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ABSTRACT

Optimization of forwarding work on the trail network created by the harvester in cut-to-length operations
carries much potential for increasing the efficiency and reducing the environmental impact of timber
removal. While several approaches to this optimization task have been proposed, existing methods focus
on optimizing a single objective at a time. In this work, a heuristic multi-objective optimization strategy for
the problem is presented, where the route length, operation duration, and soil damage can be optimized
simultaneously. The strategy is based on a tailored version of ant colony optimization and linear
scalarization of the full multi-objective problem. The relative importance of the objectives can be set
via tunable weights, and the approach is of a modular nature. Results on a realistically sized clearcut
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harvest site indicate that the strategy produces promising results and gives the expected qualitative
behavior when optimizing either a single objective or two objectives at a time.

Introduction

Timber removals are increasing globally, as demand for wood
products escalates due to growing populations and incomes
(FAO 2020). Wood products also have a key role in strategies
for transitioning to low-carbon economies (United Nations
2019). In light of these observations, both operational efficiency
and environmental aspects of timber harvesting deserve increas-
ing emphasis (Iasevoli and Massi 2012). In forest engineering,
efficiency is usually defined as the amount of time, energy, or
other input per produced unit for a given production system
(Bjorheden and Thompson 1995). Efficiency has long been
a driver for much forest engineering research. Recently, how-
ever, environmental considerations have gained attention (Ko$ir
et al. 2015; Marchi et al. 2018; Salmivaara et al. 2018; Holm et al.
2020; Flisberg et al. 2021; Palander and Karhi 2021).

In the Nordic cut-to-length (CTL) harvesting system,
a harvester first fells and processes trees into logs of various
dimensions and qualities based on customer requirements. The
timber assortments (or products) are bucked into separate piles to
be forwarded for roadside storage. At the roadside landing, the
forwarder unloads the logs into assortment-specific delivery piles
for subsequent long-distance transport. The number of assort-
ments can be high, which makes the work of the forwarder
operator challenging. The complexity comes from both stand
properties and essential decision-making (Manner et al. 2013).
In Nordic follow-up studies, the average number of timber assort-
ments harvested per logging unit has varied from 3.1 to 8.8, with
a maximum of 16 assortments (Eriksson and Lindroos 2014; Jylha
et al. 2019). The productivity of forwarding tends to increase with
increasing total log volume concentration and decrease with

increasing number of assortments and forwarding distance
(Manner et al. 2013; Eriksson and Lindroos 2014; Manner 2015).

Harvesting with heavy machinery can have a detrimental
impact on the environment through soil rutting, erosion, and
compaction, particularly when soil bearing capacity is limited
(Salmivaara et al. 2018). Rising temperatures and increasing
precipitation will further contribute to poor soil bearing capa-
city (Lehtonen et al. 2019; Chugunkova and Pyzhev 2020). Soil
damage is predominantly affected by soil moisture content, the
number of machine passes, and the amount of protecting slash
(Han et al. 2006), with peat soils being particularly sensitive to
damage (Nugent et al. 2003). Modern technologies may
enhance the sustainability of forest operations. For example,
soil damage could be controlled by minimizing traffic on sen-
sitive sites through utilizing geospatial data, hydrological mod-
eling, and sensor technology (Ala-Ilomaki et al. 2020; Picchio
et al. 2020; Salmivaara et al. 2020; Flisberg et al. 2021;
Hoffmann et al. 2022). Currently, the computer onboard
a modern forwarder visualizes the logging site, and the opera-
tor working at the site has a real-time view of the processed
assortments and available driving routes (John Deere; Komatsu
Forest; Ponsse). Manual input is still required for pointing out
sensitive trail sections.

While cutting trees, the harvester creates a strip road or trail
network for subsequent machine traffic. Solving the forwarder-
routing problem (FRP), i.e., optimizing the loading order of log
piles and forwarder routing on this trail network, is considered
a means of improving the productivity of harvesting
(Véitdinen et al. 2013; Miiller et al. 2019; Seppdld 2020).
Inexperienced forwarder operators in particular are expected
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to benefit from guidance systems (Ylimdki et al. 2012;
Viiatiinen et al. 2013; Seppald 2020). The harvester’s sensors
collect standardized data on created assortments, which, along
with a trail based on the Global Navigation Satellite System
(GNSS), is recorded in the StanForD 2010 format (Skogforsk
2022). Through combining these with geospatial data on site
properties, decision support systems for forwarder routing for
operationally efficient and environmentally sustainable opera-
tions could be constructed. Route planning methods are also
needed for the development of autonomous forwarders
(Ringdahl et al. 2011; Miller et al. 2019).

Relatively few attempts at solving the FRP have been pub-
lished. The approach of Flisberg et al. (2007) is based on
a repeated matching algorithm for minimizing total duration
in forwarding. They reported savings of 8% in the distance
traveled, but environmental aspects were not considered.
Westlund (2011) maximized profit from forwarding of logging
residue through minimizing total time of forwarding, using an
updated version of the method of Flisberg et al. (2007). The
approach of Flisberg et al. (2007) was integrated into a machine
trail network design method that seeks to minimize impact of
harvesting on soil and water (Friberg 2014). The optimization
is two-staged: first the strip road network is designed based on
LiDAR measurements and digital terrain models to minimize
terrain damage, then the FRP is solved by minimizing total
driving time. Flisberg et al. (2021) presented a multi-stage
optimization method where the trail network is first designed
using a multi-objective approach, taking into account forward-
ing time, fuel consumption, slope, and soil damage. Then, the
FRP is solved on the network by minimizing total forwarding
distance.

Previous attempts at solving the FRP have sought to mini-
mize either total time or total distance. A multi-objective
approach to the FRP appears to be completely unexplored. It
seems clear, however, that the FRP could be solved to provide
a compromise between several conflicting objectives, operational
and ecological, subject to the constraint that the machine moves
on the existing trail network. Therefore, it should be a fruitful
approach to treat the FRP as a multi-objective optimization
problem with individual objective weights tuned to produce
a satisfactory result for all stakeholders of a harvesting operation.
Such an approach would also align well with the prevailing and
increasingly popular philosophy of multiple-use forestry, where
forest management is planned to satisfy multiple, potentially
conflicting economical and ecological objectives in an optimal
way (Bagkent 2018; Hoogstra-Klein et al. 2017).

The aim of this work was to construct a strategy for solving
the FRP through multi-objective optimization. The objectives
of total driving distance, total forwarding duration, and soil
damage were to be considered either separately or simulta-
neously in the route planning. For this purpose, a modular
method pipeline, which takes as input standard harvester data
and outputs an optimized path for the forwarder on an existing
network of piles and strip roads, was created. The effectiveness
and sensibility of the approach was finally validated by per-
forming optimizations on small model systems and on a real,
large-scale clearcut site.

Materials and methods
Formalization of the FRP

The FRP is defined here as follows. The harvester fells and
bucks the trees into piles, each composed of a single assort-
ment. The forwarder moves at constant speed along the strip
roads. Due to its fixed carrying capacity, to complete the work,
the forwarder must perform a series of tours. A tour starts with
the forwarder at the roadside, then proceeds with the forwarder
picking up piles until its capacity is full, after which the
machine returns to the roadside and unloads the logs into
delivery piles. Once the forwarder has unloaded the logs into
delivery piles, the tour ends. Each tour is an ordered list of piles
that the forwarder loads in succession. The route of the for-
warder is the full, ordered list of piles required to complete the
work. The forwarder always stops for loading and unloading.
The work terminates when all logs from the harvesting site
have been collected into delivery piles (Figure 1).

The optimization goal is to minimize total distance traveled
(D(r)), total time used (T(r)), and soil damage created (S(r))
with respect to the route r. As the time required for loading and
unloading increases with the number of assortments (Manner
et al. 2013; Figure 2), which generally happens with decreasing
route length, and avoiding areas of a site susceptible to soil
damage generally increases route length, the three objectives
are conflicting. Thus, this FRP constitutes a multi-objective
optimization problem (Jozefowiez et al. 2008) in which the
vector-valued objective function (Eq. 1)

(D(r), T(r),S(r)) (1)

is to be minimized. The FRP is treated here as a reverse vehicle
routing problem (VRP; Toth and Vigo 2002; Jozefowiez et al.
2008) - instead of delivering resources from a depot to nodes
that constitute a network, resources are gathered from the
network to the depot.

Estimating the network of strip roads and piles

The FRP was modeled on a graph of log piles and strip roads
deduced from real StanForD 2010 harvester data (HPR files;
Skogforsk 2022). The network was composed of loading nodes,
edges between these, and an unloading node. Each loading
node corresponded to a unique log pile of a single assortment.
The edges between loading nodes depicted strip roads along
which the forwarder could move. The unloading node repre-
sented the delivery piles.

The HPR data does not directly contain data on created
piles. Instead, for each processed stem, the volumes and assort-
ments of created logs are recorded, paired with the GNSS
location of the machine cabin when felling the stem.
Therefore, the volumes and locations of piles needed to be
estimated.

First, all produced logs labeled by their assortment were
placed onto the easting-northing plane. Then, the positions
and sizes of piles were estimated using a clustering algorithm
(Figure 3).



The harvester has bucked trees into
logs of different assortments (short thin
lines) and created a strip road network
(solid thick lines). The forwarder begins
its work by leaving the landing site.

have been collected and unloaded into roadside
delivery piles.

Figure 1. Schematic description of forwarding work at a CTL harvesting site.

The clustering algorithm can be tuned through the para-
meter Ry, (see Figure 3). Based on the available harvester
data, R, = 1.5 m produced piles of reasonable size in terms
of number of logs in a pile, pile volume, and largest log-to-log
distance in a pile (extent of pile). Piles smaller than 0.010 m*® in
volume were discarded. These never constituted more than 1%
of the piles at a harvest site.

The logs processed by the harvester are assigned the posi-
tion of the base machine. To diminish the possibility of placing
two piles of different assortments on top of each other,
a uniformly random displacement of —1.0 to 1.0 m in each
coordinate dimension was added to every pile position. An
example of the clustering is illustrated in Figure 4.

The forwarding work is complete once all log piles
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(Image is from the Ponsse
Forwarder Game simulator.)

(Image is from the Ponsse
Forwarder Game simulator.)

The harvester data originated from four harvesting sites in
South Finland. One spatially isolated, distinct area (system) of
piles was cropped from each site for further processing. The
properties of these systems are summarized in Table 1. As seen
in Table 1, the clustering method occasionally created piles
unrealistically large for typical Nordic cut-to-length harvesting
operations (several m” in volume, several m in spatial extent).
However, they represented a minority, and the mean pile
properties were reasonable.

All systems described in Table 1 were used to develop and
optimize the data pre-processing steps, in which logs were
clustered into piles and the piles connected into networks.
For the route optimization stage, systems 1, 2, and 3 were
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simulator.)

a) Loads consisting of a single assortment
can be unloaded into the same delivery pile,
which enables fast unloading.

b) Two assortments must be unloaded into
separate delivery piles. If the logs are well
arranged in the bunk, distinguishing the
assortments is easy and unloading is relatively
fast. However, there may be need to move the
forwarder between storage piles, which increases
unloading time.

c) Distinguishing between two randomly mixed
assortments may be difficult, which increases
unloading time.

d) In diverse mixed loads, distinguishing between
assortments becomes more difficult, and the
need to move between delivery piles increases.

(Images from the Ponsse Forwarder Game

Figure 2. lllustration of the effect of the number of assortments on forwarder unloading time.

used to tune the parameters of the optimization algorithm.
Finally, the optimization method was applied to system 4
(test system). Statistics on the created piles for system 4 are
visualized in Figure 5.

The network of strip roads was estimated from the harvester
GNSS data. As the GNSS measurements contain noise, they
were smoothed using a sliding window of 7 m x 7 m over the
position data. Within each window, the average position of
points was computed and deduced to belong to a strip road at
that position (road point).

Next, each pile was projected onto the trail. The projected
locations of the piles described the locations where the for-
warder was to stop for loading. For a given pile, the closest trail
point (primary road point) was determined. Then, the three
closest road points to the primary road point (secondary road
points) were found, and a natural cubic spline was fitted
through the primary and secondary road points. Finally, the
pile was moved to the closest point P to it on the spline. For the
studied systems 1-4, this projection procedure shifted the pile
positions on average by 1.03 m, 1.17 m, 1.11 m, and 1.02 m,
with a standard deviation of 0.833 m, 0.971 m, 0.883 m, and
0.819 m, respectively. Occasionally, two piles i and j ended up
at the same position, in which case a distance of 0.5 m was
assigned to the distance matrix element D;; in order to avoid
numerical problems in the optimization. Over all studied sys-
tems and subproblems (see below), the mean fraction of dis-
tance matrix elements that were corrected in this way was too
low (0.07% with a standard deviation of 0.1%) to be considered
significant to the actual routing.

Having projected the piles onto the estimated strip road, the
next step was to connect the piles to one another to form

a network. The edges between piles, i.e., segments of strip
roads between them, were created as follows. For a given pile
i, the nearest pile j within a maximum distance D,,,, was
found, and pile i was connected to j via the edge ij.
Thereafter, an attempt to find the second-nearest neighbor
k was made, requiring that k lie within a sector of angle «, on
the opposite side of i and within a distance of D, from i. If no
such neighbor was found, the sector angle was increased by an
amount Aw and the search repeated, until the sector spanned
360°. If k was found through this procedure, the edge ik was
added. Finally, the length of each edge was set to the Euclidean
distance between the two nodes. Tests on all four systems using
Dyay = 5,10, .., 50 m; ot = 35, 40, . ..., 90°% Aa = 5, 10, 20, 30,
45, 90° showed that D, = 30 m, oy = 65° and Aa = 45°
produced graphs that looked reasonably realistic. A single
unloading node was then created by setting its location to the
point on the nearest real-world forest road (deduced using
a map) closest to the first felled stem. The real-life graph
resulting from this procedure is illustrated in Figure 6(a) for
system 4. It describes, within limits of approximation, the real
network of piles and strip roads at the harvest site.

The aim here was not to strictly solve the FRP optimally
for the full harvest area, because in practice, the forwarder
typically works only on a region of the site at a time,
starting out some time after the harvester. It is therefore
more appropriate to optimize the forwarding work for
a single region at a time. To reflect this, the real-life
graph was decomposed into a set of disjoint region graphs
for solving the total FRP as a set of independent subpro-
blems. This decomposition operation is described in
Figures 7 and 8.



Logs
remain
outside

of

clusters?

Initialize a new, empty cluster.

Add seed log L to the cluster.

Call add neighbors (L).

Set pile location to mean position of
logs in the cluster.

Set pile volume to total volume of
logs in the cluster.
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add neighbors (/)

Logs of same
assortment
and outside

of clusters
remain within

a distance of
Rppax from J?

Add the next such log K to the cluster.

Call add neighbors (K).

Figure 3. The algorithm used for estimating the sizes and positions of assortment-specific log piles created by the harvester. The function “add neighbors” is separately

expanded on the right.
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Figure 4. Example of estimating pile positions from harvester data. Squares
represent the recorded position of the harvester cabin when felling a stem. This
position is recorded for all logs from that stem. Dots depict the positions of the
logs, to which small random noise has been added for purely visual purposes in
this image. Stars depict the final, estimated pile positions.

To keep solution times moderate, the mean number of nodes
in a region graph was constrained to lie between 125 and 175.
Tests performed on all four systems with the maximum allowed

number of nodes in a region graph (see Figure 8) Negior, gff;ﬁ =50,

75, ..., 300, and the minimum required number of nodes in
a subgraph (see Figure 7) Nsmu{,‘gr:g]fes =10, 15, 20, 30, 40, 50, 60,
70,80, 90, 100 indicated that Ny noess = 125 and Noparass®® =30
generally produced reasonable decompositions (Figure 6(b)).
Finally, each resulting region graph was turned into a fully con-
nected graph for solving the FRP independently for that region
of the harvest site.

Modeling

A single tour of the forwarder consisted of picking up piles from
a set of loading nodes and finally delivering these to the unload-
ing node. More precisely, the ith tour was equal to the ordered
list of nodes (0, n,', 5, ..., 0) that the vehicle visits, beginning
and ending with the unloading node (denoted by 0). The route
that the forwarder takes to fully complete the work was the
concatenated sum of these tours (0, n,"}, n,"™%, ..., 0, n,"2, n,
=2, ...,0,...,0). Visiting a loading node meant loading the entire
pile at that node. A loading node was characterized by the
assortment and total volume of logs that it holds. The roadside
landing was described by an unloading node with no character-
istics beyond those of a time consumption model for unloading.

For computing the real-life distance along strip roads
between nodes i and j in the fully connected region graph,
the shortest path between i and j in the connected real-life
graph was found using Dijkstra’s algorithm (Dijkstra 1959;
Hagberg et al. 2008) and tabulated into the matrix Dj;. Over
all studied systems, the mean nearest-neighbor distance
between loading nodes in a region graph ranged from 0.44 to
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Table 1. Summary of the harvester data used in this work. The area of each system and the removal per hectare are estimates. The system used for producing the route
optimization results presented in the Results section is highlighted with italics. DBH stands for diameter at breast height, std for standard deviation.

Number of Mean Total volume of Harvested Total
Type of Number  logs in Volume of Pile extent DBH Species harvested Area timber per number of
System harvest  of piles a pile piles (m?) (m) (mm) distribution timber (m?) (ha) hectare (m*/ha) assortments
1 Thinning 448 1 to 33, 0.010to 2.0, 0.00 to 7.3, 144 79.7% pine, 121 1.18 103 8
mean 4.6, mean 0.27, mean 0.53, 18.7% birch,
std 5.1 std 0.30 std 1.0 1.6% spruce
2 Clearcut 821 1 to 29, 0.013t0 7.3, 0.00to5.7, 282 95.5% spruce, 537 1.97 273 9
mean 3.1, mean 0.65, mean 0.34, 3.1% birch, 1.3%
std 2.9 std 0.78 std 0.74 pine
3 Clearcut 2410 1 to 36, 0.011t0 2.0, 0.00to 7.1, 155 45.0% spruce, 487 5.16 94 13
mean 2.8, mean 0.20, mean 0.31, 38.5% birch,
std 2.6 std 0.19 std 0.70 16.5% pine
4 Clearcut 1863 1to 61, 0.0712to 3.3,  0.00 to 9.3, 179 92.8% pine, 5.7% 516 4.30 120 10
mean 3.2, mean 0.28, std  mean 0.45, spruce, 1.5%
std 4.3 0.27 std 0.95 birch
1200
600
£ £ w00 E w0
S 400 S S
400 200
0 0 0
0 1 2 3 0 2 4 6 8 10 0 10 20 30 40 50 60

Pile volume (m*)

Figure 5. Statistics on the created piles for system 4 (see Table 1).
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Figure 6. (a) The real-life graph created from a set of loading nodes and an estimate of the roadside delivery node location (gray dot) for system 4 (see Table 1) (b)

Decomposition of the real-life graph into a disjoint set of region graphs.

1.1 m. For computing the travel time Tj; between any two
nodes, the traversed distance was simply divided by the con-
stant speed (Nurminen et al. 2006) of the forwarder (1 m/s).
Ground damage created when traversing the (shortest) path
between nodes i and j was quantified as (Eq. 2):
Vi
\lfod) = H,-jD,,-<1 + )

Here G; = H;;D;;, where Hj; is the mean harvestability, i.e.,
mean trafficability along the path of length Dj; along the strip
roads, computed as the mean of the static trafficability index
(Finnish Forest Centre 2020; Figure 9) under the nodes of the
path. This index, provided on a grid of 16 m x 16 m cells

Vluad

5= G,-j<1 + @)

0

throughout Finland, is an ordinal-scale six-class trafficability
classification system from 1 (best bearing capacity, accessible
even during spring thaw) to 6 (lowest bearing capacity, acces-
sible only during the coldest periods of winter). The traffic-
ability classes are predicted using soil type (mineral soil or
peatland), average ground water height, the Topographic
Wetness Index (TWI), and estimates of vegetation based on
tree height distributions provided by the Finnish national laser
scanning inventories (Bergqvist et al. 2018). While the static
trafficability index is not a quantitative measure of the suscept-
ibility of the ground to damage, it was treated as such here to
quantify soil damage. Correspondingly, the created damage
was interpreted as an index, not an empirically measurable
quantity.
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Figure 7. The first part of the algorithm for decomposing the real-life graph into a set of disjoint region graphs. In this part of the algorithm, the set of subgraphs, which
will be used to create the decomposition in the second part of the algorithm, is formed and then ordered by increasing distance from the unloading node.

In Eq. 2, the term (1 + Vl"“"? describes the effect of forwar-
der mass through the current load volume Vload and the con-
stant scaling factor Vy, the latter set here to 10 m’. The purpose
of this term was to allow the damage to increase linearly with
the load volume. One way of viewing the model is that

H,j<l + V\’;“") describes the damage created by the machine

per one meter of traveling between nodes i and j. The weaker
the ground trafficability, and the greater the forwarder load, the
more severe the rate of damage. The total damage from moving
from i to j, for each pass, was then quantified by the product of
damage per distance and traveled distance (Eq. 2). The effect of
multiple passes is not considered here.

Time consumed in loading (Eq. 3) and unloading (Eq. 4)
was modeled using the results of Manner et al. (2013):

fload(n) = 0.008336n* + 0.06435n + 0.8678 3)

tuntoad () = 0.00792n* + 0.23121 + 0.0909 (4)

where time is in productive, delay-free machine minutes (trea-
ted here as regular time) per processed m’ of logs, and n
denotes the number of assortments in the load. Through
these models, the time of loading or unloading was computed
for a single, full load at a time. In the experimental setup
behind these models, the configuration of delivery piles corre-
sponded to average conditions.

Scalarization of the multi-objective optimization problem

For solving the FRP, the full harvest site was first decomposed
into disjoint regions. Then, for each region, the multi-objective
optimization problem of minimizing (D(r), T(r), S(r)) (Eq. 1)
was solved. To this end, a linear scalarization (Bowerman et al.
1995) of the multi-objective problem was first formulated using
the cost function (Eq. 5):

C/(r) = WdismnceD(r) + Wti”‘eT(r) + Wdamages(r) )
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Figure 8. The second part of the algorithm for decomposing the real-life graph into a set of disjoint region graphs. In this part of the algorithm, the actual

decomposition is constructed from the subgraphs created and ordered in the first part of the algorithm.

where the scalars Waisiances Wrime> and Wiamage are the weights
given in the optimization to distance, duration, and soil
damage, respectively. Through choosing values for the weights,
the user can decide the importance of each objective in the
optimization. D(r) gives total distance traveled by the forwar-
der, i.e., the sum of Dj; along the route. T(r) = Tjpaa(r) +
Tuntoad(r) + Trravei(r) gives total time used for loading, unload-
ing, and traveling, respectively. Ty,e(r) is equal to the sum of
Tj; along the route. S(r) gives the total amount of ground
damage created, i.e., the sum of S;; along the route.

The path connecting any two nodes in the region graph was
fixed to the shortest path between these in the real-life graph,
which placed a constraint on minimizing ground damage.
However, the optimization algorithm was free to vary the

order of visiting nodes, which should make it possible to
avoid areas of poor trafficability to some degree, and further-
more to decrease total ground damage by considering load
volume or by choosing a shorter route.

The routes that minimize ¢/(r) (Eq. 5) are Pareto optimal
solutions to the original multi-objective problem. However,
using Eq. 5 directly in the optimization is problematic, as the
different objective components inherently have different units and
scales of magnitude (Bowerman et al. 1995). Therefore, compo-
nents are normalized using their estimated average values in the
region graph to arrive at the following cost function (Eq. 6):

D(r T(r S(r
C(T’) = Wdistance % + Wtime % + Wdamage % (6)
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w
Static trafficability index

Figure 9. The static trafficability index for system 4 (see Table 1). The trafficability index is open data distributed by the Finnish Forest Centre (2020)

Here D, T, and S are estimates for total distance, total duration,
and total damage, respectively, for an “average” route. For total
distance, the estimate was computed as (Eq. 7):

bproblem
4Dy Vo
A subproblem rsn/ ¥ piles
D = 2DundNooes™ "+ frmardar )
capacity

where D,,, is the mean nearest-neighbor distance of piles in the

. bproblem . .
region graph, N,» """ is the number of nodes in the region

graph, D,q, is the direct distance from the unloading node to
is the

total volume of piles in the region graph, and V™% i the

capacity
forwarder loading capacity. For total duration, the estimate was

computed as (Eq. 8):

Vsubprohlem

the mean position of piles in the region graph, V.

D Vsubprublem

T= piles

Vforwarder

+ (tload (ntypical) + tunioad (ntypical))

®)

where Viryarder is the speed of the forwarder and nypicq is an
estimate for a typical amount of assortments in a load, equal to
min{6,nsubpmblem}, where #gppropiem is the total number of
different assortments in the region graph. For total damage,
the estimate was computed as (Eq. 9):

nodes piles capacity Vo

i Vi
5= <2<H> <Dnn>Nsubprob1em ¥ 4<H> (Drsn>Vsubpmblem/vfarwarder> (1 + pacity / )

(©)

where (H) is the mean harvestability under the nodes of the
region graph. The normalization in Eq. 6 cast the three objec-
tive components to dimensionless quantities each roughly of
value 1, which made setting the importance of each component
straightforward in the optimization.

The optimization algorithm

Due to the large number of piles, the FRP was solved using
heuristic optimization. Ant Colony Optimization (ACO;

Dorigo and Gambardella 1997; Bonabeau et al. 2000) was
chosen as the underlying framework due to its flexibility and
documented success in solving the VRP (Bullnheimer et al.
1999; Reimann et al. 2004). N, ants were first placed on the
graph, each on a randomly chosen loading node. Then, in
succession, one by one the ants independently completed
a route through the graph, using as many tours as was neces-
sary, visiting each loading node exactly once. A candidate list
Q;, ie., a list of the Ncandidates Nearest loading nodes for each
node i, was employed. During the construction of a route, an
ant located at node i moved to node j according to the follow-
ing transition rule. Provided that unvisited nodes still remained
in the candidate list of node 7, the ant moved to node j with
probability (Eq. 10):

i
>y

0, otherwise

Py = j e (10)

where 7, is the heuristic desirability of node j as seen from
node i, and 7;; is the (asymmetrical) amount of virtual pher-
omone along the edge ij. If no unvisited nodes remained in the
candidate list, the ant moved to the node of highest heuristic
desirability. The desirability was computed as (Eq. 11):

1

M = D; T S5 an
Wadistance 7 + Wiime T + Wdamage 5

Here d, f, and 5 are estimates of the average value of the

distance between two nodes, the time of traversing an edge,

and the damage created when traversing an edge, respectively.

For distance, the estimate was computed as (Eq. 12):
- (Dy)

d=—"—

5 (12)

where Dj; is the mean of the distance matrix elements for the
region graph. For time, the estimate was computed as (Eq. 13):

d

Vforwarder

t= (13)
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For soil damage, the estimate was computed as (Eq. 14):

Jforwarder
Vcapaci ty / 2)

Vo (14)

5 =d(H) (1 +
The normalization constants cast each of the three components
in the denominator of 7;; to dimensionless quantities roughly
of value 1.
After each transition from node i to j, the pheromone
concentration on the edge ij was updated via (Eq. 15):

7 = (1= p)7j + P70 (15)

where p is a parameter governing the rate of pheromone decay,
and 7y is the value that the pheromone concentration on all
edges was originally initialized to (here 1/(NyodesCeypical)s Where
Npodes is the number of nodes and Ciypica is the cost of an
“average” quality solution). After all ants had completed
a route, one iteration of the algorithm was complete. Then,
pheromone values were updated on all edges belonging to the
route of the lowest cost C* so far via (Eq. 16):
_ p

Tjj = (lfp)TijﬁLE (16)
As the iterations continued, one kept track of the route of
lowest cost, this constituting the iteratively improving solution
to the FRP. The purpose of the desirability (Eq. 11) was to
guide the search for solutions according to the objective
weights in the cost function (Eq. 6). Pheromone replenishment
(Eq. 16) was controlled by the cost of the best route found so
far, which similarly directed the search according to the objec-
tive weights.

The desirability #7,; can be viewed as a measure of how good
the transition from i to j appears to the ant from a local view-
point. The pheromone 7;; along the edges represents how good
the transition from i to j has generally proven as part of a route.
The constants « and f3 can be used to tune the relative con-
tribution of desirability and pheromone in the transition
probabilities.

The optimization algorithm code was written in Python 3
and is freely available at https://github.com/ekholmst/smar
tlog_aco.

Computations

A set of optimizations was first performed on an artificial
system of ten piles and two assortments. This was done to
verify the intuitively correct behavior of the algorithm for
each objective component. The pile volumes, forwarder capa-
city, and forwarder speed were chosen for each case of the
objective component so that the optimal solution would be
clear beforehand, and that the correct functioning of the opti-
mization algorithm would therefore be easily verifiable. Then,
multi-objective optimization was done for distance and dura-
tion using an artificial system of 50 piles and five assortments,
to verify the expected trade-off between the two objectives. 500
iterations, a constant harvestability of 1, and p = 0.01 was used

in these runs. The parameters a and f3 were separately opti-
mized for each case.

Next, to find generally well-performing values for «, 8, and p
for real harvest sites, a grid search was performed with « = 0,
1,..,68=0,1,...6; p=0.01,0.05 0.10, 0.25, 0.50, 0.75 on
systems 1, 2, and 3. A total of 50 iterations were run using five
random initializations for each set of parameter values for each
system, optimizing separately for distance, duration, and
damage. These results were analyzed to find fixed values for
a, B, and p that should produce good results over different
systems and choices of objective metrics.

Finally, using the optimized values of «, f, and p, the full
optimization strategy was applied to the test system.
Optimization was first done separately each objective. For
reference, the equivalent runs were also performed using
a uniformly random search (« =pf =0). Then, multi-
objective optimization was performed for pairs of objective
metrics. The results were averaged over 10 random initializa-
tions in single-objective optimization and 50 initializations in
multi-objective optimization. In these computations, 500 itera-
tions were used.

In all runs throughout this work, N,,.s was set to the num-
ber of loading nodes considered in the optimization, and
N andidates Was set to 20.

Results
Optimization on small model systems

Results of single-objective optimization on the artificial
model system are presented in Figure 10. The volume of
each pile was 2 m>. For the case of distance minimization,
forwarder capacity was set to 20 m> and speed to 1 m/s. As
expected, distance was minimized by picking up the piles in
succession along the circular road. The optimal solution was
always found with > 2. In minimizing duration, to illustrate
the effect of loading and unloading time, the forwarder speed
was set to infinite and capacity to 10 m>. In the best solution,
all piles of assortment 1 were picked up in the first tour and all
piles of assortment 2 in the second tour. This optimal solution
was found generally with § = 0 and in some cases with § = 2.
For the case of damage minimization, the forwarder speed
was set to 1 m/s and capacity to 10 m’. The algorithm cor-
rectly guided the forwarder to drive out empty and then to
pick up piles as it approached the roadside node. This optimal
solution was found generally with f > 2. The value of « was
not significant in the optimizations of these simplistic
systems.

The system used for verifying multi-objective optimization
is presented in Figure 11. Each pile had a volume of 1 m>. Speed
and capacity of the forwarder were set to 1 m/s and 10 m”,
respectively. The weight values were Waistance = 0.5, Wiime= 0.5,
and Waamage = 0.0. The values a = 4, f =2 proved optimal
here. For comparison, single-objective optimization runs for
distance and duration were made. For the former, high f was
a good choice. For the latter, best results were obtained with
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Figure 10. Optimized routes on the artificial model system. The solutions illustrate how the optimization algorithm separately minimizes distance, duration, and
damage. The color of the arrow indicates the assortment of the destination node at each step of the route.

a high « and low f.The results, presented in Table 2, show that
multi-objective optimization produced a trade-off between dis-
tance and duration, as well as the number of assortments in the
loads.

Optimizing the ACO parameters for real harvest sites

In the parameter search on real harvest site data, it was found
that generally, « = = 0, i.e., a uniformly random search, gave
the worst results. Making « nonzero generally improved the
results, and making 8 nonzero further improved the results.
However, pheromone alone was not a strong driver in the
search for solutions, and in many cases, the uniformly random
search found better solutions than when using a =1, = 0.
Still, using any combination of a#0, f#0, i.e., running the full
optimization algorithm, gave significantly better results than
a uniformly random search. In the grid search, the best

Assortment 1
Assortment 2
Assortment 3
Assortment 4
@ Assortment 5

Figure 11. Artificial model system used to illustrate multi-objective optimization.

parameter values provided an improvement of 5% to 10% in
duration and 20% to 40% in distance or damage with respect to
the random search.

These parameter optimization results showed that opti-
mizing solely for distance or damage was done most effi-
ciently with a large value of § and a slightly smaller value of
a. In contrast, optimizing for duration was most efficient
with a large value for a and a slightly smaller value for S.
This is reasonable, as optimizing either distance or damage
should benefit from emphasizing transitions between load-
ing nodes close to one another, as dictated by p.
Conversely, “learning” routes that minimize loading and
unloading times, as is relevant in minimizing duration, is
solely up to the pheromone, as dictated by a. This reflects
the findings on the small model systems presented in the
previous subsection. Overall, a good compromise of para-
meter values was & = 5, f =4, p = 0.0L.
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Table 2. Multi-objective optimization results for distance and duration on the
artificial model system, and corresponding single-objective results for
comparison.

Optimization Route length  Duration  Number of assortments in
criteria (m) (h) load
Distance 204.2 24 5
Distance and 230.5 19 3to4
duration
Duration 275.6 15 2to3

Table 3. Essential parameter values used in optimizing the test system.

Parameter Value
Forwarder loading capacity 12m?
Forwarder speed 1m/s
Vo in the ground damage model 10 m?
) 0.01
a 5
4

Number of ants Number of loading nodes in the region

graph
Length of candidate list 20
Number of ACO iterations 500

All essential parameter values used in producing the results
of the next two subsections are presented in Table 3.

Single-objective optimization on a real harvest site

The single-component optimization results for the test system
are summarized in Table 4. As expected, the best value for each
objective was found where that particular objective was being
minimized. In Table 4, the mean number of unique assort-
ments over the forwarder loads is also reported. On average,
optimizing duration led to loads having a lower number of
assortments, in comparison to the case of optimizing distance
or damage. Loading and unloading consumed more time the
more assortments were involved (Equations 3 and 4).
Therefore, for optimizing duration, it was beneficial to pick
up fewer different assortments on a tour, although this implied
longer routes. The reference runs performed using a uniformly
random search (« = § = 0) showed that using the full ACO
algorithm improved the results by 8-25% depending on the
objective.

An example of optimized routes for a given region of the
harvest area is shown in Figure 12. A more detailed example is
provided in Figure 13 for each case of single-objective optimi-
zation. Regardless of the metric being optimized, the routes
produced consisted largely of stretches of picking up piles in
relatively straightforward succession along the roads. Such
relatively smooth routing could be expected to be of practical
value to human forwarder operators. However, in some parts
of the graphs, the network creation algorithm produced

structures of spurious appearance (Figures 6, 13b). Therefore,
a smoothening or simplification of the graph structure would
probably be necessary before practical applications. In addi-
tion, although producing metric values within 1-2% of the
values obtained with very long runs (Figure 14), the 500 itera-
tions used in these results was not enough for attaining com-
pletely converged routes. Together, these two effects most
likely led to somewhat “noisy” routes.

The formulation for modeling ground damage (Eq. 2)
linked damage creation strongly with route length. Therefore,
routes produced when optimizing only for distance or ground
damage displayed similar length and damage (Table 4).
However, in comparison to minimizing only distance, mini-
mizing damage typically tended to route the forwarder so that
as piles were being picked up, the machine approached the
roadside landing (Figure 15). The total amount of ground
damage decreased in this way, as the working pattern reduced
the distance driven loaded.

Multi-objective optimization on a real harvest site

In this work, the objective vector was scalarized linearly (Eq. 6)
using the weights Waisances Wrime» and Waamage» Which dictate the
relative importance of each objective in the optimization.
Considering any two of the three objectives (distance, duration,
damage) at a time, and by varying the weights of the objectives,
trends reflecting these importance preferences were observed
in the metrics (Figure 16). The routes themselves qualitatively
resembled the single-objective optimized routes found in the
previous subsection.

As noted above, the route length and ground damage were
strongly linked in the present model, which did not allow for
large variance in these objectives even though their respective
weights were varied (Figure 16, top). However, for the objective
pairs of route length and duration, as well as duration and
ground damage, the effect of varying the weights was strong
and clear (Figure 16, middle and bottom).

Discussion

In this paper, a strategy for optimizing forwarding work in CTL
harvesting operations through multi-objective optimization of
route length, duration, and created ground damage was pre-
sented. The strategy is modular, which enables one to easily
change the models, including the time consumption model,
and the currently simplistic model for ground damage crea-
tion. A smoothening of the graph structure is likely necessary
for increasing the practical value of the approach. The cluster-
ing method for estimating piles can also be replaced.

Table 4. Results for optimizing forwarder work in the test system using a single objective at a time. The best value for each metric is set in italics. Each
result is an average over 10 randomly initialized optimizations. The error is the standard error of the mean.

Optimization criterion Distance (km) Duration (h) Damage Mean number of assortments in load
Distance 24.13 £ 0.07 30.28 £ 0.04 67,680 + 120 4.63 +0.08
Duration 26.29 + 0.07 28.48 £ 0.03 72,280 + 140 4.16 + 0.07
Damage 24.52 + 0.07 30.54 £ 0.06 66,530 + 100 4.67 +0.07
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Figure 12. Example of a general view of optimized routes for a given region of the harvest site when minimizing total traveled distance. The arrows denote the order in
which piles are picked up, with the color of the arrow indicating the assortment of the destination pile at each step along the route. Each transition between nodes (e.g.,
from the unloading node to the first node to be visited, i.e., pile to be loaded) is done along the shortest path on the strip road network. The long arrows denote

transitions between the unloading node and the loading nodes.
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Figure 13. Close-up views of routes optimized considering only a single objective at a time: distance (a, b), duration (c), and soil damage (d). The arrows depict the route
of the forwarder, with the color of the arrow indicating the assortment of the destination pile at each step of the route.

Topography of the terrain, affecting both the speed and fuel
consumption of the forwarder, is an important aspect to be
implemented in the future. Fuel consumption could also be
included as a minimization objective.

In the cost function (Eq. 6), the normalization factor S
was directly proportional to mean trafficability over the
subproblem being optimized. It follows that the variation
of the trafficability index H within a subproblem impacts the

routing through placing more emphasis on damage mini-
mization where H is high, generally creating shorter routes
with more assortments per load in those areas. However, for
constant H within a subproblem, the value of H cancels out
and does not affect forwarder routing. An alternative
approach would be to use the average of H over the full
harvest site in computing S. Also, for real forest operations,
using a trafficability map updated dynamically to reflect
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Figure 14. Convergence behavior of the optimization algorithm when optimizing one objective at a time. Each point is an average over 10 randomly initialized

optimizations. The error is the standard error of the mean.
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Figure 15. When minimizing ground damage, the optimized routes often displayed working patterns where the forwarder picks up piles while approaching the landing.

This is a way of decreasing the total soil damage created.

weather conditions would be more useful than the currently
demonstrated static one. For regions outside of Finland,
a corresponding numerical matrix of trafficability values,
where higher is worse, would need to be provided.

In the present approach, TU:% in Eq. 11. Another
approach, which would more strongly direct the search for
smaller route duration, would be to introduce a dependency
into T;; on the number of assortments in the load after loading
pile j.

Accurate positioning of the harvester head could make
data on pile assortment and location directly available
(Lindroos et al. 2015; Miller et al. 2019). Some harvesters
already record the estimated crane tip position upon fell-
ing the stem. In an intermediate scenario, the role of route
optimization, for both human operators and autonomous
forwarders, could be one of a supporting system, which
guides the machine close to a recommended pick-up

location, after which the operator or machine sensors
observe the actual piles to be picked up.

With the current implementation, solving the FRP on the
test system using 500 iterations takes approximately 30 min per
harvest site region on a single CPU core. As good convergence
was attained already at 200-300 iterations (Figure 14), the
computing time could be reduced to approximately 15 min
per region.

The framework of this study could also be harnessed to
assess the productivity and cost of alternative working
patterns given as input by the user. A broader set of harvest
sites should be explored in order to gauge the applicability
of the method beyond the sample data used in this study.
Ultimately, the power and practical value of the presented
optimization strategy should be assessed in experiments
involving human operators.
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Figure 16. Results for optimizing two objective components at a time, using different values for the objective weights (Eq. 6). The weight (w) of the component plotted
on the left vertical axis is given on the horizontal axis. The weight of the component plotted on the right vertical axis is equal to 1 — w. Each point is an average over 50

randomly initialized optimizations. The error is the standard error of the mean.

Conclusions

In this work, a multi-objective optimization strategy for timber
forwarding in cut-to-length harvesting operations was pre-
sented. The approach allows for simultaneous optimization of
several conflicting objectives in finding the optimal route of the
forwarder on a preexisting network of strip roads and log piles.

The strategy consists of estimating pile positions and the strip
road network from standard harvester data, modeling of for-
warder movement, time consumption of work phases, and soil
damage, and finally heuristically solving a linearized form of
the multi-objective optimization problem on a fully connected
network. The sensibility and effectiveness of the approach was
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shown in computational tests on artificial and real harvest site
data. Field tests involving human operators should be carried
out in the future to assess the usefulness of the method in real
forest operations. The optimization code has been made pub-
lically available.
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