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Spatial optimization of ground-based primary extraction routes
using the BestWay decision support system
Patrik Flisberg, Mikael Rönnqvist, ErikWillén, Mikael Frisk, and Gustav Friberg

Abstract: Improving productivity in forest logging operations while reducing negative impact on soil and streams has gained
increasing attention. Positioning primary extraction routes is crucial in these efforts, as it has a huge impact on efficient and sus-
tainable forwarder passages. To minimize the total forwarding distance and avoid steep terrain and impact on soil and water, we
developed a decision support system, including a detailed optimization model and solution method. The main source of informa-
tion consisted of a detailed digital terrain model, depth-to-water maps, and forest volume density. The information was supple-
mented with the extent of the stand, position of the landing(s), nature and culture conservation sites, and any known
unavoidable crossings in the terrain (e.g., streams). Because fast solution time was a critical requirement, we developed a decom-
position method based on Lagrangian relaxation. The system was evaluated in two case studies in Sweden. In the first case, the
optimization model performance was analyzed at 30 final harvesting sites. In the second case, experienced forest company staff
evaluated the primary extraction routes at 19 harvest sites in operational conditions. The results indicated that the model
allowed for faster planning, shorter driving distances, and the potential to reduce negative impact on soil and water.

Key words: forest operations, decision support system, optimization, routing, network design, forwarding operations.

Résumé : L’amélioration de la productivité de l’exploitation forestière tout en réduisant l’impact négatif sur le sol et les cours
d’eau attire de plus en plus d’attention. L’emplacement des routes primaires d’extraction est crucial dans le cadre de ces efforts
étant donné que cela a un impact énorme sur l’efficacité et la durabilité des déplacements des porteurs. Un système d’aide à la
décision qui inclut un modèle détaillée d’optimisation et une méthode de solution a été développé afin de minimiser la distance
totale de débardage et d’éviter les reliefs escarpés ainsi que réduire l’impact négatif sur le sol et l’eau. La principale information
comprenait un modèle numérique détaillé de terrain, des cartes indiquant la profondeur de la nappe phréatique et la densité du
volume ligneux. L’information a été complétée avec l’étendue du peuplement, la position des jetées, les sites dédiés à la conserva-
tion de la nature et présentant un intérêt culturel ainsi que tout croisement inévitable connu sur le terrain (p. ex. les cours
d’eau). Un temps de résolution rapide du modèle était une exigence cruciale, d’où l’élaboration d’une méthode de décomposition
fondée sur la relaxation lagrangienne. Le système a été évalué dans deux études de cas en Suède. Dans le premier cas, la perform-
ance du modèle d’optimisation a été analysée dans 30 sites de coupe finale. Dans le second cas, le personnel expérimenté de la
compagnie forestière a évalué les routes primaires d’extraction dans 19 sites de coupe dans des conditions opérationnelles. Les
résultats indiquent que la planification est plus rapide, que les distances de déplacement sont plus courtes et qu’il serait possible
de réduire l’impact négatif sur le sol et l’eau. [Traduit par la Rédaction]

Mots-clés : exploitation forestière, système d’aide à la décision, optimisation, tracé, conception de réseaux, opérations de débardage.

Introduction
In recent years, improving productivity in forest logging oper-

ations while reducing negative impact on soil and streams has
gained increasing attention. In the latter case, ground condi-
tions at regeneration and perceived negative visual influence
have strongly heightened environmental concerns over down-
stream water quality. The position of primary extraction routes
for forwarders is crucial in these efforts, as it impacts efficient
and sustainable passages. Damage to the forest soils is of special
concern; in Swedish forestry, a common industry policy aimed
at reducing impact on forest soils during forest operations has
been implemented since 2011. Some forest companies recently
introduced warranties if soils are damaged during operations in
privately owned forests.

In Nordic countries, forest operations use a cut-to-length harvest-
ing technique andwork in teams consisting of a harvester and a for-
warder, where the forwarder moves the log piles from the forest to
larger piles adjacent to forest roads or “landings.” The forwarder
essentially follows the routesmapped out by the harvester.Machine
systems come in different sizes and are chosen according to the
type of operations (harvesting or thinning) and characteristics of
the harvest area (e.g., ground condition for wetness and hilliness
and size of the trees). Larger machine systems have become heavier
and often carry over 20 t (machine and load can exceed 40 t) to
increase the efficiency of the extraction process. However, this
greater efficiency can potentially causemore severe soil damage.
Operational forest planning is typically performed by using a geo-

graphical information system (GIS) in harvest areas, carrying out

Received 26 May 2020. Accepted 28 September 2020.

P. Flisberg, E. Willén, and G. Friberg. Skogforsk, Dag Hammarsköldsväg 36A, Uppsala S-751 83, Sweden.
M. Rönnqvist. Département de génie mécanique, Université Laval, Québec, QC G1V 0A6, Canada.
M. Frisk. Creative Optimization AB, Tornåkersvägen 26, Halmstad 302 30, Sweden.

Corresponding author: Erik Willén (email: erik.willen@skogforsk.se).
Copyright remains with the author(s) or their institution(s). This work is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided the original author(s) and source are credited.

Can. J. For. Res. 51: 1–17 (2021) dx.doi.org/10.1139/cjfr-2020-0238 Published at www.nrcresearchpress.com/cjfr on 7 October 2020.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

1

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

21
7.

11
5.

32
.1

13
 o

n 
04

/2
2/

21
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1139/cjfr-2020-0238


in situ planning, and finalizing cutting instructions for harvesting
teams (Willén and Andersson 2015). According to Sweden’s For-
estry Act (https://www.skogsstyrelsen.se/en/laws-and-regulations/
skogsvardslagen/), cutting declarations for final harvesting exceeding
0.5 ha should be submitted at least 6 weeks before the forest operation
is to begin and should include planned nature considerations. Once
the harvester’s operators start operations, they follow a marked
route to enable the passage of forwarders. Forested buffer zones and
machine-free areas near streams and lakes are commonly used to
protect surface water during forestry activities. However, putting
these protective measures into practice can be complicated because
of poor planning tools.
Depending on the terrain characteristics, weather conditions,

and machinery used, soil disturbance and damage to the soil
caused by forest operations can vary. A review by Cambi et al.
(2015) identified soil compaction and rutting as the main impacts
on soil after forest operations, which in turn may cause nutrient
leakage to water courses and erosion. Other identified negative
effects were the increased release of the greenhouse gas meth-
ane owing to the anoxic conditions after soil compaction and
reduced forest productivity. To prevent soil disturbances, Cambi
et al. (2015) suggested waiting for relatively dry soil conditions,
when the load-bearing capacity is higher, and planning the log-
ging performance appropriately. Risk assessment using soil and
geology databases (Kimsey et al. 2011) and the use of digital eleva-
tion models (DEMs) (Mohtashami 2011; Pacola 1999) or depth-to-
water (DTW) maps (Murphy 2008; Ågren et al. 2014) are examples
of tools that can be applied to operational planning prior to the
start of forest operations to guarantee higher productivity and
less soil damage. DEMs are arrays of regularly spaced elevation
values referenced horizontally to a geographic coordinate sys-
tem. By using a water flow model and DEM, it is possible to com-
pute water accumulation areas and develop a DTW map that
measures the depth to such areas, as well as to represent the soil
damage if the forwarder drives in areas with similar soil and
DTW close to the surface.
As the weight of forest vehicles ranges between 4 and 40 t

when fully loaded (Eliasson 2005), the ground contact area will
negatively impact the soil. However, new techniques and improved
harvesting methods are being applied to decrease the risk of dam-
age to soil and water. Among the promising techniques are central
tire inflation on forwarders and softer hydraulic mechanics such
as luffing wheel legs (Zhu et al. 2018). Improved methods include
wider logging tracks on soft soils (Uusitalo 2015) as well as soil
protection with branches on the extraction routes (Eliasson and
Wästerlund 2007).
The introduction of LiDAR (light detection and ranging) data

into terrain mapping and forestry planning has proven to be a
leap toward precision forestry (Næsset et al. 2004; White et al.
2016; Talbot et al. 2017). LiDAR is a remote sensing method used
to examine the surface of the Earth. It typically includes DEMs
that measure height for every discretized square (side length of
0.5–2m) and forest estimates such as basal area or timber volume
for every discretized square (side length of 10–20 m). Future out-
looks indicate possibilities for more details and even more pre-
cise forestry, possibly down to individual trees (Holopainen et al.
2014). Chung et al. (2008) used a 23 m resolution DEM, timber vol-
ume, and stream crossings to design a tradeoff analysis between
skidding and road construction costs. Different costs were associ-
ated with the model input parameters; a heuristic network algo-
rithm was implemented to locate the least-cost road locations.
The results of the model indicated a 20% shorter road network,
in contrast with the network proposed by forest professionals,
which maintained the average skidding distance. However, the
model assumed that skidders always reached the nearest road in
straight lines regardless of topography and the timber volumes
were evenly distributed over the study area.

Mohtashami et al. (2012) designedmain extraction routes using
cost indices based on DEM (elevation, slope) and soil class. A
detailed DEM was used (0.5 m spatial resolution), with the three
layers representing elevation, slope, and soil class reclassified
into a thematic cost index that was used in a GISmodel to suggest
routes with the lowest cost index. In addition, the authors intro-
duced “no-go” areas in the model. These areas needed protection
from driving damage and were therefore excluded from route
location. Søvde et al. (2013) compared machine trail layout opti-
mizations performed by a greedy constructive heuristic and a
greedy randomized adaptive search procedure (GRASP) meta-
heuristic using a simulated DEM with a 1 m resolution. In terms
of net value, the GRASP solution provided the best results, with
2.3%–5.6% improvements for two test cases. The study used simu-
lated datasets for the DEM and timber volume. The authors sug-
gested that themodel could be refined usingmore input data.
Hosseini et al. (2019) proposed a general framework for machine

trail network design. The authors described general machine trail
planning and illustrated how different cost components can be
computed and combined with a weighted cost function or pareto
optimal solutions. They also proposed a general network struc-
ture with 20 m candidate links as a basis for finding the extrac-
tion routes.
Carlsson et al. (1999) studied the problem of log extraction in

harvest areas once the harvester had finished all harvesting and
the trail network had been established. Data availability was low,
and thus manual collection of GPS data for log pile locations
became a necessity. The optimization model used for the vehicle
routing problem (VRP) was based on solving a set partitioning
optimization model, where the columns represented full routes.
However, this model had proven problematic for full-size opera-
tions. Flisberg et al. (2001) tested a decision tool in which the
extraction by the forwarder could start even while the harvester
was still working. The concept seemed feasible, but the lack of
easy access to data made the tool difficult to test in real-time
operations. Flisberg et al. (2007) used GPS positions from the har-
vester in optimization routines to solve the VRP for the forwarder.
Unlike manual route planning, the use of this optimization tech-
nique resulted in a saving of 8% in distance travelled. Optimization
was based on information of pile locations and the harvester’s
work location, as the location could identify the network that the
forwarder can use. Different solution methods were compared; a
methodology based on repeated matching turned out to provide
the best result within restricted time limits. This heuristic meth-
odology is based on iteratively solving a set of matching prob-
lems where the set of routes is revised in each iteration (see
Wark et al. 1997, where the same methodology is used to solve a
scheduling problem). The software in Flisberg et al. (2007) was
later further developed at the Forestry Research Institute of
Sweden to include energy assortments, such as branches and
tops, where a decision was made to collect energy assortment
piles owing to low value margins.
Terrain transportation has a significant impact on the produc-

tivity associated with forest operations (Eriksson and Lindroos
2014). Determining extraction routes is also vital for a contractor,
as the payment (if a contractor is used) for forwarding is based on
an estimated forwarding distance. Hence, it is important for both
the operator and the forest owners to estimate this distance as
efficiently as possible. Manner et al. (2016) reported a mean of
670 m for each forwarder route, resulting in a minimum total of
3 million km of extraction routes annually. This is based on Swedish
conditions with a harvest level of 72 million m3. The design of
extraction routes is essentially a network design problem. Such
models have characteristics similar to forest road design problems.
There is a vast literature considering detailed forest road design
(e.g., Andalaft et al. 2003; Epstein et al. 2006; St€uckelberger et al.
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2007). Integration of network design, harvesting, and logistics is
studied in Flisberg et al. (2014). However, the design of extraction
routes has characteristics that are different from those of forest
road design, and hence such models cannot be used to formulate
our extraction route design problem. The main differences are
as follows: (i) the network size of designing extraction routes is
much larger because of the level of detail, and thus traditional
models for forest road network are not directly useful; (ii) we
must consider routing with both loaded and unloaded trans-
ports, which are typically not done on the same edges (in stand-
ard forest road design, empty and loaded transports are done on
the same edges, i.e., roads); (iii) we need to decide to which land-
ing the piles are transported (in forest road design there is a fixed
demand at mills); and (iv) a practical approach is needed to com-
bine often-conflicting goals in one objective function. In addi-
tion, the solution time requirement in our application is very
short (seconds or a fewminutes) compared with the hours, if not
days, in strategic forest road design.
As we have described, several attempts have been made to

formulate and solve the extraction trail network. However, these
attempts have often included assumptions and simplifications that
generate disadvantageous solutions in practice, and the underlying
network models have lacked detailed and critical aspects. Further-
more, the proposed solution methods are often too slow to gener-
ate the practical solutions required in an operational environment.
Consequently, we have identified three knowledge gaps. The first
is the lack of a model where the detailed restrictions, multiple
objectives, and behaviour of a forwarder is formulated. The second
is a solution method capable of solving a large extraction trail
design problem within a practical solution time. The third is an
overall solution approach that combines the formulation of the
problem, incorporates all the detailed data into the model, and
supports the evaluation of the proposed solutions in an operational
environment.
Current extraction trail design uses a subjective approach,

where an experienced planner visits the harvest area and marks
the preferred routes for the harvester to be followed by the for-
warder. Some planners make use of GIS tools (including DEM and
DTWmap), but not any details, to get a better overall understand-
ing visually of the characteristics of the harvest area. However,
varying forest volume within the site or different landing sites
are not considered.
To support forest professionals in planning, the Forestry Research

Institute of Sweden has developed a decision support system (DSS)
called BestWay to suggest extraction routes. The system supports
multiple objectives, including the minimization of total driving
distance, avoidance of steep terrains in driving and sideway direc-
tions, and reduction of impact on soil and water. Our approach to
establishing an initial weighting of themultiple objectives is to use
a framework described by Rönnqvist et al. (2017) for practical use
and the more detailed methodology in Flisberg et al. (2012). Here,
an inverse optimization approach is used to establish more than
100 weights for a logging truck route system in Sweden. This sys-
tem, which has been in use since 2007, is used to calculate the dis-
tance for more than 80% of all roundwood transport (2 million
transports per year). Inverse optimization is an approach to deter-
mine cost coefficients such that desired solutions are optimal. In
Rönnqvist et al. (2017), the weights representing different attrib-
utes such as road classification, speed limits, road widths, etc. are
found by formulating and solving an inverse optimization prob-
lem. In our case, we have fewer attributes and start with a baseline
objective function based on a monetary unit, then use weights to
scale the nonmonetary parts (i.e., forward and sideways angles and
driving in wet areas). Each of these three objectives is divided into
four different levels, and each of these levels has a weight, for a
total of 12 weights. The weight setting is based on professionals’
evaluating the impact of multiple solutions over many harvest
areas and then finding a solution to the inverse optimization

problem. Given this weight setting, a planner can modify the rel-
ative weights in a number of steps to create a set of scenarios
and, depending on the local situation, a suitable solution can be
chosen.
A detailed optimization model is a key component of the DSS.

The model uses detailed LiDAR information, a DTWmap, a DEM,
and a tree density map. This information is complemented with
the position of the landing(s), restrictions on the forwarder’s
manoeuverability, and the weight setting of the objectives. The
soil disturbance cost is assumed to be inversely proportional to
the DTW map values. The model provides information on pri-
mary (most used) and secondary (less used) extraction routes. In
addition, the system includes a module to evaluate the opera-
tional routing on the proposed extraction trails. The DSS includes
a user interface to manage input and output data and make mul-
tiple scenario analyses.
In this paper, we develop and present the BestWay DSS in order

to determine extraction routes for forwarders, comprising four
main parts or building blocks. Each of these parts also describes
an important contribution of the paper. First, a detailed optimi-
zation model is developed that includes practical aspects of the
forwarder. A crucial aspect to consider is not only the loaded trips
to landings but also the unloaded trips from the landing to the
log piles. The forwarder’s manoeuverability (e.g., the turning
radius and alignment direction to piles for loading) is also
included in the model, as connecting loaded and unloaded trips
is key. Second, the solution method solves the huge, complex net-
work design model in a short time, making it useful for opera-
tional purposes. This is made possible through a decomposition
method based on Lagrangian relaxation (Bazaraa et al. 1993) to
define subproblems that can be efficiently solved using specifi-
cally designed subroutines. Third, the DSS includes analytics that
enable the connection and integration of different big data sources
to be useful in planning process. Fourth, two large case studies pro-
vide industrial data, in-depth results analysis, and experiences
from its use in an operational environment.
The structure of the paper is as follows. In the “Problem formu-

lation” section, we describe the planning problem and important
data and information sources. In the “Optimization approach”
section, we describe the optimization model and the solution
methodology. An illustrative example of the model is included.
In the “BestWay decision support system” section, we describe
the DSS and its components. We then present the case studies
and their results in the next two sections. All instances are based
on industrial data, and the results include analyses of the for-
warding distances, the impact of miscellaneous weight settings,
and the optimization characteristics. The second case study
includes tests and analyses made with forest professionals at a
major Swedish forest company. We then discuss and summarize
our findings.

Methods andmaterials
A conceptual model to establish extraction route includes the

following modules: data, optimization model, solution method,
visualization, and result generation. The data needed to establish
a detailed description of the harvest area include a DEM, DTW
map, forest density, landing locations, and “no-go” areas. All these
data are collected from various sources. The optimization model,
which is a mixed integer programmingmodel, is used to represent
the detailed decisions made by a forest planner, including extrac-
tion route design. Such models are in general hard to solve, and it
is necessary to develop efficient and specially adapted solution
methods for quick solution. Visualization provides an easy way to
describe the solution and also gives an experienced forest planner
an easy way to evaluate the quality of the solution. Finally, key
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performance indicators and result tables are needed to evaluate
and provide information for further use, including GIS informa-
tion on route location and contract execution.

Model development
Traditionally, the terrain routing network layout, including the

main extraction routes, is planned by the harvester teams when
the harvesting operations start. If needed, the terrain transporta-
tion to approach the harvest area has been marked by forestry
planners during field inspections when preparing the cutting
directives, but seldom within the proposed cutting. When the
main extraction routes are planned, they are visualized with DEM
and DTWmaps in GIS, and quality is checked in situ. When routes
are planned by harvester teams, the process is carried out with a
visual interpretation of the terrain and the standing forest. Manual
planning is difficult, since the information needed comes from a
variety of data sources and because harvest areas often cover large
areas, making it challenging to evaluate the impact of one extrac-
tion route compared with another. Poor operational planning of
extraction roads will most likely lead to lower productivity and
cause larger damage to the soils, resulting in more negative conse-
quences for the environment and the forest operation economy.
There are several conflicting objectives that are difficult to

compute manually, and therefore it is challenging to evaluate
the consequences of different priorities or weight settings. The
approach taken in the BestWay DSS is to use a weighted objective
function, with a specific weight for each component. The overall
weighted objective can be viewed as a cost expressed in scaled
monetary values. One component is the actual time used to com-
plete the forwarding operations. A second component is the
amount of fuel used. A third is a cost associated with driving,
which needs special considerations (e.g., driving with a side angle
or downwards/upwards on steep terrain). A fourth is the cost
associated with soil disturbance. The relative weights may be
hard to identify, and hence we use an inverse optimization
approach (Rönnqvist et al. 2017; Flisberg et al. 2012). In this
approach, we have generated many solutions, and best practice
solutions are selected based on forest professionals’ experience.
The inverse optimization then finds weights that provide the pre-
ferred solutions as optimal in the optimization model. In our
case, we have weights representing driving with side angle, driv-
ing in forward angle, and driving in wet areas (all discretized
with four levels) represented by the DTW maps. Instead of solv-
ing a full inverse optimization problem, as per Rönnqvist et al.
(2017), we solve this problem heuristically by changing the rela-
tive values of the weights until no improvement can be found. It
is important to note that the found solution is used as initial
weights. In the DSS, it is then possible to revise the relative im-
portance in a few steps to create a set of “scenario” solutions
from among which the planner can choose. These solutions may
be viewed as generating interesting solutions on the pareto fron-
tier of solutions. Many of the objectives need detailed informa-
tion, and these are available through several important data
sources described below.

Harvest areas
The harvest area is defined by its boundary, which is typically

given as a shapefile in a GIS. Parts of the harvest area may be sub-
ject to limitations in harvesting because of considerations such
as wetlands, streams, and habitat areas. Other parts can be pro-
hibited from harvesting owing to cultural and historical monu-
ments. In many cases, information about sensitive or prohibited
areas are found in national registers available as open data, but
not all of them are known. If such an area is detected during the
harvest operation, it is the operator’s responsibility to avoid driv-
ing there.
The landing site, where the logs from the harvest are stored

before being picked up by timber trucks, is normally located as

close as possible to the harvest area. Landing sites are carefully
selected not only to improve accessibility for forwarders and
trucks, but also to account for safety and economic factors.

Digital terrainmodel
The efficiency in forwarding greatly depends on where the

extraction routes are placed. For example, soft ground and
upward slopes increase fuel consumption, and forwarder effi-
ciency depends on the selected extraction routes. There are limits
to the sideway angle that a loaded forwarder can travel. Conse-
quently, there is a need for a detailed description of the terrain
model. This information is available as a DEM created from LiDAR
data with different resolutions. LiDAR is a remote-sensing tech-
nique that uses laser light to produce accurate XYZ measurements
representing three-dimensional points in space. The information
provided is XYZ ground coordinates for several points per square
metre. The points represent laser pulse reflections from objects
both on and above the ground surface, such as trees, rocks, or build-
ings. High-resolution LiDAR typically yields 5–10 points per square
metre, while low-resolution LiDAR yields 1–2 points per square
metre. The points are available in a “point cloud” that provides
reflection points for the ground and on the ground (e.g., trees).
Analytical tools are needed to establish the true ground level
and the DEM. The LiDAR data are also used to determine the
DTWmap and slopes through other softwaremodules.

Forest density
LiDAR data are also used to estimate the density of the forest.

Forest density in the harvest area is important because it has a
significant impact on the forwarding of logs. In the Nordic con-
text, the variation of density within a harvest area can be huge.
High-resolution data provide single-tree information, whereas
low-resolution data, which is the most commonly used in Swedish
forestry, provides average tree information, such as basal area and
volume, in a specified area (e.g., 10m� 10m) (Fig. 1).

Depth-to-watermaps andmethods for increased accessibility
Wet soils have lower bearing capacity than dry soils (Cambi

et al. 2015). Hence, wet soils are more susceptible to disturbance
from land-use management with heavy machinery (Mohtashami
et al. 2017). Off-road driving with heavy machines can cause wet
soils to deform and displace, resulting in deeper tracks and larger
soil disturbance than on dry soils, where shallower tracks are
caused by compaction. Soil damage can also lead to erosion from
ruts and subsequent sediment deposition. To prevent such dam-
age, it is vital to have access to information that can quantify
potential damage; this is given by DTWmaps (Fig. 2). Information
on how to generate DTW maps is described in Ågren et al. (2014).
A detailed terrain model is necessary for its construction. When
the harvest area includes streams, it is possible to build tempo-
rary bridges for crossings. Such crossings can be useful for for-
warders, as they can avoid long detours. Bridges can be built with
local material (logs and residues) or material brought along for
bridge construction. It is also possible to enforce wet areas with
forest residues, such as tops and branches, to better support driv-
ing with the forwarder.

Optimizationmodel
The planning problem can be formulated as a network design

model (Lundgren et al. 2010). A network consists of nodes, edges,
and arcs (or directed edges). There are two main sets of decision
variables in a network design model: variables that decide which
edges are to be used and variables that decide the volume (loaded
and unloaded forwarder) on each of the used arcs. The first step is
to determine how detailed the network should be. The more
details there are, the more nodes and arcs are required. In our
application, we calculate a 2 m distance between nodes. This dis-
tance was chosen because it is close to the width of a forwarder.
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Figure 3 gives an illustration of how nodes and edges are con-
nected. Each node connects with eight adjacent nodes with eight
edges at a 45° angle. Since we have the directions of the edges,
16 arcs are connected to each node (eight arcs coming in and
eight arcs going out). Since each cell is only 2 m � 2 m, we can
accurately describe the curvature of the route when the for-
warder is driving and turning. It even enables us to move around
rocks identified in the DEM. The number of nodes and arcs can be
large for a standard harvest area; the number depends on the
neighborhood’s structure, but in principle, it is one node per
9m2. For a 40 ha harvest area, we have 40� 100m� 100m / 4m2 =
100 000 nodes. The number of arcs is basically eight times the num-
ber of nodes, that is, 800 000 arcs. The mean number of nodes and
arcs from the first case (mean harvest area of 17.37 ha) is 87 870 and
686 897, respectively.
A loaded trip refers to the forwarder driving with roundwood

from a supply point (a pile of logs located in the harvest area) to a

landing point. There are typically several hundred supply points
and one to three landings in a typical harvest area. An empty trip
refers to the forwarder driving empty from the landing back to a
supply point. We need one set of 0/1 variables for the loaded and
empty flows to identify which arcs are used for loaded and
unloaded routes, respectively. We also need a set of 0/1 variables
to determine the correct transported volume level on each of the
used edges. The latter is needed because the damage on the soil
may depend on the number of times the forwarder passes over
the specific arc. Hence, we use a set of volume levels to describe
different costs depending on the numbers of runs with a for-
warder, which is expressed in terms of a transported volume. We
also need a set of flow variables associated with the loaded flow
of logs from supply points to landing and one set of variables for
the empty flows in the other direction. We also use two sets of
flows as penalty variables in case certain turning restrictions can-
not be satisfied. These variables do not reflect any operational de-
cision but are merely used to identify infeasibility in the model
with respect to detailed turning restrictions. The decision varia-
bles are defined as follows:

Fig. 2. An example of a depth-to-water map where there is less
groundwater on the soil surface. There are four levels: dark blue
means 0 m from the surface, and light blue means 1 m from the
surface. Also included are potential temporary bridges (white
lines), “no-go” zones (gray), and the landing (star). (Visualization
done with QGIS.)

Fig. 3. Illustration of the network structure with nodes and edges.

Fig. 1. Left: Illustration of level curves (1 m intervals) at a harvest area where the star is the landing point. Right: Illustration of the forest
density where darker green areas have a larger density. This harvest area is 15.15 ha with a forest volume of 3795 m3. (Visualization done
with QGIS.)
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ylij
1; if arc betweennode i and j is used by the forwarder loaded
0; otherwise

�

yleijl
1; if edge betweennode i and j is used by the forwarder ðloaded or emptyÞ on volume level l
0; otherwise

�
xlij flow ðloadedÞ on arc betweennode i andnode j
xeij flow ðemptyÞ on arc betweennode i andnode j

wl
ij flowonarc betweennode i andnode j that does not satisfy loaded flowdirection requirements

we
ij flowonarc betweennode i andnode j that does not satisfy empty flowdirection requirements

The sets and parameters needed are as follows:

N set of nodes
Ns set of nodeswith supply ðsupply pointsÞ
Nd set of nodeswithdemand ðlanding pointsÞ
E set of edges
B set of arcs

Bip set of arcs enteringnode p

Bop set of arcs leavingnode p

L set of flow volume levels
gijl flow capacity of level lon arc ði; jÞ
M a large number
b proportion to relate loadedwith empty driving of a forwarder ðb < 1Þ
si supply at node i
dj demandat node j
fijl fixed cost of level lon edge ði; jÞ
clij unit loaded flow cost on arc ði; jÞ
ceij unit empty flow cost on arc ði; jÞ
Rl
ij set of arcswhere the loaded flowmust be 0 in case arc ði; jÞ is selected for loaded flowdue to turning for loaded forwarder

Re
ij set of arcs that canbe used for empty flow if arc ði; jÞ is used for empty flow

Rs
ij set of arcs that canbe used for empty flow tonode i 2 Ns if arc ði; jÞ is used for loaded flow

cwl
ij unit penalty cost if arc ði; jÞ is used for loaded flowwhen loaded flowdirection requirements are not satisfied

cwe
ij unit penalty cost if arc ði; jÞ is used for empty flowwhen empty flowdirection requirements are not satisfied

ceij unit empty flow cost on arc ði; jÞ

Set E consists of all edges (no direction), and set B consists of
possible arcs (directed edges). If an arc is not possible because of
large lumps of rocks, terrain that is too steep, too much of a side-
way angle, or too much of a forward angle, it is simply removed
from the set of possible arcs. The set of volume levels, L, is used
because the soil costs may depend on the total volume trans-
ported on the arc. Set Rl

ij is used to restrict the forwarder’s possi-
ble turning radius when it is driving loaded. Set Re

ij is used to
restrict arcs that can be used by an empty forwarder. The motiva-
tion is to enable a forwarder to approach a supply point to load
and then continue in the same or similar direction with the addi-
tional load. The fixed cost for different levels represents the pos-
sibility of including an increased fixed cost if, for example, a
specific volume level representing a number of forwarder passes
makes the soil break, with deeper damage as a result.
The optimizationmodel can now be formulated as

min
X
ði;jÞ2E

X
l2L

fijly
le
ijl þ

X
ði;jÞ2B

clijx
l
ij þ

X
ði;jÞ2B

ceijx
e
ij þ

X
ði;jÞ2B

cwl
ij w

l
ijþ

X
ði;jÞ2B

cwe
ij we

ij

s.t.

ð1Þ
X
i2Bip

xlip �
X
j2Bop

xlpj ¼
�sp if p 2 Ns

þdp if p 2 Nd

0 otherwise
8p 2 N

8<
:

ð2Þ
X
i2Bip

xeip �
X
j2Bop

xepj ¼
þsp if p 2 Ns

�dk if p 2 Nd

0 otherwise
8p 2 N

8<
:

ð3Þ xlij þ xlji þ b xeij þ xeji
� �

�
X
l2L

gijlyleijl 8 i; jð Þ 2 E

ð4Þ xlij � Mylij 8 i; jð Þ 2 B

ð5Þ
X
l2L

yleijl � 1 8 i; jð Þ 2 E

ð6Þ
X

ðp;iÞ2Rs
ij

xepi þ we
ij � siylij 8i 2 Ns i; jð Þ 2 B

ð7Þ
X

ðp;iÞ2Re
ij

xepi þ we
ij �

xeij � sj j 2 Ns 8 i; jð Þ 2 B
xeij otherwise

(

ð8Þ ylpq � wl
pq � 1� ylij

� �
8 i; jð Þ 2 B p; qð Þ 2 Rl

ij

ð9Þ ylij 2 0; 1f g 8 i; jð Þ 2 B

ð10Þ yleijl ;2 0; 1f g 8 i; jð Þ 2 E l 2 L

ð11Þ xlij; x
e
ij � 0 8 i; jð Þ 2 B

ð12Þ we
ij � 0 8 i; jð Þ 2 B

ð13Þ wl
ij � 0 8 i; jð Þ 2 Rl

ij
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The objective is a combination of fixed cost and a cost based on
actual flows. The fixed cost is associated with the cost of running
the forwarder at a given level of volume on each edge. The unit
flow cost reflects the cost of route time, fuel consumption, penalty
for driving with large slope or sideway angles, and soil damage.
Constraint set 1 states flow conservation at all nodes representing
a loaded forwarder, that is, the flow of roundwood from supply
points to landing. Constraint set 2 states flow conservation at all
nodes representing an empty forwarder, that is, the empty flow
from landings to supply points. Constraint set 3 identifies which
level of volume is transported on each edge. As there is a difference
inweight between a loaded and empty forwarder, the empty part is
scaled down because the impact of an empty forwarder is less than
that of a loaded forwarder. For example, an empty forwarder may
have a factor 0.5 as, for instance, an empty forwarder weighs 20 t
and a fully loaded one 40 t. Constraint sets 4 provide the logical
relation that there can be loaded flow only on selected arcs. Con-
straint set 5 states that only one level, if any, can be chosen. Con-
straint set 6 states that empty flow into a supply node is restricted
to a specific set of arcs depending on the loaded flow direction out
from the supply node. This is used to avoid sharp turns for the for-
warder. An example of the set Rl

ij is illustrated in Fig. 4. Constraint
set 7 states that when there is a loaded flow on an arc (indicated as
“selected loaded arc” in Fig. 4), there is a requirement on which arcs
the empty flow can use leading to this loaded arc, except when the
arc ends in a supply node. In thefigure, it is clear that arcs not identi-
fied as “possible empty arcs” cannot be used, as they would have too
sharp of an angle against the loaded arc. Constraint set 8 states that
the use of some arcs is restricted given restrictions on turning radius
for the loaded forwarder. Constraint sets 9–13 give the binary and
non-negativity conditions for variables, respectively. Turning restric-
tions on road design owing to challenging terrain conditions are
also included in Epstein et al. (2006), where an extended network is
formulated such that each physical node is copied to as many nodes
that can reach the node. In such an extended network, it is possible
to remove arcs representing turns that are not possible because
of specific turning restrictions in the terrain. This significantly
increases the size of the network description in the model. In our
approach, we do not extend the network and instead use the physi-
cal network with explicit constraints based on the selected arcs and
edges. This results in a significant increase in the number of con-
straints but keeps the network structure of themodel the same. The
work in Epstein et al. (2006) for turning restrictions is further devel-
oped in St€uckelberger et al. (2007).

Some components in the objective function expresses a direct
monetary cost that can be expressed in dollars. However, some
components express costs to drive on wet areas, in slopes, and
with sideway angles. These cannot be measured directly in dol-
lars but must be weighted such that the impact is measured in
adequate relation to the monetary costs. Our approach is to use
weighting parameters for the nonmonetary components deter-
mined in the inverse optimization approach described earlier.
The found weight setting is used as the default initial setting. The
DSS then uses a simple approach whereby the relative impor-
tance of each of the attributes (wetness, side angle, and forward
angle) can be changed up or down in multiple steps. An analysis
of this approach is provided in the Results section. The cost coeffi-
cients measuring infeasibility in constraints 7 and 8 are easy to
determine. They simply need to be selected to be large enough.
The penalty variables should only have values when infeasibility
is to be detected and is not weighted with other objectives.
In the event that a temporary bridge over a wet area is included,

the cost of the arc is reduced to the same level as that of driving on
dry, flat ground. Any requirement to impose a minimum radius of
turning a forwarder is included by defining the set Rl

ij of possible
arcs. Multiple landings are handled by including extra arcs to a
super-sink corresponding to the overall demand.

A small illustrative example
In our illustrative and small example, we assume that the piles

of logs in the forest is known; we will discuss how to estimate
these later. The example in Fig. 5 (left side) has 29 supply points
and one landing (i.e., demand point). Each supply point has a sup-
ply of 10 units. The underlying network with nodes and edges or
arcs is also shown in the figure. There are two volume levels used:
0–20 and >20. The fixed costs for those levels are 50 and 95,
respectively. The unit transportation cost is 1 for the horizontal
and vertical arcs and

ffiffiffi
2

p
for the diagonal arcs. The network has

120 nodes and 832 arcs. The optimization model for the exam-
ple has 3328 continuous variables, 1664 binary variables, and
5367 constraints. The best-found objective function value is
6876.8. The solution was found after 3 h using CPLEX (optimiza-
tion software package), and the optimality gap is 29.1%. CPLEX
ran for another 12 h without finding any better solution. The so-
lution is given in the right side of Fig. 5. The first feasible inte-
ger solution was found within 1 s, but the objective function
was poor. Clearly, the solution provides a network that can be
used for more detailed and efficient routing later.
The example is modified with a wet area (Fig. 6, left side). There

is a high cost to use any edge or arc in the wet area. The new solu-
tion is given on the right-hand side of the same figure. The objec-
tive function value of the best-found solution is 6899.9, which
was found after 2 h with a gap of 21.7%. CPLEX ran for another 12 h
without finding a better solution.

Solutionmethod
The network design problem is a difficult mixed integer pro-

gramming problem that becomes very large for practical instan-
ces. After implementing this model with the best available
commercial software (CPLEX and gurobi) in tests, we found that
no practically sized problems can be solved within a reasonable
and practical time. The illustrative example ran for over 24 h; still
a gap of 21.1% remained. We therefore proposed the use of an
optimization-based heuristic using Lagrangian heuristics. Such
solution methods are based on a combination of Lagrangian
relaxation and subgradient optimization (see Fisher 1981). In this
methodology, certain constraints are relaxed; the remaining
constraints are such that the model decomposes into a set of
easier subproblems. Since the resulting subproblems have an
easier structure, it is possible to develop fast heuristics to find
feasible solutions. Another important aspect is that the lower
bound from the Lagrangian relaxation is better than the linear

Fig. 4. Illustration of a selected loaded arc and an example illustrating
when empty arcs are possible. In this case, all arcs less than 90° of the
loaded arc are forbidden.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

Flisberg et al. 7

Published by NRC Research Press

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

21
7.

11
5.

32
.1

13
 o

n 
04

/2
2/

21
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



programming relaxation. This can improve the solution per-
formance in branch and bound methods. This approach was
used to solve a forest road design model in Andalaft et al. (2003).
The main principle of subgradient optimization is to iteratively
penalize deviations between relaxed constraints and converge
toward themodel’s optimal solution (Bazaraa et al. 1993).
Assumewe have a problem [P] formulated as

½P�min f ðxÞ
s:t: giðxÞ � bi i ¼ 1; . . . ;m
x 2 X

The Lagrangian function for problem P is

Lðx; vÞ ¼ f ðxÞ þ
Xm
i¼1

vi bi � gi xð Þ½ �

where vi ≥ 0, i ¼ 1; . . . ;m are the Lagrangian multipliers (or dual
variables) for the constraints relaxed. The set defined by X repre-
sents the constraints not relaxed and can be defined differently
depending on the strategy for selecting constraints to relax in
order to obtain simple and decoupled Lagrangian subproblems.
The Lagrangian subproblem is then defined as

ðLDÞh vð Þ ¼ min
x2X

f xð Þ þ
Xm
i¼1

vi bi � gi xð Þ½ �
( )

Fig. 5. Left: Location of one landing and 29 supply points in the example. The underlying network of arcs and nodes is shown in gray.
Right: Solution where used arcs or edges are included.

Fig. 6. Illustrative example showing a wet area (left side) and the new network solution (right side).
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where h(v) is the dual function. Subgradient optimization can be
used to solve the dual problem, which is a maximization problem.
There are several alternative implementations. An important part
of the approach is to create lower and upper bounds (LBD and UBD)
on the optimal objective function value. These bounds are then used
to generate both feasible solutions and convergence criteria. The
standard approachworks as follows (Bazaraa et al. 1993):

Algorithm–subgradient optimization:
Step 0: Decide which constraints to relax. Choose initial multi-

pliers v(0). Set k = 0, LBD = –1, and UBD = +1. Choose initial val-
ues for step length l(0) 2 (0, 2], « , kmax, and p.
Step 1: Solve the Lagrangian subproblem for the given v(k), and

let x(k) be an optimal solution. Update LBD =max{LBD, h[v(k)]}.
Step 2: Determine, if possible, a feasible solution y(k) based on x(k).

Update UBD =min{UBD, z[y(k)]}, and let x be the best-found solution.

Step 3: Check the convergence criteria. If (UBD – LBD)/LBD ≤ «
or k = kmax ) Stop. Let x be the optimal solution.
Step 4: Compute a subgradient as g ðkÞ

i ¼ gi½xðkÞ� � bi, i = 1, . . .,m.

Step 5: Determine the step length as tðkÞ ¼ l fUBD� h½vðkÞ�g
kcðkÞk2 .

Step 6: Update the Lagrangian multipliers as vðkþ1Þ ¼ vðkÞ þ
tðkÞcðkÞ, and adjust the values to satisfy any non-negativity con-
straints on the multipliers.
Step 7: Update l = l /2 if LBD has not improved during the last

p iterations. Set k = k + 1 and go to Step 1.

There are several options for the subgradient step (Bazaraa
and Sherali 1981). In our model, we relax constraint sets 3, 4, 6, 7,
and 8. We then obtain the Lagrangian subproblem:

h g ; h ; m ; d ; yð Þ ¼ min
X
ði;jÞ2E

X
j2N

fijlyleijl þ
X
ði;jÞ2B

clijx
l
ij þ

X
ði;jÞ2B

ceijx
e
ij þ

X
ði;jÞ2E

g ij �
X
l2L

gijlyleijl þ xlij þ xlji þ b xeij þ xeji
� �� 	

þ
X
ði;jÞ2B

h ij �Mylij þ xlij
� �

þ
X

ði;jÞ2B:i2Ns

m ij siylijl �
X
p2Rl

ij

xepi � we
ij

 !
þ

X
ði;jÞ2B:i2Ns

y ij �sj þ xeij �
X

ðp;iÞ2Reij
xepi � we

ij

 !
þ

X
ði;jÞ2B:i62Ns

y ij xeij �
X

ðp;iÞ2Re
ij

xepi � we
ij

 !

þ
X
ði;jÞ2B

X
ðp;qÞ2Rl

ij

d ijpq �1þ ylij þ ylpq � wl
pq

� �

¼ min
X
ði;jÞ2E

X
l2N

f ijl g ; h ; m ; d ; yð Þyleijl þ
X
ði;jÞ2E

X
l2N

hij g ; h ; m ; d ; yð Þyij þ
X
ði;jÞ2B

clij g ; h ; m ; d ; yð Þxlij þ
X
ði;jÞ2B

ceij g ; h ; m ; d ; yð Þxeij

þ
X
ði;jÞ2B

k
e
ij g ; h ; m ; d ; yð Þwe

ij þ
X

ði;jÞ2Rlij
l
e
ij g ; h ; m ; d ; yð Þwl

ij

s.t.

ð1Þ
X
i2Bik

xlip �
X
j2Bok

xlpj ¼
�sp if p 2 Ns

þdk if p 2 Nd

0 otherwise
8k 2 N

8<
:

ð2Þ
X
i2Bik

xeip �
X
j2Bok

xepj ¼
þsp if p 2 Ns

�dk if p 2 Nd

0 otherwise
8k 2 N

8<
:

ð5Þ
X
l2L

yleijl � 1 8 i; jð Þ 2 E

ð9Þ ylij 2 0; 1f g 8 i; jð Þ 2 B

ð10Þ yleijl ;2 0; 1f g 8 i; jð Þ 2 E l 2 L

ð11Þ xlij; x
e
ij � 0 8 i; jð Þ 2 B

ð12Þ we
ij � 0 8 i; jð Þ 2 B

ð13Þ wl
ij � 0 8 i; jð Þ 2 Rl

ij

This problem separates into six separate problems as follows:

[P1]: min
X
ði;jÞ2E

X
l2N

f ijl g ; h ; m ; d ; yð Þyleijl

s.t.

ð5Þ
X
l2L

yleijl � 1 8 i; jð Þ 2 E

ð8Þ ylijl; y
e
ijl 2 0; 1f g 8 i; jð Þ 2 B l 2 L

[P2]: min
X
ði;jÞ2E

X
l2N

hij g ; h ; m ; d ; yð Þylij

s.t.

ð8Þ ylijl 2 0; 1f g 8 i; jð Þ 2 B l 2 L

[P3]: min
X
ði;jÞ2B

clij g ; h ; m ; d ; yð Þxlij

s.t.

ð1Þ
X
i2Bik

xlip �
X
j2Bok

xlpj ¼
�sp if p 2 Ns

þdk if p 2 Nd

0 otherwise
8k 2 N

8<
:

ð11Þ xlij � 0 8 i; jð Þ 2 B

[P4]: min
X
ði;jÞ2B

ceij g ; h ; m ; d ; yð Þxeij

s.t.

ð2Þ
X
i2Bik

xeip �
X
j2Bok

xepj ¼
þsp if p 2 Ns

�dk if p 2 Nd

0 otherwise
8k 2 N

8<
:

ð11Þ xeij � 0 8 i; jð Þ 2 B
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[P5]: min
X
ði;jÞ2B

k
e
ij g ; h ; m ; d ; yð Þwe

ij

s.t.

ð12Þ we
ij 2 0; 1f g 8 i; jð Þ 2 B

[P6]: min
X

ði;jÞ2Rl
ij

l
e
ij g ; h ; m ; d ; yð Þwl

ij

s.t.

ð13Þ wl
ij 2 0; 1f g 8 i; jð Þ 2 Rl

ij

Problem [P1] again separates into one for each edge to find the
cheapest edge possible with a negative reduced cost in the possi-
ble volume levels. Problem [P2] is even easier, as it separates into
one for each arc. One need only choose one as the solution if the
reduced cost is negative; otherwise, zero. Problem [P3] is a net-
work flow problem at first glance. However, there are no capaci-
ties, and this problem is in fact equivalent to finding the shortest
(minimum cost) path from each supply node to the landing point.
Moreover, it is enough to solve one shortest (minimum cost) path to
generate the entire shortest-path (minimum cost) tree, for instead
of solving the shortest path from each supply point, we can solve
the shortest path from the landing.This is possible by simply chang-
ing the direction of every arc in the network. Problem [P4] can
similarly be solved as a shortest-path tree problem. Again, this
can be found by solving one shortest-path problem, as one gener-
ates the full shortest-path tree. There are many efficient solvers
for large-scale shortest-path problems. Problems [P5] and [P6] are
trivial to solve, as it is only necessary to view the sign of the
reduced cost for each variable. An important aspect of our relax-
ation is that feasible solutions can easily be generated after solv-
ing the shortest-path trees. The reason is that each shortest path
for loaded and unloaded transports, respectively, is a feasible
route. This approach is in contrast to many applications where
subgradient optimization is used.

BestWay decision support system
The BestWay DSS takes information from numerous data sour-

ces to support planners in finding the extraction routes for the
forwarder. In addition, it provides several key performance indi-
ces for the solution found, including mean forwarding distance
and total forwarding time. The process to establish all data and
information necessary for the optimization model and solution
methodology in the BestWay DSS is described in four phases.
Phase 1 determines the supply points needed in the model. Phase 2
determines all coefficients used in the model. Phase 3 is the solu-
tion of the model, which is performed in three iterations in which
the network is gradually fixed. Phase 4 is used to determine a
detailed routing solution for the forwarder, that is, which supply
points are picked up in each route.

Phase 1: Determine supply points
This phase uses data on forest density in the form of either

high- or low-resolution LiDAR data. With high-resolution data,
we have information on single tree locations, whereas with low-
resolution data, we randomly generate tree locations based on
the tree density model. The supply points represent log pile loca-
tions. We can estimate these locations by generating points,
such that all trees are covered by the reach of the harvester
boom at these points. Our approach is to generate a large number
of potential points and then heuristically solve a set cover problem,
such that all trees are covered and a minimum number of locations
are used. As a standard, we use all tree locations as the initial set

of potential locations. The columns (decision variables) in the set
cover problem are the potential pile locations.

Phase 2: Determine the network arcs and costs
In this phase, the network with nodes and arcs are defined and

constructed. All arc costs are computed with information on har-
vest area, DEM, DTWmap, “no-go” areas, landing location(s), and
any potential bridges. Arcs that are forbidden from travel are
removed. The supply and demand levels at nodes are determined.

Phase 3: Design the trail network
The optimization model is significant. To better control the so-

lution time, we use a three-step approach to gradually fix parts of
the network. We use the full optimization model and method
described earlier. After a fixed number of iterations, we fix the
main extraction routes for loaded runs that correspond to a cer-
tain limit of the volume. A main route is defined as arcs that
exceed a specific number of transports or volume. This level is set
by the planner and depends on the size of the harvest area and
the number of landings. With the main routes fixed, we again
solve the full model, and after another number of fixed iterations,
we fix the secondary loaded extraction routes. In the third step, we
again use the full model, and after a fixed number of iterations, we
fix the extraction routes for the empty runs.

Phase 4: Determine forwarder routes
Once the full network of extraction routes has been estab-

lished, we analyze how more detailed routing of the forwarder
can be done. This is a large-scale VRP. The BestWay DSS uses an
earlier developed optimization module called Sporre to solve the
VRP. The basic optimization method used in Sporre is a modified
Tabu search method for a VRP. More details are found in Flisberg
et al. (2007). This step is not required to establish themain extrac-
tion routes, though it is presented as an optional analysis tool in
the BestWay DSS.
We have illustrated the solution methodology in the BestWay

DSS using the same harvest area as that used in the “Problem for-
mulation” section. To determine the supply points in Phase 1, we
solve the set cover problem, where the harvester’s boom can
reach 15 m. As a reminder, the harvest area is 15.15 ha with a total
volume of 3795 m3. The optimization model has 50 800 nodes
and 399 402 arcs. The solution of the set cover problem in Phase 1
gives 375 supply points with amean volume of about 10 m3; these
supply points are illustrated in Fig. 7 (left side). The first iteration
of the subgradient method gives a solution where each supply
point establishes the minimum cost route to the landing (Fig. 7,
right side). The solution can create several parallel paths close to
each other, which is ineffective from a logistics perspective. At
the same time, many edges are used with high cost. In the subgra-
dient method, constraints that are not satisfied with the solu-
tions from subproblems are penalized. Because of this, the
shortest paths will start using the same edges.
The solution found after Phase 3 is given in Fig. 8. The main or

primary extraction routes whose flows exceed 300 m3 are on the
left. The solution providing secondary extraction routes are in
the middle of the figure. The overall solution time to find the so-
lution is 25 s for this harvest area (Phase 1–2: 12 s, Phase 3: 13 s).
The solution gives a mean extraction distance of 394m. As a com-
parison, the mean extraction distance using a traditional mea-
sure where only the middle point of the harvest area is used to
define the start of the forwarding operations is 288 m. Figure 8
(right side) provides the network where the empty driving arcs
are also included. This network is used when the Sporre module
is used to solve the VRP. The solution for this example gives a
total of 207 routes with a total distance of 177.5 km. The solution
time of the Sporre module is 10 s, and the setup time for the dis-
tancematrix is 22 s.
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Results

Case studies
Two case studies are presented in this section. The first ana-

lyzed the BestWay DSS with respect to the optimization model
and solutionmethod. It also compared extraction route distances
with a sensitivity analysis of cost parameter settings. In the sec-
ond case study, the BestWay DSS was evaluated by forest profes-
sionals. Optimization model validation was performed with a
harvester team that used the model results and validated usabil-
ity. To have a proper balance between cost parameters, many val-
ues and combinations were tested. Solutions that had properties
close to what experienced planners and operators had preferred
to support provided us with suitable weights. The system already
has a preliminary standard setting of weights, as described ear-
lier. These levels can be adjusted in the DSS by considering the
current situation in the harvest area. For example, the DTWmap
provides one description; after longer periods of rain or drought,
it may be required to either lower or increase the relative weights
to better reflect how the DTWmap represents potential soil dam-
age. The implementation of models in the AMPL modeling lan-
guage and models are solved using CPLEX. All runs are done with
a laptop with an i7-6700 (2.6 GHz) processer and 16 GB RAM.
The first case consisted of 30 harvest areas in southern and

middle Sweden (Fig. 9). Areas ranged from 3.0 to 46.0 ha, with a
mean area of 17.4 ha. Landing points and any temporary bridges
used were proposed a priori by local forest planners. The areas
were selected to have variation in mean slope, mean DTW, and
mean size (hectares). We use seven different priority settings

Fig. 7. Left: Positions (black dots) of the 375 supply points after completion of Phase 1. Right: first minimum cost route tree solution after
the first subgradient iteration. (Visualization done with QGIS.)

Fig. 8. Left: Location of the primary extraction trails with a volume larger than 300 m3 (left). Middle: Location of both primary and secondary
extraction trails with the depth-to-water map in the background. Right: The overall network solution when all loaded and unloaded arcs are
included. (Visualization done with QGIS.)

Fig. 9. Locations of harvest areas in case study 1 (black dots) and
case study 2 (gray dots) in South and Middle Sweden. (Visualization
done with OpenStreetMap.)
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with these variations to study the impact of the solutions gener-
ated. The first scenario consists of the default setting of weights.
Then wemake the priority lower and higher for each of the three
aspects considering wetness, slope in forward direction, and
slope sideways. When one setting is changed, all the others are
maintained as they are in the base scenario. This yields a total of
seven scenarios for comparison. The second case consisted of
19 harvest areas in West Sweden. This region is dominated by pri-
vate forest owners (Fig. 9). The harvest areas were selected based
on upcoming final fellings in the Sollebrunn forestry district at
the Södra Skogsägarna, a forest owners’ association. The areas
were relatively small, varying from 0.6 to 8.0 ha, with a mean of
2.7 ha. The delineation and position of landing sites were decided
with input from the forest owners prior to any optimization.
Of the 19 areas, 15 of them had the mean forwarding distance
estimated by forestry professionals before running the model.
The validation scheme in case study 2 included comments on
usability, potential support to field planning, and possible model
improvements.
In both case studies, the national DEM with 2 m resolution was

used with a DTWmap derived from the DEMwith a flow accumu-
lation of 1 ha. The DTW map was classified as follows: 0–0.25 m;
0.25–0.5 m; 0.5–1.0 m; and 1.0 m or more. The Swedish Forest
Agency (SFA) produces freely available forest estimates based on
a nationwide LiDAR campaign. The production of these estimates
are described in Nilsson et al. (2017), and the data can be down-
loaded from the SFA website. The estimate of total volume was

used in our study. “No-go” areas were defined as nature reserves
based on information from the Swedish Environment Protection
Agency (SEPA), cultural heritage were defined according to the
Swedish National Heritage Board, and key habitats and other pro-
tected areas were defined by the SFA with forestry restrictions.

Case 1 results
Table 1 provides the basis characteristics of the 30 harvest areas

(with ID names A1–A30) in the first case. Harvest areas may not be
adjacent to roads, and hence we provided the shortest distance
from a landing to the harvest area boundary (DistA). A distance
often used by planners to estimate the forwarding distance is the
bird distance from themidpoint of the harvest area to the closest
landing point, multiplied by a curvature index. A typical value of
such an index is 1.25, that is, a 25% increase of the distance. In our
case, we computed the mean distance based on all supply points
and the 1.25 curvature index. Therefore, the distance is more
accurate than one midpoint of the harvest area; this is called
DistM. We used a four-level classification (0, 1, 2, 3) of the DTW;
the “mean wetness” gave the mean value of the total harvest
area. A value close to zero indicated a dry area, while a value close
to three, a wet area. This same classification was used for slopes;
the “mean slope” gave the mean value of the total harvest area. A
value close to zero resulted in a flat area, while a value close to 3,
a very “hilly” area. “No. supply” gives the number of supply
points (i.e., number of piles of logs) found after solving the set
covering model in Phase 1. A relatively wide range of underlying

Table 1. Characteristics of case 1 instances.

ID Area (ha) Volume (m3)
No. of
landings DistA DistM

Mean
slope

Mean
wetness No. supply No. nodes No. arcs

A1 10.36 2261 2 189 402.8 0.45 1.11 286 72 820 570 962
A2 26.16 5823 3 2 451.9 0.21 2.97 625 159 172 125 2892
A3 21.18 5177 3 2 228.3 0.32 2.12 539 105 512 833 614
A4 33.43 8553 3 0 349.3 0.49 0.80 876 145 091 1 133 764
A5 46.03 10 900 2 0 487.6 0.33 1.13 1255 222 659 1 755 954
A6 10.36 2261 2 187 402.4 0.46 1.11 286 72 107 565 334
A7 33.15 7418 3 0 337.3 0.38 1.11 855 109 127 849 410
A8 7.70 1902 1 436 731.9 0.39 0.73 210 66 301 522 938
A9 24.21 3644 4 129 411.5 0.18 2.09 629 177 081 1 403 938
A10 24.21 3644 4 129 411.5 0.18 1.99 590 177 081 1 403 938
A11 13.30 3632 1 9 465.4 0.97 0.78 343 62 050 487 024
A12 23.45 5873 1 4 396.6 0.37 1.04 612 99 495 777 590
A13 6.78 1210 2 0 188.8 0.74 2.26 177 40 668 318 938
A14 6.78 1210 2 0 188.8 0.74 1.52 178 40 668 318 938
A15 8.82 2097 1 0 200.2 0.21 1.52 244 44 055 341 294
A16 15.15 3795 1 6 358.5 0.76 1.03 375 50 800 399 402
A17 22.57 5911 1 0 578.1 0.18 1.15 583 86 004 658 094
A18 24.30 6545 2 59 360.3 0.59 1.22 630 94 927 744 880
A19 19.41 3131 3 35 367.4 0.79 0.28 443 89 292 697 238
A20 18.53 3526 1 0 345.4 0.61 0.56 501 89 265 689 856
A21 5.05 1060 1 386 654.8 1.60 0.20 135 34 406 264 058
A22 14.07 2545 1 6 286.4 1.24 0.56 361 48 896 358 040
A23 11.08 2160 1 0 309.9 0.56 0.56 281 37 546 293 042
A24 3.00 527 1 55 259.4 1.19 0.38 92 19 020 147 704
A25 7.79 1522 1 303 689.4 1.15 1.08 223 62 439 491 950
A26 14.61 2516 1 35 401.4 0.79 0.25 410 72 076 562 386
A27 19.50 3217 3 50 374.6 1.09 0.80 559 132 908 103 7740
A28 34.77 5811 2 0 314.3 0.84 0.65 824 92 034 703 182
A29 5.62 985 2 295 571.6 2.04 0.00 150 49 129 376 324
A30 9.77 1905 4 4 283.4 0.94 0.84 272 83 468 646 494

Min. 3.00 527 1 0 188.8 0.18 0.00 92 19 020 147 704
Max. 46.03 10 900 4 436 731.9 2.04 2.97 1255 222 659 1 755 954
Mean 17.37 3692 2 77.4 393.6 0.69 1.06 452 87 870 686 897

Note: DistA, distance to harvest area from nearest landing along extraction routes; DistM, mean bird distance to supply points at harvest area with a 25% addition.
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characteristics are found among the 30 areas. Network size, or
the number of nodes (No. nodes) and arc size (No. arcs), are also
provided. The networks used in the optimization are obviously
large, with up to 1.75 million arcs and 0.22 million nodes for the
largest harvest areas.
Table 2 provides the solution time and distance results. Four

different times are given. The time for Phases 1 and 2 is given as
time T1. The time to solve the Phase 3 model is T2. T2 is the most
crucial because it reflects the proposed optimization method.
T1 + T2 gives the time needed to find a solution for the extraction
route design. T3 computes the distance matrix needed to solve
the VRP in Phase 4. As this network may be immense, prepara-
tionmay take some time. T4 solves the VRP using the Tabu search
method in the Sporre module. In comparing the forwarding dis-
tances, we use the mean shortest path (called DistSP) when no
weights on wetness and slopes are used, that is, the mean short-
est distance from all supply points to the nearest landing point.
This distance is used as reference distance, and the others are
provided as a percentage of this. The distance (DistM) described
in Table 1 is given as DistM2 but without the curvature index for
easier comparison (i.e., the bird distance). The mean minimum
cost route distance from all supply points (i.e., solution from the
first subgradient iteration) is called DistMinC. The mean forward-
ing distances based on the BestWay DSS solution after Phase 3 is
DistBW. The proposed method does not guarantee optimal solu-
tions. Judging from our experiments, however, high-quality solu-
tions were evaluated by the forest professionals. The proposed

solutions are better than those produced using manual methods,
as the model can incorporate detailed information for the entire
harvest area directly instead of having solutions that are designed
from just one part of the harvest area. Furthermore, it is easy to get
stuck in situations that provide lower-quality solutions. Finally,
using the Sporre module, the mean forwarding distance from the
solution to the VRP is DistSporre. This distance is computed as
the total VRP distance divided by two (as the VRP includes the
forwarder’s empty and full driving). Percentages with DistSP are
provided as the base for all distances except DistSP.
The solution time (T2) in Phase 3 varies between 6 and 51 s,

with a mean of 19 s. The mean time for Phase 1 and 2 is 17 s. The
DistBW is, on average, 27.4% longer than the shortest-path dis-
tance (DistSP), with an interval between 6.0% and 66.4%. The
higher values are typical of harvest areas with large wetness and
(or) slope values. The DistSporre distance is about 11% longer than
DistBW because a forwarder needs to travel a bit longer to obtain
a full load. The mean difference between the first and last itera-
tions of the solution methods is 8.7% (127.4%–118.7%). Unlike the
first estimate, which uses the minimum cost route tree solution,
the solution approach providesmore detailed information.
Table 3 provides sensitivity analysis results of coefficient weight

settings for driving in wet areas, up or down steep slopes, and with
a sideway angle. We used four instances for the analysis (A8, A18,
A11, and A16) because they have different basic characteristics with
respect to wetness and slope. The seven priority settings base is
used for the results in Table 2. The HighDTW and LowDTW settings

Table 2. Solution times and forwarding distances for case 1.

ID

Solution time (s) Forwarding distance

T1 T2 T3 T4 DistSP (m) DistM2 (m) DistM2 (%) DistMinC (m) DistMinC (%) DistBW (m) DistBW (%) DistBW (m) DistBW (%)

A1 10 20 14 9 414 322 77.8 463 111.8 478 115.5 511 123.4
A2 25 33 124 26 553 362 65.3 597 107.9 635 114.7 671 121.2
A3 29 25 82 24 214 183 85.3 230 107.4 254 118.7 275 128.4
A4 51 36 340 54 382 279 73.2 398 104.2 405 106.0 434 113.7
A5 103 51 773 77 486 390 80.3 564 116.1 577 118.9 606 124.8
A6 8 15 11 8 375 322 85.7 431 114.8 471 125.4 501 133.3
A7 41 24 249 39 304 270 88.7 377 123.9 374 123.0 403 132.6
A8 6 13 5 5 656 585 89.3 751 114.6 757 115.4 805 122.8
A9 27 41 134 25 400 329 82.3 506 126.6 587 146.9 637 159.4
A10 24 35 107 22 400 329 82.3 447 111.7 486 121.6 535 133.9
A11 9 13 20 11 428 372 87.0 540 126.2 579 135.4 605 141.4
A12 22 19 85 23 403 317 78.7 461 114.3 480 119.1 515 127.8
A13 4 10 4 4 179 151 84.4 198 110.4 216 120.4 246 137.3
A14 4 9 3 3 179 151 84.4 205 114.3 219 122.4 248 138.3
A15 6 10 5 6 184 160 87.2 213 115.7 210 114.2 230 125.1
A16 12 13 22 10 313 287 91.7 387 123.9 395 126.2 429 137.1
A17 21 19 85 21 545 463 84.9 631 115.8 664 121.9 710 130.3
A18 24 20 95 25 345 288 83.6 413 119.8 433 125.5 463 134.3
A19 15 20 45 15 456 294 64.4 546 119.7 557 122.0 602 131.9
A20 17 17 54 16 350 276 79.0 422 120.6 429 122.7 471 134.6
A21 4 10 2 3 563 524 93.1 683 121.3 778 138.2 821 145.8
A22 12 11 23 10 249 229 91.9 313 125.6 324 130.0 359 144.0
A23 8 10 11 6 275 248 90.0 337 122.5 375 136.2 403 146.4
A24 3 6 0 1 262 208 79.3 282 107.8 362 138.6 421 160.9
A25 6 14 5 4 695 552 79.4 783 112.6 827 119.0 885 127.3
A26 12 15 25 10 447 321 71.8 558 124.9 593 132.5 656 146.7
A27 21 25 79 18 353 300 84.9 423 120.0 457 129.5 518 146.9
A28 69 18 232 35 280 251 89.7 372 132.6 466 166.4 506 180.6
A29 5 11 3 3 495 457 92.3 709 143.1 764 154.2 813 164.1
A30 9 19 11 7 260 227 87.0 344 132.1 365 140.0 406 156.0

Min. 3 6 0 1 179 151 64.4 198 104.2 210 106.0 230 113.7
Max. 103 51 773 77 695 585 93.1 783 143.1 827 166.4 885 180.6
Mean 20 19 88 17 382 315 83.2 453 118.7 484 127.4 523 138.4

Note: Forwarding distances DistM2, DistMinC, DistBW, and DistBW are expressed as a percentage of DistSP.
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give relatively higher and lower weights for the DTW maps. The
same principle is true also for Slope (in the forwarder’s direction)
and Side (sideway angle of the forwarder’s direction). The number
of routes (No. R) and distances (km and time) are based on the VRP
solution using the Sporremodule. For each priority setting, we pro-
vide route proportions running in the four levels defined by wet-
ness (M0–M3), forwarding slope (FS0–FS2), and sideway slope
(SS0–SS2). We provide only three levels for Slope and Sideways
because the solution did not provide any routes for level 4.
In all cases, it is clear that the proportion of wet areas increases

considerably when the DTW priority is low. For example, for A8
in Table 3, the proportion of the routes where the forward is driv-
ing on the most wet level (M3) is 5.2% with low priority as
opposed to 0.6% with high priority on DTW. The harvest area A18
has a high slope index; the distance considerably increases when
the slope and sideway priority are high instead of low.

Case 2 results
The BestWay DSS shows that even in these rather small harvest

areas, the total forwarding distance (DistFor) is significant (Table 4).
The mean total forwarding distance per hectare is as high as
13.2 km (computed as 36.2 km forwarding mean, 2.74 ha area
mean). It is therefore important to find optimized solutions to
minimize ground damage and increase productivity. The DistM
distance is the mean bird distance with a curvature factor of 1.25
from supply points to the nearest landing point, as discussed ear-
lier. The DistBW distance is the mean extraction route distance
from the BestWay DSS. The DistEst distance is subjectively esti-
mated by forest professionals before the actual harvesting. The

BestWay DSS suggests shorter DistBW in 10 out of 15 objects (as
four of the 19 objects were not estimated by the professionals),
where a water course passing in instance B5 was used in the DistEst
and an error was detected in the DTW maps in B8, thus explaining
the differences in the results. The estimated mean forwarding dis-
tancewas 4.5% longerwhen all 15 objectswhere included.
The validation performed by forestry professionals and a har-

vester team revealed that the model results were generally useful,
especially on harvest areas within the final fellings. The terrain
transportation from the harvest area to the landing was often
planned on older routes. Consequently, these routes remained
unchanged, even if the model results were shorter. In two areas,
model results could not be used because the routes were set
aside when information was not available in the optimization.
Suggested model routes to final fellings via shortcuts over land-
owner properties raised another challenge, even though results
were sometimes significantly shorter.
To merit the input data, a model verification was performed by

comparing results when excluding the DEM or the DTW map
from the calculations and using both model datasets. The com-
parison was made on the network where at least 50% of the tim-
ber volume was passing and defined as main extraction routes.
Slope as a percentage was calculated from the DEM in GIS to cal-
culate the maximum rate of change in each cell to its neighbours
according to Burrough and McDonell (1998). Seven classes of
slopes were introduced: 0%–1%, 1%–5%, 5%–10%, 10%–15%, 15%–
30%, 30%–50%, >50%. The length proportion of the main extrac-
tion routes were calculated when including or excluding the
DEM and the DTWmaps.

Table 3. Analysis of priority setting for the objective function of four selected instances in case 1 (A8, A18, A11, and A16).

ID Priority No. R Dist. (km) Dist. (h)

Wetness level (%)
Forward
slope (%)

Sideway
slope (%)

M0 M1 M2 M3 FS0 FS1 FS2 SS0 SS1 SS2

A8 Base 103 165.9 129.8 89.7 5.6 3.4 1.3 92.3 7.7 0.1 97.0 3.0 0.0
A8 LowDTW 104 162.6 128.5 85.8 6.3 2.7 5.2 93.8 6.1 0.1 96.7 3.3 0.0
A8 HighDTW 106 171.2 131.6 85.7 11.3 2.3 0.6 92.5 7.2 0.3 95.9 4.1 0.0
A8 LowSlope 101 162.3 128.5 90.2 6.2 2.0 1.5 89.1 9.9 1.0 98.8 1.2 0.0
A8 HighSlope 103 172.4 132.0 90.2 2.7 4.7 2.4 96.0 4.0 0.0 92.3 7.6 0.1
A8 LowSide 101 164.4 129.3 93.7 2.6 2.2 1.4 94.5 5.5 0.0 88.1 11.6 0.3
A8 HighSide 102 162.6 128.7 84.0 12.3 1.8 1.9 89.6 9.3 1.2 99.6 0.4 0.0

A18 Base 364 337.3 355.2 78.5 10.9 4.8 5.8 93.2 6.2 0.6 97.2 2.7 0.0
A18 LowDTW 364 322.0 349.5 65.4 10.3 9.3 15.0 93.5 5.7 0.8 98.8 1.2 0.0
A18 HighDTW 362 344.6 358.4 83.7 11.2 3.1 2.0 93.4 6.0 0.6 96.7 3.3 0.1
A18 LowSlope 365 331.0 352.9 76.9 15.0 3.0 5.0 85.8 11.1 3.1 99.0 1.0 0.0
A18 HighSlope 367 341.2 356.4 76.3 9.0 6.3 8.4 96.7 3.0 0.3 93.2 6.6 0.2
A18 LowSide 364 318.3 348.7 85.6 7.9 2.5 4.0 96.5 3.2 0.3 82.3 15.6 2.1
A18 HighSide 365 345.9 358.0 68.2 14.4 8.7 8.7 91.3 8.1 0.7 99.9 0.1 0.0

A11 Base 206 249.2 218.0 89.0 5.6 1.8 3.6 96.3 3.5 0.2 96.1 2.9 1.0
A11 LowDTW 204 238.1 214.0 80.5 9.5 3.6 6.5 94.9 4.7 0.4 96.6 2.4 1.0
A11 HighDTW 206 250.2 218.6 90.2 6.0 3.4 0.5 96.0 3.9 0.2 95.5 3.5 1.0
A11 LowSlope 206 248.2 217.5 87.0 6.5 4.1 2.3 86.5 12.0 1.6 98.8 1.2 0.0
A11 HighSlope 207 264.6 223.3 88.7 4.8 2.0 4.5 98.7 1.3 0.0 94.7 4.2 1.1
A11 LowSide 206 250.1 218.2 91.4 4.2 3.1 1.3 98.4 1.5 0.0 88.7 9.9 1.5
A11 HighSide 208 247.8 217.6 79.7 12.1 5.3 2.9 90.9 8.3 0.8 98.4 1.6 0.0

A16 base 207 177.5 203.9 74.7 6.1 10.0 9.2 97.5 2.3 0.2 99.2 0.8 0.0
A16 LowDTW 212 178.0 203.8 55.2 4.7 20.0 20.0 98.2 1.7 0.0 99.7 0.3 0.0
A16 HighDTW 205 203.5 213.4 83.5 7.5 6.2 2.8 97.7 2.0 0.3 99.1 0.9 0.0
A16 LowSlope 206 189.5 208.2 82.2 7.2 5.9 4.7 93.9 5.7 0.4 99.9 0.1 0.0
A16 HighSlope 208 183.5 206.2 69.0 5.1 12.6 13.3 99.4 0.6 0.0 98.4 1.5 0.1
A16 LowSide 208 187.7 207.6 86.2 2.7 5.9 5.3 99.0 1.0 0.0 91.1 7.6 1.3
A16 HighSide 208 183.2 206.1 65.5 10.4 12.1 11.9 95.9 3.8 0.3 100.0 0.0 0.0

Note: The analysis included distance (km), time (h), and proportion (%) of the routes that were driven on four different levels for wetness, slope, and sideway slope.
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Table 5 shows the distribution of the main extraction routes in
slope classes, with and without a DEM in the model. Within a
1% slope, 87% of the main extraction routes are found compared
with 69% when extraction routes are not considered. More than
15% of downward slope becomes a resistance force (Suvinen
2006), thereby reducing productivity. Considering the DTW
maps, the model clearly avoided the shallowest depths, whereas
when DTW maps are excluded, a more even distribution was
found (see Table 6). The total proportion of main extraction
routes within the calculated 1 m depth was substantially higher
when excluding the DTWmaps from themodel.

Discussion
The DEM and DTWmaps used in this study had a spatial resolu-

tion of 2 m, which has been proven to provide useful results in
operational forestry planning (Mohtashami et al. 2012), although
there might be alternatives to the DTW maps for predicting soil
wetness (Ågren et al. 2014). There are also different versions of
the DTW maps that might affect the result. DEM spatial resolu-
tion is critical. Based on the experiments in our study, a courser
resolution than 1–2 m will decrease the model’s operational use.
To detect small objects, such as large stones, that interfere with
the extraction routes, an improved spatial resolution might be
needed.

There are more useful data that could be included in the
model. Suvinen et al. (2009) discussed including dynamic factors
such as weather conditions, snow, and frozen ground, which
would have a positive impact on the soil bearing capacity. Snow
melt or thaw, however, could be dynamic factors that negatively
impact said capacity. It is also interesting to consider dynamic
DTW maps where DTW depends on previous rainfall and future
forecasts. These maps would enable better planning, as harvest
areas are affected in different ways by the weather. Today, with
static DTWmaps, this is today by making multiple scenarios and
revising the relative weighting of the DTW data.
Detailed data on soils would be useful, but these data would

need to capture the variations within a harvest area to be of any
benefit to the model. Most soil maps have a coarser resolution,
but recent advances from regional soil mapping to more detailed
maps seem promising (Söderström et al. 2016). Other possible
data to include in themodel would be CAN Bus data from the har-
vester (Ala-Ilomäki et al. 2012) and adjustments of forwarding
routes based on low rolling resistance. Because forwarders nor-
mally follow harvester routes, an adjustment might be needed to
prevent rutting. Further research efforts include identifying
what sideway inclination a fully loaded forwarder can accept.
In the first case study, the model provided longer forwarding

distances than that provided by the traditional approach by
using the bird distance with a curvature factor before doing any
on-site planning. This observation was a key finding because it
would provide better estimates for payments to the harvest

Table 5. Proportion of main extraction routes
using and excluding a digital elevation model
(DEM) in the model.

Slope
class

Distribution (%)
with DEM

Distribution (%)
without DEM

0%–1% 4 2
1%–5% 41 21
5%–10% 29 28
10%–15% 13 18
15%–30% 13 22
30%–50% 0 8
>50% 0 0

Table 6. Main extraction routes using and
excluding a depth-to-water (DTW) map in
the model.

DTW (m)
Including
DTW (%)

Excluding
DTW (%)

0.5–1.0 11 14
0.25–0.5 5 13
–0.25 2 12

Total 18 38

Table 4. Model results of total and mean forwarding distances and estimated distances
according to forest professionals from Södra Skogsägarna.

ID Area (ha) Volume (m3) DistFor DistM (m) DistBW (m) DistEst (m)

B1 2.8 877.2 34.3 297.3 398.3 440.0
B2 2.1 558.9 16.6 168.6 230.1 NA
B3 1.8 358.6 21.6 394.1 488.3 680.0
B4 3.4 613.1 61.0 534.3 871.0 1050.0
B5 2.1 444.5 29.5 326.7 569.9 449.0
B6 1.0 243.0 9.4 259.9 311.5 250.0
B7 0.6 168.2 9.1 381.8 428.9 445.0
B8 3.2 481.3 46.8 582.8 787.4 550.0
B9 1.4 285.7 13.6 278.8 379.9 420.0
B1 1.0 333.1 14.2 260.3 362.3 NA
B11 1.3 313.9 12.2 201.0 313.4 425.0
B12 3.6 612.1 34.3 352.5 444.8 NA
B13 7.6 2142.8 164.5 542.6 781.0 NA
B14 0.7 201.2 4.1 10.2 156.0 50.0
B15 3.8 1278.2 44.3 248.6 370.9 450.0
B16 1.4 532.1 36.5 430.9 597.7 625.0
B17 1.5 332.4 17.1 243.7 395.1 550.0
B18 4.7 774.8 38.5 269.5 400.4 420.0
B19 8.0 1501.1 80.7 243.3 445.9 425.0

Mean 2.74 634.3 36.2 317.2 459.6 481.9

Note: NA, not applicable.
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teams. Also, as there is more time available, there is no need to
take shortcuts and potentially cause soil damage as a result. Also,
when the forwarding times are used as a basis, it is also possible
to define the contract setting from the start with more confi-
dence, and fewer adjustments will be needed. In the second case
study, the mean forwarding distance was shorter. Some forest
professional estimates were shorter, but some were even shorter
than the mean bird distance, which in practice is not possible.
Hence, BestWay DSS provided estimates that are more consistent
than those provided by forest professionals. The calculated total
forwarding distance was theoretical, since forwarder loads were
always full. In practice, however, loads could be empty and the
total forwarding distance might be higher. Partial routes are pos-
sible when the Sporre module is used, as these routes might be
optimal. Because the full forwarder assumption is unnecessary,
Sporre distances provide a better estimate. The instances used in
the two case studies can be used as standard scenarios for other
researchers to test othermodels andmethods.
Without detailed extraction routes presented, routing along

the final felling’s borders is common, though not optimal, when
the forwarder begins operations. Earlier, it was common that
only the extraction route from landing to harvest area was pre-
sented. Harvesting teams (in both case studies) found the main
extraction routes suggested by the BestWay DSS to be incredibly
useful for operational use. The possibility to adjust and rerun the
model by the harvester team on site is an important improvement.
In both case studies, the location of the landings and the routes

from the landing to the harvest area were decided beforehand.
These decisions were not necessarily optimal, as they were based
on historical use of routes and landings. Were these routes opti-
mized, it would have likely reduced the forwarding distance fur-
ther. New routes might pass through younger forests or even on
other landowner properties while still reducing the costs of for-
est operations, making it possible to compensate for a new rout-
ing. With respect to feasibility and efficiency, future research
could include optimization of the location of landings before har-
vest area visits and the route from the landing to the harvest area
when it is not adjacent to a forest road. This should also include
evaluation of practical considerations such as spread along the
road, no storage in road crossings, no storage under power lines,
and so on.
Based on the findings of the harvester teams and forestry pro-

fessionals, the planning of main extraction routes within the for-
est stand was novel, contributing to the productivity of forest
operations by supporting it with amodel that includedmajor fac-
tors such as elevation, soil moisture, and forest volume and tak-
ing into account known major considerations beforehand. One
important future feature would be the possibility to perform sce-
nario modelling by changing landing sites, adding temporary
bridges on water courses, or taking new considerations into
account. The system allows the use of bridges. There are, how-
ever, no decisions associated with using one or not. The use of a
bridge is analyzed through multiple scenarios. Typically, one sce-
nario uses a bridge and another does not. The potential improve-
ments are simply expressed by comparing the overall cost or
forwarding distance between the scenarios, and the planner can
determine whether a bridge is useful or not.
The forwarding distances evaluated today based on manual

subjective planning may vary a lot. Hence, there is uncertainty in
the payment to the contractor, which may lead to stress, as well
as uncertainty in the routing, whichmay lead to greater soil dam-
age. The BestWay DSS can provide both a more transparent and a
more robust way to find forwarding distances for use in contrac-
tual agreements. In addition, the solutions are more efficient and
can lead to less soil damage. The reason why is that the system is
able to consider multiple integrated data sources, which is not
possible inmanual planning.

Using the BestWay DSS, logging operations can be rationalized.
Logging operators declared that the main extraction route sug-
gestions provided by the model made it possible to begin the
logging operation without entering the harvest area before-
hand. This makes the forwarding operation more efficient,
since the forwarder can follow the harvester directly. Also, as
the model provides the main extraction routes, when following
the model’s suggestions, the risk of placing forest residues in
and along routes — which would later prove to be unsuitable
for the forwarder — was reduced. Further research could include
the incorporation of dynamic weather data. With respect to fine
tuning the model, topics such as accepted side inclination or
optimization of forwarder loads with various forest products
(e.g., different timber assortments and pulp) to reduce the total
forwarding distance will be considered in future studies. It is
also interesting to establish the weights through a formal inverse
optimizationmodel with additional best practice solutions.

Conclusions
The BestWay DSS uses many big data sources to model the con-

ditions in harvest areas in a detailed manner. The system makes
use of the same data sources that forest professionals have access
to. In addition, the system follows a process that is more detailed
than what is possible to attain using amanual approach. The pro-
posed optimization model accurately describes operational con-
ditions, for it includes not only loaded trips but also unloaded
trips from landing back to the supply points, a detailed descrip-
tion of the forwarder’s possible turning radius, and a description
in which the forwarder would be routed in the correct direction
before and after supply point loading. The solution method takes
advantage of the underlying structure of the very large network
design problem. Through the decomposition scheme based on
Lagrangian relaxation, it is possible to solve a sequence of much
easier problems. In our case, we can solve minimum cost tree
problems for which there are efficient solution methods. Differ-
ent versions have been tested, and we have described the results
and experiments with a set of harvest areas for two larger Swed-
ish forest companies. The problem is a very large-scale network
design; we have described solution methods that guarantee fast
solution times. In the first case study, we used a wide range of
harvest area sizes; the DSS can solve each of these sizes within
time limits that are practical for operational planning. The vali-
dationmerits themodel input data and a shorter driving distance
by using the model. The model also has the potential to reduce
negative impact on soil and water. Among the conclusions are
useful suggestions for extraction routes as well as the possibility
to perform scenario analysis with miscellaneous landing sites.
The primary extraction routes that resulted from the model have
been evaluated in 19 harvest areas in operational conditions by
experienced staff from a major forest company in South Sweden.
The results indicated a shorter driving distance and the potential
to reduce negative impact on soil and water. Additionally, there
is the useful suggestion to increase planning efficiency by per-
forming scenario analyses with various landing sites. However, it
is critical to visit and inspect the harvest area in more detail. Of-
ten, it turns out that some information is incorrect; this informa-
tion would need to be reviewed. To carry out planning on site, a
system in which it is possible to edit input and re-optimize the
model is needed. Practical tests with a field application, together
with a company, validate GIS accuracy and usefulness for practi-
cal planning.
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