

l
 that can be used without penalty

alp 1 if line l covers point p, 0 otherwise
cl Cost of line l
o Penalty for overcovering
rl Length of line l
rmax Length of the longest line

zl 1 if line l is selected, 0 otherwise
pl Penalty if other lines are covering line l
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the direction with the arcs. The time for each turning alterna-
tive is precomputed for every arc in the network.

The TSP model, which is an IP problem, can be formu-
lated as Eq. 4a, b, c, d, e. The parameters and decision vari-
ables for the TSP formulation are defined in Table 4.

The objective (Eq. 4a) is to minimise the total cost 
(time). The constraints are to ensure that each node has 
an arrival and departure arc (Eq. 4b, c), no subtours are 
allowed (Eq. 4d), and the restriction of the binary restric-
tions (Eq. 4e). The set S is defined as all subsets of N 
and are used to eliminate subtours in the formulation. 
The TSP problem is very hard to solve. This formulation 
assumes all arcs are included in the network formulation. 
Arcs that cannot be used have a large cost. We use the 

(4a)min z =
∑

i∈N

∑

j∈N

cijwij

(4b)
∑

j∈N

wij = 1,∀i ∈ N

(4c)
∑

i∈N

wij = 1,∀j ∈ N

(4d)
∑

i∈S

∑

j∈S

wij ≤ S − 1,∀S ⊂ N, S ≥ 2

(4e)wij ∈ {0, 1},∀i, j ∈ N

well-known Concorde software (https:// www. math. uwate 
rloo. ca/ tsp/ conco rde. html), which is known to be a very 
efficient solution methodology for TSP problems. The 
VRP formulation is used when the planting machine must 
return to a central location to resupply seedlings. There-
fore, we need to find a set of routes such that the machine 
visits all planting locations, with each route limited by the 
seedling capacity of the machine. The VRP is a generali-
zation of the TSP problem and there are many models and 
solution methods available (Audy et al. 2023). To solve 
the VRP problem, we use a heuristic from the Google 
developer platform (http:// devel opers. google. com/ optim 
izati on/ routi ng/ vrp).

Case study

Regeneration areas

Eleven clearcut regeneration areas spread out over Sweden 
were selected for this study based on their representativeness 
of the regeneration areas of that forest owner, and ensuring 
that different slope steepness, tree species, soil moisture, and 
parent material were represented (Table 5, Fig. 6). The areas 
were owned by four forest companies (Holmen, Sveaskog, 
StoraEnso and SCA) and two forest owners’ associations 
(Södra and Mellanskog). They were visited in the field by a 
group of forest regeneration experts from the participating 
organisations, to verify that the suggestions from the PlantP 
module were feasible.

Fig. 5  Turning alternatives 
and network formulation. a 
Four turning alternatives from 
the red dot to the four possible 
driving lines (edges); b network 
representation with nodes and 
arcs of the edges and turning 
alternatives

Table 4  The parameters and 
decision variables for Eq. 4

Parameter Variable Definition

N Set of nodes
S Subsets of N
cij Cost (extra time compared to driving straight) of using arc 

between node i and j
wij 1 if arc between node i and j is in the TSP tour, 0 otherwise

https://www.math.uwaterloo.ca/tsp/concorde.html
https://www.math.uwaterloo.ca/tsp/concorde.html
http://developers.google.com/optimization/routing/vrp
http://developers.google.com/optimization/routing/vrp
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Data preparation

The following data was collected from all regeneration 
areas: gross area planned for harvest, hpr-files, GIS data 
including DEM, soil moisture and parent material maps, 
additional no-go areas, forced passages, roads, and GNSS 
(Global Navigation Satellite System) tracking from scarifiers 
or orthophotos including scarification tracks. We used extra 
time penalties for 180° turns of different radii: a radius of 
0 m gave a time penalty of 35 s, 6 m gave 25 s, and ≥ 12 m 
gave 15 s. If the radius was between any of those values, the 
penalty was linearly interpolated. A 90° turn gave a penalty 
of 5 s which linearly decreased to 0 s when the turn angle 
was 0°.

Two experienced operators (named A and B) who are 
used to giving advice to less experienced operators were 
asked to divide the 11 regeneration areas into smaller sub-
areas (if necessary) and provide a driving direction for each 
sub-area (Fig. 7). They were given digital elevation maps 
of the areas, with wet areas marked, and a topographic map 
with contour lines at 5 m intervals (Fig. 7). The tracking 
data from the actual operations or the directions from the 
orthophotos were managed in the same way to create a third 
proposal for driving directions (named C). The directions 
were transformed into twelve classes, each corresponding 
to a direction in 15° steps from 0 up to 165°, where the first 
was 0, the second 15, and the twelfth 165. An example from 
area 1 is provided in Fig. 7.

Table 5  A summary of the eleven regeneration areas included in 
the study: soil material derived from parent material maps (Anon. 
2021b); hpr-based site index where P denotes Scots pine, S Norway 
spruce and the number their height at 100 years; gross area, i.e. the 

planned harvest area (ha); net area (ha) based on the hpr-files, total 
number of spruce seedlings, total number of pine seedlings, spruce 
density per hectare, and pine density per hectare

Object ID Soil material Site  indexhpr Gross area (ha) Net  areahpr (ha) Net area 
PlantP 
(ha)

Tot. Spruce Tot. Pine Spruce 
(ind. 
 ha−1)

Pine (ind.  ha−1)

1 Bedrock, glacial till P25 S26 9.6 8.4 8.1 17,066 1400 2300 2000
2 Clay/silt, bedrock S27 7.7 6.7 5.8 13,227 0 2300 0
3 Glacial till, clay/silt P25 S26 9.4 6.6 6.3 11,745 2200 2300 2000
4 Glacial till, clay P27 S31-33 15.1 12.0 11.9 21,093 6240 2300 2300
5 Glacial till, peat S32 S33 2.9 2.5 2.1 4851 0 2300 0
6 Sandy till, bedrock, 

peat
 S33 6.1 5.9 5.9 13,467 0 2300 0

7 Bedrock, glacial 
till, peat

P28 S33 4.7 4.7 4.3 5718 4265 2300 2300

8 Glacial clay, sandy 
till

 S28-30 6.9 6.9 6.9 15,791 0 2300 0

9 Glacial till  S31-32 3.4 2.3 2.3 5400 0 2300 0
10 Bedrock, sandy till, 

clay, peat
P28 S33 10.1 9.3 8.3 0 19,194 0 2300

11 Till, glaciofluvial 
sediment

P23 S23 8.4 8.1 8.0 2137 14,144 2300 2000

Fig. 6  The location of the eleven study sites (black circles) through-
out Sweden © Lantmäteriet
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To test how the threshold value for critical side-slope 
driving affected the routing, PathP was also run with a 
lower threshold value of 15%. Unless stated otherwise in 
the results, the 27% results are presented.

The side-slope driving distance (�
ss

 ) when planting was 
calculated as Eq. 5.

where, �max is the steepest slope ratio and |� − d| is the dif-
ference between the driving direction, � and the direction of 
the steepest slope, d.

We define a set of classes for different levels of side slope 
(similar to the driving direction classes). The total distance 
is then the summation of the driving distance in each class 
as Eq. 6.

(5)�ss = �max(1 − |cos (|� − d|)|)

where, �k is the slope class.

Statistical analysis

One-way ANOVA analyses were performed to compare 
the results from the three operators (A, B, and C) against 
the results from Pathfinder across the 11 regeneration areas 
using a linear model approach with the Ordinary Least 
Squares (OLS) method, implemented via the Statsmodels 
library in Python. The analysis treated each of the 11 cases 
as distinct categories, with separate assessments conducted 
for each case. Dependent variables such as ‘distance’ and 

(6)
∑

�max∈�k

�
max(1 − |cos (|� − d|)|), ∀k

Fig. 7  Upper row: a topographic map (contours at 5-m intervals); b 
a digital elevation model with wet areas marked, and c the map on 
which the experienced operators (A and B) drew their sub-areas and 

driving directions. Lower row: Suggestions by operators A (d), B (e), 
and tracking data (f) from the actual operation (C) with sub-areas and 
driving directions marked with red arrows. © Lantmäteriet
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‘number of turns’ were analysed to determine the statistical 
differences between each operator (A, B, or C) and Path-
finder across these cases. The treatment groups (i.e., the dif-
ferent operators) were specified with the Pathfinder result as 
the reference, and each case was treated as a fixed effect in 
the model to understand its unique impact. Residuals from 
the model were evaluated through Q-Q plots, histograms 
with 20 bins, and scatter plots to check the assumptions of 
normality and homogeneity of variances. A 95% confidence 
interval and a significance threshold of p < 0.05 were used 
to interpret the findings.

Results

PlantP

The results from PlantP are presented in Table 5. On aver-
age, the net harvested area derived from the production files 
(hpr) was 0.3 ha smaller than the gross area planned for 
final felling (as reported to the Swedish Forest Agency). 
The net area from PlantP was, on average, 1.0 ha smaller 
than the harvested production area, comprising additional 
area exclusions from the depth to water maps, soil parent 
material maps (i.e., peat areas) and additional no-go areas 
(Table 5). In areas with varying soil conditions resulting 
from differences in elevation, the suggestions on tree species 
were assessed as relevant (expert judgement in field, Johans-
son pers. comm), with Scots pine on the hills and Norway 
spruce in lower areas.

PathP

The solution time for all four steps and for each object was 
short, limited to about four minutes for the largest regenera-
tion areas (12 ha). The results from the PathP module were 
similar to the results based on the two skilled operators (A 

and B) and the actual operation (C) (Fig. 8). Hence, the route 
planning in PathP can be used for operational planning. Note 
that the operators only provided the driving directions in 
areas of their own choice. The routes are then optimised in 
the same way in all four cases. This means that the difference 
between operators and PathP is essentially the solution from 
Step 1–2 from the methodology, as Step 3–4 is used for the 
operators’ solutions.

There were no significant differences in total distance 
among the solutions of continuous routes (TSP, Fig. 9) or 
routes based on a capacity restriction of 1500 seedlings 
(VRP, Fig. 10). The total number of routes in all sites were 
122, 123, 120 and 94 for PathP, operators A, B, and C, 
respectively. Note that data is missing for site 10 and 11 
for operator C, which explains the lower number. The driv-
ing distance on side slope greater than 27% was shorter for 
PathP than for operators A, B, and C (Fig. 11). Also, the 
side-slope driving distances between 15 and 27% for PathP 
were shorter than for the operators (Fig. 11).

The more aggregated solutions provided by operators A 
and B resulted in a lower number of gentle turns on average 
than the solutions by PathP (time penalties < 30 s, Table 6). 
There were no statistical differences between the solutions 
for turns with higher time penalties than 30 s. The average 
time penalty for turning per hectare was higher for the PathP 
than for the two skilled drivers A and B (Table 6).

When the threshold value for steep slopes was changed 
from 15°(27%) to 15% in the PathP solutions, the routing 
became more complicated (Fig. 12). The additional turning 
time (penalties) increased by 27% (TSP) and 18% (VRP) 
(data not shown). The total driving distance increased 
slightly (4% for TSP and 2% for VRP, data not shown).

Fig. 8  Example of the different TSP solutions at site 1 from PathP (a), Operators A (b), B (c), and C (d)
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Discussion

A decision support tool is needed for operational planning 
of an integrated autonomous site preparation and plant-
ing system. The objective of developing Pathfinder was 
to produce an operational plan for the machine to follow, 
which tree species to plant where and at what density, and 
to achieve efficient routes avoiding no-go areas and critical 
side slope. Pathfinder is on the way to fulfilling these objec-
tives, but improvements are still needed before it can serve 
as the global plan for an autonomous machine. However, 

there is already potential for using the route direction and 
spacing as a decision support tool for inexperienced scarifier 
operators as the automatically suggested driving directions 
were similar to the directions chosen by skilled operators (A 
and B) and the actual operation (C) (Figs. 8, 10). Pathfinder 
also helps the operator avoid driving on critical side slope 
(Fig. 11). However, when the tool is used as a decision sup-
port tool for scarifier operators, complicated routes can be 
hard to follow due to the real-time avoidance of obstacles, 
such as boulders or wind thrown trees, which shift the routes 
laterally. The general directions and spacing between the 

Fig. 9  Total driving distance, divided into distance planting (dist-
Plant) and distance not planting (distBetween) across the 11 different 
sites, comparing the TSP (Travelling salesman problem, continuous 

route) solution from Pathfinder (PathP) with solutions based on driv-
ing directions from operators A, B, and C

Fig. 10  Total driving distance, divided into distance planting (dist-
Plant) and distance not planting (distBetween) across the 11 differ-
ent sites, comparing the VRP (Vehicle Routing Problem, routes with 

a maximum capacity of 1  500 seedlings) solution from Pathfinder 
(PathP) with solutions based on driving directions from operators A, 
B, and C
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routes may suffice as decision support when an operator is 
steering the machine.

The PlantP module improves area estimation of the 
regeneration area and facilitates ordering a more correct 
number of seedlings compared to using the harvested gross 
area. In forestry, wrong area estimation leads to problems 
when planning the scarification work, especially for opera-
tors that only get paid for the area prepared. The more 
correct area estimation by the PlantP module helps give a 
more correct basis for the contractors.

The PlantP module could be improved by excluding wet 
areas entirely, not only the stems in that area, as part of or 
the whole area is included again by the 12 m inward buffer. 
In this study, the resolution of the soil moisture map was 
too coarse (10 m × 10 m), and it would be better to use, 
for example, the Depth to Water maps with a resolution 
of 1–2 m. In this study, peat soil was subtracted after the 
area was calculated from the hpr-file, but not all that area 

is normally excluded from regeneration. In this case, it 
would probably be better to only exclude the cut stems in 
those areas while retaining the buffers (12 m inwards and 
6 m outwards). All threshold values of, e.g., soil moisture, 
root rot frequence, soil type, plant species and density at 
different site index values can be adjusted by the user to 
better fit the local conditions as well as user preferences.

The PathP module can be configured according to the 
planner’s preferences and objectives through different 
parameter selections. The PathP module could be improved 
by allowing segments of driving lines to be included in a 
VRP route and/or by adding a capacity constraint earlier in 
the solution approach to avoid driving lines that exceed, for 
example, half the capacity. This would enable better utilisa-
tion of the full capacity of the machine. Another improve-
ment is to introduce curved driving lines and smoother turns 
to allow a machine to follow the given route more precisely.

Fig. 11  Driving distance on side slopes (15–26.9% or ≥ 27%) across the 11 different sites, comparing the TSP (Travelling salesman problem, 
continuous route) solution from Pathfinder (PathP) with solutions based on driving directions from operator A, B, and C

Table 6  Average number of turns (n) in different time penalty 
classes (seconds), average total number of turns, and average time 
penalty per ha produced by the four solutions (PathP, operator A, B, 

and C); significant differences compared to PathP are indicated by 
asterisks, with no asterisk indicating no significant difference; note 
that there is no data from operator C for site 10 and 11

*, p < 0.05; **, p < 0.01; ***, p < 0.001

Solution (TSP) 0–4.9 s 5.0–9.9 s 10.0–29.9 s 30.0–54.9 s 55.0–79.9 s  ≥ 80.0 s Avg. Tot. turns Avg. time 
penalty per 
ha

PathP 265 7 85 2 8 0 367 400
A 226** 3* 71** 2 9 0 311** 343*
B 213*** 1** 73* 2 9 0 298*** 341*
C 215 5 74 2 9 0 305 399
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The complexity of routing is affected by the chosen thresh-
old at which driving on side slopes should be avoided (Fig. 12). 
The threshold at which driving is possible on side slopes is 
affected by the frequency of surface obstacles such as boulders 
(Malmberg et al. 1980). If there are few surface obstacles, a 
threshold of 27% could be reasonable for a machine the size 
of a forwarder but, as the number of large obstacles increases 
the threshold should be lowered (Malmberg et al. 1980). In our 
case, the 27% threshold provided a similar solution for route 
directions to the directions and subareas chosen by opera-
tors A, B and C, who were all experienced at working with 
large scarification or planting machines (Fig. 8). For a smaller 
autonomous vehicle, such as the terrain vehicle platform used 
in the Autoplant project (Hansson et al. 2024), a threshold of 
15% or lower is probably more realistic.

It is difficult to make quantitative comparisons with man-
ually planned and executed operations. In our case, we have 
attempted this by asking operators to indicate the preferred 
driving directions. Then, we use the proposed PathP soft-
ware for the routing part (Step 3–4) to compute all KPI used 
for the comparisons. This enables us to compare the impact 
of selecting the driving directions. However, as we solve 
the routing to optimality, it is not possible to see the impact 
of better routing. In future analysis, we would collect more 
GNSS-measured tracks for more detailed comparisons. It is 
also difficult to compare with other decision support systems 
under development. Here, it would be interesting to create 

a set of standardised cases with all information available 
in a standard format and defined times for different turning 
options.

Conclusion

The proposed Pathfinder supports ordering the correct num-
bers and right species of seedlings. It also presents a better 
area estimation for regeneration. The continuous routes pro-
vided are similar to the routes presented by skilled operators, 
but with less side-slope driving on critical slopes. Pathfinder 
is an important building block in the system of an autono-
mous site preparation and planting machine.
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