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ABSTRACT
There are many factors to consider when deciding which technologies to use in forest operations and how 
to plan their use. One important factor is the overall cost when choosing between the established two- 
machine system (TMS) with a harvester and a forwarder, and a one-machine system with a harwarder in 
final fellings. Such considerations can be done with different model approaches, all of which have their 
strengths and weaknesses. The aim of this study was to analyze and compare the TMS and harwarder 
potential using a Detailed Optimization (DO) approach and an Aggregated Heuristic (AH) approach. The 
main differences are the aggregation of seasons, including machine system teams, and spatial considera-
tions. The analyses were done for one full year of final fellings for a large forest company’s region in central 
Sweden, containing information necessary for calculating costs for logging, relocation between stands 
and traveling between the operator’s home bases and the stands. The approaches were tested for two 
scenarios; when only TMS were available, and when both TMS and harwarders were available. The main 
results were that the approaches coincided well in both potential to decrease total costs when harwarders 
where available, and distribution of TMS and harwarders. There were some differences in the results, 
which can be explained by differences in thecalculation approach. It was concluded that the DO approach 
is more suitable when detailed analyses are prioritized, and the AH approach is more suitable when 
a more approximate analysis will suffice or the available resources for making the analysis are more 
limited.

ARTICLE HISTORY 
Received 22 January 2022  
Accepted 11 July 2022 

KEYWORDS 
Mixed integer programming; 
logging costs; scheduling; 
final felling; optimization; 
cut-to-length method

Introduction

Globally as well as locally, forest operations are conducted with 
different methods and by use of many different kind of 
machine systems (Lundbäck et al. 2018). When managing 
forest operations, many decisions must be made, including 
the choice of which machine system to use and how to plan 
its operation. There are many factors to be considered. The 
choice must take account of the key aspects of meeting the 
expectations for quality and production levels at the lowest 
possible cost. Such analyses can be carried out at various levels 
of applications. They include: 1) finding the ideal work condi-
tions for a system by studying individual stands, 2) evaluation 
of a system’s performance in the existing work conditions by 
applying performance functions to several known or fictional 
stands and, finally 3) matching supply and industry demand 
and estimating relocation costs by finding ideal scheduling 
using geographical analysis of known or fictional stands and 
industry demand. The three levels contribute, respectively, to 
evaluate how machine systems perform in different stand con-
ditions and in typical combinations of stand conditions, and in 
a situation when machine systems need to meet the require-
ment of a functional forest supply system.

Regardless of operation type, machine system comparisons 
need to take account of three distinct parts of the operations: 
the relocation of machines between the stands they operate in, 

the operators traveling back-and-forth between the stands and 
their home bases during operations, and the operation in the 
stands. Hence, such comparison demands input data about, for 
example, stand characteristics, stand locations, operators’ 
home bases and descriptions of machine performance in var-
ious conditions. The comparison can be carried out using 
different modeling approaches (Ringdahl et al. 2012). When 
there are physical machines available, time studies can be used 
to model the time consumption of the elements of the opera-
tion under various conditions (Eriksson and Lindroos 2014) 
and can, together with cost analysis, provide comparative ana-
lysis of machine systems (Di Fulvio and Bergström 2013). 
When there is a shortage of information on machine system 
performance, due to, for example, lack of data or that the 
analysis is done on machine systems that have not yet been 
built, theoretical machine system comparisons can be done 
based on available data (Ringdahl et al. 2012). Irrespective of 
whether the data used were derived from actual machines or 
from theoretical ones, modeling of the systems can be carried 
out using different approaches. For instance, constructing 
heuristics to find a near optimal solution is one approach; 
using optimization methods to find the best solution of all 
feasible ones is another. These can be combined as in 
Bredström et al. (2010) where an annual harvesting problem 
is expressed in an optimization model and where an heuristic is 
used to solve the integrated problem in two phases, both using 
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optimization models. Dems et al. (2017) developed an optimi-
zation model for an annual harvesting problem and two cus-
tomized heuristics for faster solution time. Frisk et al. (2016) 
studied an operational harvesting problem where detailed 
sequences of harvest areas for each team are built gradually 
using a decomposition heuristic based on rolling horizon 
planning.

In ground-based, mechanized cut-to-length operations, the 
two-machine system (TMS), with a single-grip harvester and 
a forwarder, has been the most common method of logging in 
the Nordic countries since the 1990s (Eriksson 2016; Nordfjell 
et al. 2019). It is common for a TMS team to work on both final 
fellings and thinnings, although many teams are specialized in 
either operation. The machine operators usually live nearby 
and travel to the stand and back home every working day. 
However, there is a persistent desire to replace the TMS with 
a one-machine system (Andersson 1989; Silversides 1997). 
Several studies have been conducted on one-machine systems 
(a single harwarder), with a focus on evaluating its perfor-
mance (productivity and/or cost) in different stand conditions. 
The analyses have been made on both thinning operations 
(Lilleberg 1997; Hallonborg 1998; Talbot et al. 2003; 
Väätäinen et al. 2006; Codd and Nieuwenhuis 2008; Kärhä 
et al. 2008) and final felling operations (Hallonborg and 
Nordén 2000; Wester and Eliasson 2003; Väätäinen et al. 
2006; Bergkvist 2010; Manner et al. 2016; Jonsson 2020). 
Generally, the harwarder has shown greatest potential to com-
pete with the TMS in final fellings with relatively small stand 
volumes and short extraction distances. The benefit when used 
for final felling rather than thinning operations is that it is 
easier to load logs directly onto the load bunk in final felling 
because there is more space. The benefit when logging small 
stand volumes is that only one machine needs to be relocated 
rather than two, and relocation costs get a larger proportion of 
the total costs compared with large stand volumes. Long 
extraction distances are beneficial for the TMS because it 
moves faster and has lower operational costs, and there is 
more forwarding work to do. Hence, short distances are ben-
eficial for the harwarder. These benefits have been shown by 
many previous studies of harwarders, and also for the Komatsu 
X19, which is the latest harwarder machine developed for 
Nordic forest operations (Manner et al. 2016).

When deciding on whether to invest in a new machine 
system, it is beneficial to have information on how the system 
performs in the likely combinations of stand conditions that 
will be experienced, as well as how well it will manage to meet 
the requirement of a functional supply system. However, there 
is only a limited number of studies that have included these 
strategic considerations.

Both Lindroos (2012) and Ringdahl et al. (2012) made 
theoretical comparisons between use of harwarders and TMS: 
s in three different regions in Sweden with typical stand con-
ditions. They found that the harwarder had the greatest poten-
tial for direct loading of logs for extraction of several different 
systems and was also comparable to the TMS over a large part 
of the harvested volume. However, due to the focus on com-
paring direct loading systems, the analysis did not consider the 
work of unloading logs at the landing. The potential in relation 
to the TMS was therefore assumed to be overestimated. 

Bredström et al. (2010) optimized a machine fleet for using 
a TMS in a forest company’s region in central Sweden, and 
compared the results to when harwarders were also available. 
They used an optimization model to construct a machine fleet, 
assign stands to the machine system teams and schedule the 
stands for each team while solving an annual planning pro-
blem. It was found that there was potential to decrease the total 
costs by using some harwarders. This optimization approach is 
suitable for such large-scale analyses in which the requirements 
for supply and demand are addressed but requires special 
competence and detailed input data. This complexity also 
leads to relatively high analysis costs, and requires specialized 
software. Even though optimization approaches using specia-
lized software commonly produce more reliable estimations, it 
is also possible to produce comparable results from analysis 
using standard software with well-constructed models 
(Asikainen 2010; Ringdahl et al. 2012). However, previous 
comparisons of modeling approaches have not addressed 
such a complex problem as finding a machine fleet in which 
the chosen machine systems together need to meet the require-
ment of a functional supply system.

Therefore, the aim of this study was to compare the out-
come of two proposed modeling approaches for analyses of 
machine fleet composition. Both required extensive analysis of 
large input data, but requiring different types of competence 
and software: more specialized software with detailed input 
data was used for one, called Detailed Optimization (DO), 
whereas standard software and more aggregated data were 
used for the other, called Aggregated Heuristics (AH). Both 
approaches were applied to a specific case, and, since there is 
no correct answer as to how the machine fleet should be 
composed, the evaluation focused on how similar the output 
was from the two approaches.

Materials and methods

Description of the main areas and questions for a machine 
fleet analysis

A machine fleet analysis aims at finding the optimal machine 
fleet configuration which can carry out the desired operations 
within the required time with the expected quality and with the 
lowest possible costs. The costs are minimized by finding the 
most suitable configuration for the total machine fleet for 
a certain task (i.e. work in a specific geographical region). 
The analysis consists of assigning the available teams to the 
most suitable stands and determining the time of operations, 
including the movement of machines. The total costs include 
the activities associated with forest operations, relocation of the 
machine systems teams between the stands, and the operators’ 
travel back-and-forth between the home base while working in 
the stand. Configuration concerns determining the number of 
machines of a specific type (e.g. sizes) within a given machine 
system and/or between different machine systems. In such an 
analysis, there are constraints regarding quality and flow. 
Quality relates to factors, such as legislation, certification, and 
wood value. Flow relates to delivering the right product within 
the required time – commonly referred to as logistics or supply 
chain management. To do this, input data about the machines’ 
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time consumption (in different operational environments), 
costs, the stands’ characteristics and supply and demand are 
needed. The desired outputs from a machine fleet analysis are 
the total costs, the number of teams within each machine 
system type, and an assignment and scheduling description of 
the machine fleet. Such outputs can then be used as a basis for 
deciding the machine fleet for a forestry organization.

In this study, we used two approaches to compare two 
scenarios. The first approach was a revised version of the 
annual optimization model used by Bredström et al. (2010), 
here called Detailed Optimization (DO), and the second was 
a static spreadsheet analysis, here called Aggregated Heuristic 
(AH). The first scenario involved a forest company’s regions’ 
final fellings for one year, where only one type of machine 
system was available – a TMS consisting of extra-large harvest-
ers and forwarders. In the second scenario, an additional 
machine system was available – an extra-large harwarder in 
competition with the TMS. The differences between the two 
scenarios were then the basis for estimating the potential for 
decreasing total costs using harwarders, and the fleet’s compo-
sition. A sensitivity analysis was performed to account for data 
uncertainty associated with time consumption equations and 
machine costs for the harwarder. The qualitative aspects of the 
machine systems’ performances were not addressed in the 
analyses, since it was assumed that the input data fully (or at 
least equally well) covered quality requirements for both TMS 
and harwarders.

The model approaches in brief

To estimate the total costs of a machine fleet, we made two 
types of estimations: those which were the same for both 
modeling approaches, and those which were unique to each 
approach. Those that were the same for both approaches were 
time consumption equations for the machines, as well as the 
equations for estimating costs for machine relocation and 
operator traveling. To carry out such estimations, interest 
rate, investment costs, stand conditions, distance between 
stands (see eq. 1–7) were used as input to the models. For 
those equations that were unique for each of the two 
approaches, different equations and/or parameter values were 
used. Also, the supply and demand relating to harvested 
roundwood were matched with higher precision in the DO 
than in the AH.

Detailed optimization
The Detailed Optimization was built using explicit equations for 
the spatial impact of relocation and traveling, and explicit equa-
tions regarding the matching between demand and supply per 
assortment and season. We used the Machine Resource 
Optimization approach, as described in Bredström et al. (2010), 
and developed it further in this study. It is an optimization model, 
which constructs a machine fleet in the first phase, assign stands to 
the machine system teams (an assignment problem) in the second 
phase, and schedules the teams’ set of stands (a traveling sales-
person problem for each team) in the third phase.

The model constructed a fleet of fictional machines con-
nected to fictional home bases and did so for a specified geo-
graphical level, a region. The stand data relating to the 
assortment distribution of historical harvests were interpreted 
as the demand, such as the harvested volume of a certain 
assortment (e.g. pulpwood of spruce) during a specific season 
(e.g. spring, March to April). The whole input data material is 
used as supply. The available machines had a specified amount 
of work time that was possible to achieve over a particular 
season, and the use of a machine was connected to a cost. 
When estimating the logging costs within each stand, the 
machines were available with up to 100% utilization; if they 
were used less, the costs increased due to charges for down-
time. Within the TMS, the use of the fastest machines was 
decreased to keep the balance with the slowest. The hourly 
costs increased as the machine ulitization decreased 
from 100%.

For each team, the model scheduled the order in which 
stands were harvested, so the actual distances between 
stands were used to calculate the relocation costs. The 
model used the actual driving distance between stands’ 
locations and the teams’ home bases to estimate traveling 
costs.

Aggregated heuristic
The Aggregated Heuristic was a static spreadsheet analysis, 
estimating how many machine teams of the TMS and/or 
the harwarder were needed to meet the demand. Instead 
of the specific relocation and travel input data as used in 
the DO, input data in the form of average values within 
a specific geographical district was used, which then were 
aggregated at a regional level together with the logging 
costs. The TMS and harwarder were first compared on 
each stand, and the system with the lowest total costs 
was assigned to the stand. The stands’ volumes allocated 
to each system were summarized for each district. If the 
volume was sufficient for a machine system team 100% of 
the time, it was used in the district, otherwise it was not 
available. It was then estimated how many teams would be 
needed to harvest the volumes.

The stand data were, just as for the DO, interpreted as 
supply but here they were also interpreted as demand, i.e., 
matching between supply and demand was realized for the 
whole analyzed time at once, without separating into dif-
ferent seasons. The estimations of machine utilization 
allowed the machines to be used 100% of the time, 
which is always the case for the harwarder and the least 
productive machine within the TMS. The fastest machine 
in the TMS was allocated a lower utilization to match the 
slowest, with increased costs to compensate for downtime- 
related costs – just as with the DO. There was no schedul-
ing in the AH but to simplify, the model instead used 
a fixed assumed average distance between the stands to 
estimate the relocation costs, and also fixed the assumed 
average distance between stands and home bases to esti-
mate traveling costs.
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Model approach equations

Same equations in both model approaches
All time consumption equations are in productive minutes, 
with breaks up to 15 minutes included, per cubic meters solid 
under bark (PM15-min/m3). The equations for the harvester 
and forwarder were from Eriksson and Lindroos (2014), which 
is the most current study. These do not include breaks, and so, 
here, the equations were divided by 0.917 for the harvester and 
0.942 for the forwarder to give time with breaks up to 15 min-
utes (2019 conversation between the corresponding author and 
Magnus Bergman at the forest company SCA; unreferenced).

Harvester time consumption (th, in PM15-min/m3) was 
estimated with an equation from Eriksson and Lindroos 
(2014), where mean stem volume was used to predict time 
consumption (Eq. 1). 

th ¼ 60=eð3:704þ0:134�Ln mð Þ� 0:161 Ln mð Þð Þ
2
=0:917 (1) 

m = mean stem volume, m3 solid under bark (m3sub)/stem
Forwarder time consumption (tf , PM15-min/m3) was esti-

mated with mean forwarding distance, mean stem volume and 
load size as predictors (Eq. 2). 

tf ¼ 60=eð0:327� 0:073�Ln dfð Þ
2
þ0:188�Ln mð Þþ0:636�Ln df �21:3Þð Þ=0:942

(2) 

df = mean forwarding distance, meters
In Eq. (2), the value 21.3 is the load capacity (in m3sub) 

assumed in this study, based on Manner et al. (2016). Eq. (2) is 
not recommended to be used for very short mean forwarding 
distance values, since it then gives unrealistically low produc-
tivities according to the authors Eriksson and Lindroos (2014). 
In the analysis, the distance was therefore kept at a distance 
before the estimated productivity radically dropped, if the 
stand’s distance was smaller than 78 meters.

Harwarder time consumption (thw, PM15-min/m3) was esti-
mated as the total time consumption for the harvester and 
forwarder (th þ tf ) multiplied by the difference between the 
two systems as defined by Manner et al. (2016). The equations 
by Manner et al. (2016) are particularly sensitive to changes in 
mean stem volume and mean forwarding distance (Eq. 3). 

thw ¼ th þ tf� �
�

thw Manner

th Manner þ tf Manner

� �

(3) 

thwManner = Time consumption for the harwarder, according to 
Eq. 13 in Manner et al. (2016).
thManner = Time consumption for the harvester, according to 
Eq. 11 in Manner et al. (2016).
tfManner = Time consumption for the forwarder, according to 
Eq. 12, but without “q” and “+0.05-x,” in Manner et al. (2016). 

The machines time consumption estimations (Eq. 1–3) (PM15- 
min/m3) were recalculated to productivity (m3/ PM15-h), by 
dividing 60 with the time consumption, before they are presented 
in the Results section.

All costs were calculated in Euros. At the time for the study, 
1 Euro had the value of 1.1 US Dollars or 10 SEK (XE 2021). 
Machine costs were calculated using the model SkogforskFLIS 

(Hofsten et al. 2005) with inputs including fixed costs and 
variable costs. The model is similar to the model in Ackerman 
et al. (2014). Fixed costs included repayment of loans based on 
interest rate, depreciation, insurance, costs for machine trolley 
(a wagon with, for example, space for lunch, basic service, and 
repairs), and operators’ salaries. Variable costs included fuel, 
maintenance, relocation between stands and the operators tra-
veling between their home base and the stands.

Costs for relocating the machines and machine trolleys 
between the stands were calculated based on information 
from forest companies. A machine trolley usually has a fuel 
tank, a small room for meals and basic service and repair 
equipment. One relocation is needed per stand. On short dis-
tances, it is common to drive the machine between stands, 
whereas it is transported on a low-bed trailer when relocated 
across longer distances.

The costs for relocation across distances of more than 5 km 
(g > 5, in EURO/relocation) were calculated as (Eq. 4) 

g > 5 ¼ ci trail þ tp trail þ ttrolley þ
dre

ij

s

� �

� ctrail þ cop (4) 

citrail = Initial cost for the trailer, i.e., driving to the stand.
tptrail = Time for transport preparation, securing the machine 
on the trailer and unloading the machine when arriving at the 
next stand.
ttrolley = Time for coupling the machine trolley and parking it by 
the next stand.
s = Speed of the trailer, when driving loaded with a machine 
and trailer, km/h.
dre

ij = Distance of relocation between stand i and j, km.
ctrail = Cost of the trailer, per scheduled machine hour (SM-h).
cop = Cost of the machine operator, per SM-h.

The speed when driving a trailer (s, km/h), loaded with 
a machine and a trolley, can be compared to the speed of 
a timber truck. Our estimations were based on studies on 
timber trucks (Ranta and Rinne 2006), but the speed was 
multiplied by 0.8 to give a better comparison with a slower 
trailer. The factor 0.8 was chosen after discussion with an 
experienced trailer operator (Eq. 5). 

s ¼ 9:3þ 12:7 � ln dmove
ij

� �� �
� 0:8 (5) 

The costs for relocating on distances of 5 km or less (g�5
m , in 

EURO/relocation), for machine m. 12 is the assumed average 
driving speed for a forest machine (km/h) while driving 
between stands (2019 conversation between the corresponding 
author and Robert Johansson at the forest company Holmen 
Forest; unreferenced) (Eq. 6). 

g�5
m ¼ ttracks þ

dmove
ij

12
þ ttrolley

� �

� cm (6) 

ttracks = Time taken to remove tracks and mount them at the 
next stand.
cm = Cost of machine m, EURO per hour.

The costs for operators’ travel between home base i and 
stand k one way (hik, EURO/one way travel) depend on the 
distance and the costs per km. Each work shift requires one 
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journey there and back, and the number of shifts depends on 
how many shifts are needed to finish the logging opera-
tion (Eq. 7). 

hik ¼ dhome
ik � chome (7) 

dhome
ik = Distance between stand i and home base k, km.

chome = Cost of the operators driving between stand and home 
base, EURO per km.

The TMS has a balance challenge, typically, the harvester 
produces more per time unit. To manage this imbalance, the 
faster machine can be used less or the slower used more. In our 
calculations, all machines were limited to, at maximum, 100% 
utilization and, for the TMS, the fastest machine (most often 
the harvester) was used less.

Specific in detailed optimization
The optimization model used was defined using decision 
variables, parameters, objective function, and constraints. 
The objective function (8) gives the overall harvesting cost, 
forwarding cost, operator traveling cost, the machine reloca-
tion cost, and a penalty in case an aggregated demand is not 
met during the season. Constraint (9) states that each stand 
is assigned a machine system team. Constraint (10) states 
that an assignment can only be made if a team is selected to 
operate. Constraint (11) states the available time for each 
machine in each season. This includes any overtime used. 
Constraints (12) to (16) describe how overtime can be used 
with the TMS machines. More specifically, constraints (12) 
and (13) state that the overall capacity including overtime is 
limited to harvesting and forwarding time. Constraints (14) 
and (15) give the limit of overtime for each harvester and 
forwarder. Constraints (16) to (18) describe the relocation 
between stands for each machine. More specifically, con-
straints (16) and (17) give the relationship between reloca-
tion and specific stands that have been assigned to the 
machine. Constraint (18) and (19) gives the subtour elimina-
tion constraints generated using the Miller-Tucker-Zemlin 
formulation for VRP problems (Miller et al. 1960). 
Constraint (20) states the overall aggregated demand for all 
assortments over the seasons. Constraint (21) states that the 
selected machines’ operators must start and end at their 
home bases. Constraints (22) to (25) define the binary 
restrictions. Constraint (26) gives the nonnegativity con-
straints for the continuous variables.

This problem is a general large-scale mixed integer pro-
gramming (MIP) problem. It consists of an allocation part, 
where machine systems are allocated to stands, and 
a traveling salesman problem (TSP) part, where the 
sequence for each machine system team is determined. 
The overall problem is very hard to solve directly. Hence, 
we applied a heuristic approach similar to that of 
Bredström et al. (2010). It is different in that we incorpo-
rated seasonal demand, allowed overtime and set the capa-
city of all machines to be substantially higher. In Phase 1, 
we removed all variables and constraints relating to the TSP 
part (16) to (19), and relaxed all binary constraints except 
for whether a machine is used or not, zm, and the overtime 
variable, vmt . The solution to this phase produced the set 

of machines to use in Phase 2. In Phase 2, we used the set 
of machines generated in Phase 1 but with binary restric-
tions on the assignment, that is, ymit, and relaxed overtime 
variables. This phase gave the actual assignments for each 
machine. In Phase 3, we included the TSP constraints for 
each machine given the stands assigned for each season. 
This phase was solved by the MIP formulation given above 
for the TSP part and for each machine.

Sets and parameters used.

I: set of stands
H: set of home bases
T: set of seasons
M: set of machine systems (subsets MTMS;MH for TMS and 

harwarders respectively)
A: set of assortments
hm= home base for machine system m
dij= distance between stand i and stand j
fm= fixed cost to use machine system m

cmij= cost to relocate machine in machine system m between 
stand i and stand j

th
mi= harvesting time in machine system m in stand i

tf
mi= forwarding time in machine system m in stand i

ah
mt= harvest time available in machine system m in season t

taf
mt= forwarding time available in machine system m in 

season t
gh

mt= maximum harvesting overtime in machine system m in 
season t

gf
mt= maximum forwarding overtime in machine system m 

in  
season t

am= available time for machine system m
ch

mi= harvesting cost in machine system m in stand i
co

m= overtime cost in machine system m
cf

mi= forwarding cost in machine system m in stand i
cm

mi= operators’ traveling cost for machine system m in 
stand i

co
t = penalty cost for missing accumulated demand satisfac-

tion  
until season t

gia= volume of assortment a at stand i
dat= volume of assortment a demanded in season t

Decision variables are as follows. 

zm
1; if machine system m is used

0; otherwise

�

ymit
1; if machine system m is used in stand i or

home base during season t
0; otherwise

8
<

:

xmij

1; if machine system m relocates from stand i or
home base to stand j or home base

0; otherwise

8
<

:
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vmt

1; if harvester in machine system m
uses overtime during season t

0; otherwise

8
<

:

ot ¼ missedoveralldemandrequirementuntilandincludingseasont 

wh
mt ¼ overtimeusedforharvesterinmachinesystemminseasont;m
2 MTMS 

wf
mt ¼ overtimeusedforforwarderinmachinesystemminseasont;m
2 MTMS 

uim ¼ capacityutilizationuntilstandiformachinesystemm 

The full DO model can now be stated as 

min z ¼
X

m2M
fmzm þ

X

m2M;i2I;t2T
ch

mi þ cf
mi þ cm

mi

� �
ymit

þ
X

m2M;t2T
co

m wf
mt þ wh

mt

� �
þ

X

m2M;i2I;j2I
cm

mij

� �
xmij

þ
X

t2T
co

t ot

(8) 

Subject to. 
X

m2M

X

t2T
ymit ¼ 1;"i 2 I (9) 

X

i2I [hm

X

t2T
ymit � Mzm;"m 2 M (10) 

X

i2I
th
mi þ tf

mi

� �
ymit � ah

mt þ af
mt

� �
;"m 2 MH; t 2 T (11) 

X

i2I
th
miymit � ah

mt þ wh
mt;"m 2 MTMS; t 2 T (12) 

X

i2I
tf
miymit � af

mt þ wf
mt;"m 2 MTMS; t 2 T (13) 

wh
mt � gh

mtvmt;"harvesterm 2 MTMS; t 2 T (14) 

wf
mt � gf

mt 1 � vmtð Þ;"forwarderm 2 MTMS; t 2 T (15) 

X

i2I [hm
xmij ¼

X

t2T
ymjt;"m 2 M; j 2 I [ hm (16) 

X

j2I [hm
xmij ¼

X

t2T
ymit;"m 2 M; i 2 I [ hm (17) 

ujm � uim � th
mi � am 1 � xmij

� �
;"i; j 2 I;m 2 M (18) 

0 � uim � am;"i 2 I;m 2 M (19) 

X

m2M;I2I;a2A;t2T:t�t0
giaymit ¼

X

a2A;t2T:t�t0
datþ;"t0 2 T

(20) 

ymit ¼ zm;"m 2 M; i ¼ hm; t ¼ first Tð Þ and t ¼ last Tð Þ
(21) 

ymit 2 0; 1f g;"m 2 M; I 2 I [ hm; t 2 T (22) 

xmij 2 0; 1f g;"m 2 M; i; j 2 I [ hm; j 2 J (23) 

vmt 2 0; 1f g;"m 2 M; t 2 T (24) 

zm 2 0; 1f g;"m 2 M (25) 

ot;wmt;wh
mt;w

f
mt; uim � 0;"m 2 M; t 2 T (26) 

Specific in aggregated heuristic
Based on the total costs for each system, the given stand is 
defined as either a TMS stand or a harwarder stand. If the 
accumulated volumes for a system type (TMS or harwarder) in 
a district is enough for one whole system or more (≥1 TMS or 
harwarder), it is available in the machine fleet for the district. 
The number of the machine system teams is, however, not an 
integer in the AH but aggregated which simplifies the problem 
to be solved.

All available stands are included in the cost calculation, 
which means that supply and demand is balanced – not for 
separate seasons – but for the whole planning period. However, 
if the volume is not enough for the other system, it is made 
unavailable. Last, if the volumes for each system are not 
enough for either of the systems, the system that has the lowest 
total costs in the whole district is made available.

The costs for relocating between stands and traveling 
between home base and the stands were estimated using Eq. 
(4-7) with the same assumed averages as input for distances 
regardless of machine system. The distance between the stands 
(dmove

ij ) and the distance between home base and the stands 
(dhome

ik ) were determined after discussions with forest company 
representatives who had a good knowledge of machine fleet 
management.

Table 1. Input data for machine costs calculations.

Input data Harvester Forwarder Harwarder

Investment cost, million Euro 0.493 0.399 0.669
Value at the end of the life cycle, % 10 20 10
Interest rate*, % 2.99 2.99 2.99
Insurance costs, thousand EURO/year 2.5 1.6 2.5
Trolley, thousand Euro/year 5.25 *2 5.25 *2 7
Salary, EURO/hour 25.1 25.1 25.1
Extra salary for uncomfortable hours, 

EURO/hour
3.468 3.468 3.468

Working days/year 205 205 205
Shifts per working day 2 2 2
Hours/shift 7.6 7.6 7.6
Uncomfortable hours/working day 4.7 4.7 4.7
Diesel consumption, liters/PM15-h 17 17 17
Diesel price, EURO/liter 1.02 1.02 1.02
Oil consumption, liter/PM15-h 0.75 0.4 0.7
Technical Utility (TU), % 83 86 83
Machine cost, EURO/PM15-h 108.1 91.5 119

* Stibor 90 for January 2019 (Riksbank 2019) + 3%. 
*2 one trolley is assumed to cost 7 thousand EURO per year, and a TMS is expected 

to need, on average, 1.5 trolleys.
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Case study

The source of the interest rate was Stibor 90, plus 3% 
(Sveriges Riksbank 2019). Costs for insurance, machine 
trolley, operator salary, available days per year were 
obtained from a group of Swedish forest companies. All 
machines were assumed to operate with two shifts, with 
extra payment for overtime (extra time beyond agreed 
normal time per shift) and uncomfortable hours (working 
time early mornings, late evenings, or weekends) according 
to collective agreement (SLA-GS 2013). Machine invest-
ment costs, diesel consumption, and oil consumption were 
obtained from a machine manufacturer (Manner et al. 
2016) (Table 1).

Technical utility (TU) is connected to a machine’s tech-
nical complexity and the maturity of its technology, and 
a high TU indicates a well functioning machine, which is 
connected with a lower cost impact. Both the harvester 
and the forwarder are technologically mature, and hence 
have high TU. The harvester is more complex than the 
forwarder. The harwarder is assumed to have a similar 
maturity of technology as the harvester and the forwarder, 
but also has a tilt and rotatable load carrier and quick 
hitch and so might be expected to have a higher TU than 
both because of its complexity. On the other hand, the 
technology for harvesting is only used until the load car-
rier is filled. Then, the harwarder transports its load to the 
roadside and unloads using a forwarder grapple. 
Therefore, the harvester and the harwarder were assigned 
the same TU (Table 1).

The distance between the stands (dmove
ij ) and the distance 

between home base and the stands (dhome
ik ) were determined in 

discussions with forest company representatives who had 
a good knowledge of machine fleet management.

The analysis was carried out using final felling input data 
from a forest company’s region in central Sweden, har-
vested during 2017. To ensure realistic information, stands 
were only included if they had a net felling area >0.5 
hectare, a total volume >99.9 m3sub per stand, and 
extracted volume <803 m3sub per hectare. These levels 
were chosen in discussions with the forest company. Six 
assortments were, on average, harvested per stand. No 
information about the company’s operators’ home bases 
was available. The AH used the input data divided into 
four districts (Table 2).

In the DO, the relocating distance was estimated from 
the stand’s coordinates. In the AH, the distance was fixed 
and, in discussions with the company, assumed to be 
25 km. In the DO, a network of available positions for 

home bases was constructed, with the distance between 
each position 37 km north-south and 63 km east-west. In 
the AH, the distance for traveling between home base and 
stands was fixed and, after discussions with the company, 
assumed to be 35 km. The forest company mostly use 
contractors but also manage their own logging machines. 
All results were validated by the company.

Analysis

The main results from the analysis are total costs and the fleet 
composition with scenario 1 (only TMS) and scenario 2 (TMS 
and harwarder).

The DO was carried out using a standard laptop with 
the AMPL modeling language and the CPLEX 12.6 solver. 
We used the default MIP gap in CPLEX for all problems, 
that is, 0.00001.

The DO model used three seasons, nine assortments, 72 
potential TMSs, 72 potential harwarders, and 1044 stands. 
The maximum allowed solution time was 24 hours for Phase 
1 and Phase 2. For Phase 3, we used a maximum time of 
20 seconds for each machine. After preprocessing, the Phase 
1 problem had 154269constraints and 452233variables (1008 
binary). The solution was found after about an hour (3747 sec-
onds). After preprocessing, the Phase 2 problem had 
36072constraints and 104029variables (103 044 binary). The 
solution terminated after the maximum solution time of 
23 hours with a gap of 0.05%. The solution after one hour 
had a gap of 0.09%. The Phase 3 problem to find the TSP 
solution for each machine was solved within 20 seconds for 
most of the problems. The size of Phase 3 depended on how 
many stands were assigned to each machine; we note that the 
average size for the TSP (one for each selected team) was about 
30 stands.

The AH was carried out using a standard laptop running 
Microsoft Excel. The model consisted of eight columns of input 
data and 191 columns of calculations in one worksheet, and 
eight columns in another worksheet where the results were 
gathered.

Since the time consumption functions and cost levels for the 
TMS originated from large input data sources, and the harwar-
ders originated from much smaller data sources, we were not as 
confident of the time consumption function and cost levels for 
the harwarder. To cover, we performed a sensitivity analysis of 
how the results changed for each approach and between them, 
while we adjusted harwarder time and costs within 
a reasonable interval.

Table 2. Input data for the region’s four districts, as used in the AH. In the DO, all stands were used irrespective of district borders. All mean values are volume weighted.

District Number of stands Total volume, m3 Total net area, hectare

Volume/stand, m3 Mean stem volume, m3 Mean forwarding distance, meters

Mean SD Mean SD Mean SD

1 135 128 326 528 951 886 0.37 0.11 387 272
2 265 407 852 1 908 1 539 1 812 0.36 0.14 416 253
3 255 550 774 2 731 2 160 2 093 0.34 0.11 410 252
4 389 497 371 1 948 1 279 1 236 0.43 0.15 372 214
All pooled 1 044 1 584 323 7 115 1 625 1 655 0.38 0.14 398 243

SD = standard deviation
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Results

Machine fleet composition when only using the 
two-machine system

When analyzing the first scenario, the two modeling 
approaches gave a very similar number of machines 
required, with slightly more with the DO. Moreover, both 
approaches found that, of the two machine types, the for-
warders were closest to full utilization which shows that the 
harvesters produced more volume per time unit. However, 
the level of utilization was higher with the AH than with 
the DO. The mean relocation distance was 37 km with the 
DO (Table 3).

Both modeling approaches also gave very similar distribu-
tions between cost components (Table 4).

Two-machine system and harwarders in competition

When analyzing the second scenario, the results from the 
two approaches were also very similar. When rounding the 
number of machine system teams with the AH, the results 
were in fact identical with the DO. The AH gave slightly 
lower total costs and utilization than the DO, the difference 
being only 0.45 million EURO. The estimated savings were 
1.5% between the approaches (Table 5).

The costs for relocations and traveling in relation to 
total costs were generally a little lower with the AH than 
with the DO, and the logging costs were higher. The total 
costs were still very similar (Table 5). The relocation dis-
tance was 13 km for the TMS and 11 km for the harwarder 

with the DO, compared with the assumed 25 km with the 
AH. The traveling distance was 26 km for the TMS and 
27 km for the harwarder (Table 6).

Sensitivity analysis

Productivity
When adjusting the harwarders’ productivity from 95% to 
105%, the total costs with the AH were consistently lower 
than with the DO (3.2–4.7%). At low productivity levels, the 
total costs were mainly attributable to the TMS, which corre-
sponds to more TMS teams; with high productivity levels, the 
total costs were attributable more to the harwarder and hence 
to a greater number of harwarders (Figure 1).

Costs
When adjusting the harwarders costs from 95% to 105%, the 
total costs with the AH were consistently lower than with the 
DO (3.2–3.9%). At low harwarder cost levels, the total costs 
were attributable more to the harwarder, which corresponds to 
a greater number of harwarders; with high harwarder cost 
levels, the total costs were mainly attributable to the TMS, 
corresponding with a greater number of TMS teams. The 
impact on total costs when adjusting the harwarder costs 
were slightly greater than when adjusting the productivity 
(Figure 2).

Discussion

This study aimed to propose and compare the results from 
a Detailed Optimization model approach and an Aggregated 
Heuristics model approach, by analyzing similarities and dif-
ferences in a case study.

The estimated total costs were consistently lower with the 
AH compared with the DO. In the sensitivity analysis, the 
difference was at most 4.7%, when the harwarders’ productivity 
was decreased by 5%. More commonly, it was around 3.6% for 
the two sensitivity analyses. Asikainen (2010) compared a static 
model approach to a dynamic one and found a 10% cost 
difference, on average. Our results are hence clearly closer. 
Even though the approaches give concurrent results, there are 
some differences with logical reasons.

The machine utilization was generally higher with the AH 
than with the DO, because of the different model assumptions, 
such as regarding relocations and traveling. The AH, therefore, 
shows potential for lower total costs because the number of 
teams are aggregated per district, but the DO better reflects 
what to expect operationally, since it estimates fictional teams. 
The difference is, however, relatively small, with at most 4.7% 
between the approaches in the sensitivity analysis, which is 
clearly lower than shown in similar comparisons (Asikainen 

Table 3. Analysus results from the two approaches when only one machine type 
(the two-machine system (TMS)) was available.

Variable Detailed Optimization Aggregated Heuristic

Number of TMS teams (n) 26 25.5
Mean utilization, % 

harvester 
forwarder

90 
94

92 
100

Total costs, million EURO 14.44 13.76

Table 4. Relative distribution (%) of costs for the two approaches.

Variable Detailed Optimization Aggregated Heuristic

Logging 90.6 89.5
Relocation 6.2 7.6
Traveling 3.2 2.9

Table 5. Results from the analysis of the two approaches when two machine 
systems (TMS and harwarders) were competing.

Variable
Detailed 

Optimization
Aggregated 

Heuristic

Number of 
TMS 
harwarders

15 
18

14.5 
18.2

Mean utilization, % 
harvester 
forwarder 
harwarder

87 
93 
94

90 
100 
100

Total costs TMS and harwarder, million 
EURO

13.92 13.47

Savings with harwarder, % 3.6 2.1

Table 6. Cost distribution in percentage (%) for the two approaches.

Detailed Optimization Aggregated Heuristic

Cost part TMS Harwarder TMS Harwarder

Logging costs 93.2 92.4 92.2 91.3
Relocation costs 4.5 5.5 4.8 6.1
Traveling costs 2.3 2.1 3 2.6
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2010). The balance calculations with the DO generally led to 
higher logging costs because all machines were used less than 
100%. On the other hand, the relocation costs and the traveling 
costs were lower, because the DO found better solutions than 
the assumed average values used in the AH. This indicates 
a potential to use the DO strategically to choose the borders 
between districts better. The AH shows the potential for 
machine systems within existing district borders. The logging 
costs are, however, the dominating cost component. The 
dynamics of the stand characteristics contributes to the non- 
linear cost change when the harwarder productivity or costs are 
changed.

In the DO, the supply and demand were matched 
per season during the analyzed year, which gives a good 
reflection of operational reality. The AH only matched for 
the whole case and not on individual machine systems, 
which is a large simplification. Both approaches can be 
used for suggesting how many machine system teams are 
needed within a region, that is, support decisions on 
a tactical level. However, the DO can also provide informa-
tion on where the teams should be located and how they 
should work operationally.

In the AH, the relocation and traveling costs are estimated 
based on assumptions, which were chosen in discussions with 
the forest company. The AH results can, therefore, represent 
what to expect operationally. In the DO, the relocation and travel-
ing costs were calculated based on known locations of the stands 
and suggested home bases. Since the DO returned lower costs for 
relocation and traveling, it shows a potential to decrease the costs 
by improved planning with such an approach. However, there 
might naturally be challenges to persuade machine operators to 
decide where to live, since the short travel distance value will be 
considered in competition with other values relevant for the 
operators and their families.

o carry out machine fleet analyses using either of the 
approaches compared, sufficient competence is required. The 
DO requires suitable software and personnel with advanced mod-
eling and optimization expertise. The AH requires personnel with 
modeling expertise. We used Microsoft Excel™ but other software 
might be used, such as Matlab or R. The DO requires more precise 
input data. When choosing which stand to harvest, different 
assortments’ volumes per stand and harvesting dates are necessary. 
In the AH, the total volume is enough, because the matching 
between supply and demand is only carried out for the whole 
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Figure 1. Total costs when the harwarder productivity was adjusted from 95% to 105%.
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Figure 2. Total costs while the harwarder costs are adjusted from 95% to 105%.
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case without accounting for the assortment’s delivery in shorter 
time periods. The DO problem is very large. However, by splitting 
the solution into three phases, where each is considerably easier to 
solve, it is possible to find high-quality solutions. The splitting of 
the solution can be viewed as making strategic decisions in Phase 1, 
that is, selecting the machine system teams, tactical in Phase 2, that 
is, assigning stands to teams, and finally operational in Phase 3, 
that is, determining the schedule for each team. The splitting of the 
solution can also be viewed as an approach to avoid symmetry. 
There is a huge number of solutions and, as teams are similar, 
there are many similar solutions. By selecting the machine systems 
in Phase 1, we remove a large degree of the symmetry in the model. 
Large symmetry is known to make the branch and bound techni-
que very slow. In Phase 2, the problem has a fixed set of machine 
system teams to choose from and, here, the number of binary 
variables is at its largest. However, as there is some structure to the 
assignments, it is relatively efficient to solve the problem although 
we use the maximum time. The solution quality of 0.09% is very 
close to the optimal solution. An alternative would be to solve only 
the DO model’s linear programming relaxation. This solution only 
takes a few seconds, and the aggregated solution could be used, like 
the AH, to obtain an approximate required size of a machine fleet.

Both approaches handled spatial variation within 
a geographical region, but in different ways. In the DO, the 
geographical sublevel of districts was not included, resulting in 
an optimization of the machine fleet and its work for the 
region. This is valuable from a top-level strategic point of 
view, but might be challenging to implement if district borders 
are strongly adhered to in daily operational work. In the AH, 
on the other hand, the district borders were the key element for 
handling the spatial aspect, since there had to be enough work 
for at least one team of a machine system in a district. So even if 
it was not addressed in this study, it can be expected that the 
DO approach would handle regions better in which the stand 
condition variations are not well matched with the district 
borders. These expectations would be interesting to evaluate 
further with larger input data.

In this comparison, both the number of systems was 
very limited and all teams within each system were con-
sidered identical. If desiring to increase the number of 
systems, or to differentiate teams within systems in 
a machine fleet analysis, it is possible with both approaches 
but they offer different possibilities and limitations. The 
difference between teams would consist in differentiating 
input related to the team’s time consumption and costs. 
Reasons for doing so in an analysis could be to, for 
instance, represent different sizes of the machines within 
the system (e.g. to have “sub-systems” with teams consist-
ing of small-, medium-, and large-sized harvesters and 
forwarders). It could also be to represent the known unique 
performance of actual teams of a machine system that is 
under consideration for being replaced with another sys-
tem. With the AH, both increased number of systems and 
differentiated teams can be added, and is then handled in 
the same way – like the machine systems in this analysis. 
So in the AH it does not matter if it truly is new machine 

systems or just differentiations with a machine system. 
Hence, to add “subsystems” like machine sizes is quite 
easy irrespective of the total number of teams in the ana-
lysis, whereas the problem design grows rapidly if each 
team within a system should be considered unique. Also 
with the DO, it would be possible to both increase the 
number of systems and to differentiate teams within sys-
tems. However, in contrast to the AH, it would be easier to 
differentiate teams than to add systems. With the DO, there 
was more than one team of each machine system available 
from each home base with equal time equations and cost 
estimations for each machine, adding a symmetry challenge, 
and it is therefore faster to optimize with differentiated 
time equations and cost estimations for each team’s 
machine(s). This is an advantage for the DO when prepar-
ing a tactical plan with variations due to differences 
between individual machine system teams. Adding new 
systems to the DO would be possible, but each system 
would considerably increase the problem to solve.

Neither one of the model approaches’ results could be 
validated as correct. However, we involved the forest company 
in the project and they viewed the results from the scenario 
with only TMS, which is comparable with their operations, as 
realistic.

This study focused on comparing the results from two 
model approaches, when two machine systems compete 
within a forest company region. With reliable time equations 
and cost estimations for new or even as yet non-existent 
machine systems, our approaches can provide a basis for 
comparison with the established machine system. The 
approaches can also be used for comparisons in other geo-
graphical regions, and specifically with other stand 
characteristics.

Conclusions

Among the advantages with the DO, we can conclude that it is 
a detailed model approach, which gives a good view of the 
operational reality. It also takes reasonable machine utilization 
into account. On the other hand, it is resource demanding and 
needs more input data.

Among the advantages for the AH, we can see that it is 
resource efficient, requires less input data and can be con-
structed using standard software. As it requires less input 
data, it reflects the operational reality less well compared with 
the DO, for instance, regarding machine utilization, supply, 
and demand.

Both approaches are dependent on the quality of the input 
data, since high input data quality gives high output quality, 
whereas low input data quality produces no useful results. Both 
approaches have the potential to develop and provide a better 
decision basis, and give coherent results in terms of the 
machine fleet’s number of machines and costs. However, the 
DO also provide additional results in terms of where machine 
teams should be stationed as well as the scheduling of teams’ 
work.
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Both approaches are well suited for analysis of large 
input data, and we recommend using the DO when the 
need for precision is high and suitable input data are 
available, but to choose the AH when those are not 
required or available. However, the results of this study 
relate to one case region in central Sweden and it would 
be interesting to see how the two approaches work with 
other case conditions.
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