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2 Introduction

2.1 Summary

The purpose of this master thesis is to reduce the
transportation costs and environmental distress by
improving the transportation routes needed to sup-
ply the sawmills in the county of Västerbotten,
Sweden, their raw material. It is of particular inter-
est to explore the possible benefits of implementing
a so called virtual transshipment hub for this pur-
pose. The outline of the hub is to allow the compa-
nies within the system to deduce raw materials from
other companies’ contracted harvesting areas. The
hub would thus create a pool of the total raw ma-
terial appointed by each specific company. These
companies may deduce the raw material needed but
can have it transported from a closer site than their
own contracted lumbering area. Sawmill companies
rely on the use of harvesting areas to provide the
needed raw material and it is of common practice
to contract different harvest areas. The thesis is
that the permission to use other companies’ har-
vest areas would create new possible routes result-
ing in better planning and as an extension more
efficient routes. This master thesis will investigate
the current situation in the industry and adapt a
model suitable for the purpose from the informa-
tion gathered. This thesis work will also provide a
number of cost allocation models which are used in
cooperations between different companies in order
to determine how to allocate the savings / costs be-
tween the companies.

It was revealed in an interview that it was de-
sired to include an exploration of the ETT trucks
in this paper. The ETT trucks is a new type of
truck which is not currently permitted in Sweden.
It has a higher loading capacity than the conven-
tional trucks used today.

Gathering data proved much more difficult than
initially anticipated. As a result, this paper will
not provide any actual data testing, but the Re-
sults section will show that the model is working as
intended by using with trivial data. More on the
difficulties associated with the data in the section
Discussion.

Due to the trivial data it is impossible to express
an actual cost saving in using a numerical value or
percentage. The results from this survey did how-
ever show that there were a signification reduction
of the cost associated with the transportation of
raw material when the two companies tested coop-
erated in comparison to when they worked sepa-
rately.

The use of the ETT trucks would reduce the
transportation costs and CO2 emissions by 20 %

respectively, as presented in a survey conducted by
Löfroth and Svenson (2012). The conclusion is that
regardless if the government allows the use of ETT
trucks, it should lie in the best interest to further
explore the implementation of a virtual transship-
ment hub using real data and a thorough investi-
gation of eligible participants through the cost al-
location models and a subsequent maintenence of
the system using supply chain management.

2.2 Sammanfattning

Syftet med denna rapport är att reducera
transportkostnaderna inom skogsindustrin i
Västerbotten län. Detta ska genomföras genom
att förbättra de lastbilsrutter som krävs för att
tillgodose s̊agverken i regionen sitt behov av
timmer. Det främsta syftet är att undersöka de
positiva effekter en virtuell hubb skulle ha p̊a
transportkostnaderna. Denna hubb är tänkt att
till̊ata företag att ta timmer fr̊an andra företags
kontrakterade avverkningsomr̊aden. Hubben skulle
därför agera som en pool av den totala tillg̊angen
timmer som tilldelats av samtliga företag inom
hubbsystemet. Företagen genomför sina ordrar p̊a
samma sätt som i nuläget, men med möjligheten att
eventuellt hämta timret fr̊an ett mer närrliggande
omr̊ade än i nuläget, fr̊an sitt egna kontrakter-
ade avverkningsomr̊ade. S̊agverk förlitar sig p̊a
avverkningsomr̊aden för att tillgodose dem deras
behov. Det är därför vanligt förekommande att
kontraktera olika avverkningsomr̊aden.

Hypotesen är att användningen av hubben
kommer att skapa nya, förbättrade rutter och
en mer översk̊adlig och hanterlig logistik för de
berörda företagen, vilket i sin tur kommer att skapa
en mer effektiv logistik i allmänhet. Denna rapport
kommer att undersöka den r̊adande situationen och
anpassa en matematisk optimeringsmodell efter
denna. Rapporten kommer även diskutera n̊agra
kostnadsallokeringsmodeller för att ge ett ramverk
för hur företagen kan allokera sina kostnader
alternativt vinster.

Under en intervju blev jag även varse om att
det fanns ett intresse fr̊an industrin att undersöka
de effekter ETT lastbilar har p̊a utsläpp och trans-
portkostnader. ETT lastbilar är för närvarande
inte till̊atna i Sverige. Dessa lastbilar har en
högre lastningskapacitet än de lastbilar som för
närvarande används.

Det visade sig att relevant data var en
omöjlighet att finna, varför rapporten inte in-
neh̊aller n̊agra numeriska resultat. Resultatdelens
syfte är därför ämnad att visa att modellen
fungerar som avsett med hjälp av trivialt data.
Rapporten visar emellertid att det kan föreligga
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en möjlighet att reducera sina transportkostnader
signifikant d̊a företagen samarbetar i jämförelse
med när företagen arbetar individuellt. D̊a test-
datat som modellen testades p̊a var fabricerat
och kraftigt förenklat är det dock inte möjligt att
presentera en numerisk eller percentuell besparing.
En undersökning av ETT lastbilarna som presen-
terade av Löfroth och Svenson (2002) visar att
dessa lastbilar, i jämförelse med de konventionella
lastbilarna, ger en besparing p̊a 20 % gällande b̊ade
reducerade transportkostnader och CO2 utsläpp.
Min rekommendation är s̊aledes att fortsätta
undersöka den virtuella hubben och att ifall det
visar sig att en hubb är implementerbart skapa
en virtuell hubb genom noggrann övervägning av
medlemmar med hjälp av kostnadsallokeringsmod-
ellerna och att sedermera underh̊alla systemet med
hjälp av supply chain management.

2.3 Aim

The aim of this paper is to survey the present in the
forestry industry logistic systems. This mapping
will include an evaluation of how the information
is shared and through which forums. This is of im-
portance as theories in Supply chain management
has credited information sharing as a very valid and
important factor for implementing interdependent
systems. It is also of interest to survey how op-
timized the routes presently are and to assess the
beneficial (by thesis) impact the transshipment hub
has on the companies within the system. Lastly an
assessment of the virtual transshipment hub will
be performed in combination of the imposition of a
new kind of trucks – the ETT trucks which has a
higher loading capacity than the traditional trucks
used today.

This project is included in Kompass 2020; a
Swedish cluster of projects whose focus is to de-
velop the process integration in the refinement in-
dustry in Northern Sweden. It is compromised by
four universities, governmental authorities, individ-
ual companies and industry groups. The projects’
structures rely on different ”rooms”, or sections of
interest, such as new packaging solutions, new ma-
terials stemming from the forest industry, industrial
coordination on a global scale and industrial build-
ing to name some.

2.4 Background

The master thesis is proposed by Västerbotten
Länsstyrelse and to some extent by ProcessIT Inno-
vation and SLU – Sveriges Lantbruks Universitet,
The Swedish Rural University. This master the-
sis will act as a framework to see if there exists

any incentives for Kompass 2020 to further ana-
lyze and possibly implement similar systems to a
bigger extent. Why for instance a municipal insti-
tution shows interest in these sorts of questions will
be presented in this section. Concisely, the county
governs the forestry industry due to its positive im-
pact on the county in terms of job opportunities and
monetary income. The sector is however operating
under low profit margins. The industry is also sub-
jected to uncertainty which is not present in many
other industries. The logistics in this aspect is of
great importance as it saves costs which has direct
impact on profit margins. It has been mentioned
that the industry is currently exposed to the worst
crisis in over 40 years (Skogsindustrierna, 2012).

The forest industry employs vast volumes of for-
est every year and is therefore very transport in-
tense. The logistics connected to the industry ac-
counts for approximately 25 % of the total land
based transportation in Sweden (Forsberg et al.,
2005). Of these, approximately half are attributed
to the transportation of raw material and the other
half from finished wood-based products.

In Västerbotten alone approximately 7 million
m3 lumber is harvested each year. The regional
sawmills have a total production of 1,5 million m3,
the cellulose companies refine 3 million m3 and the
energy sector in Västerbotten consumes 1.5 million
m3 annually.

The forest industry is exposed to a major source
of complexity not present in many other industries.
This complexity stems from the uncertainty regard-
ing the input to the industries. Trees are living be-
ings and as such vary substantially in appearance
and quality. The forests’ heterogeneous character-
istics and the fact that a log must be processed in
the sawmills until the quality can be deterred as
it requires internal investigations causes difficulties
in assessing what kind of material one may expect
from a specific region.

The uncertainty regarding the input naturally
causes problems. Each type of combination of
different dimensions and quality is typically only
suited for a limited set of end products. This
causes problems with, for instance, process adap-
tions. The uncertainty also causes the industry
to operate from a PUSH production rather than
a PULL.

The difficulty in the assessment of lumber com-
prises two additional causes of distress. The first
governs the complications that arise from not be-
ing able to comply a customer need. The other
is the tension in work flow created if too much
raw material is transported to a certain sawmill.
Too much timber would produce a need for exter-
nal stocking, due to stocking possibilities at the
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sawmills being proned to be very limited, with addi-
tional driver costs and transshipment costs as con-
sequences. The addition of new operations may also
cause delays with corresponding costs.

The forestry industry is operating its lumber-
ing in relatively narrow time frames while trying
to fulfill the demands on a daily basis. During the
summer it is not possible to have lumber in the
forests as it becomes ruined as a result of the damp
climate, mold and insects. The ground in the for-
est must also be able to carry the heavy machinery
used to lumber which is not always possible. For
the ground to be able to keep up the heavy ma-
chines it must be solid - preferably by frost. As a
consequence it is desirable to conduct as much lum-
bering as possible during the fourth quarter when
the weather permits lumbering. Due to this exten-
sive lumbering the industry receives large volumes
of logs during February, March and April which is
then used as a buffer during the summer when lum-
bering is not possible. This strains the companies’
planning. Due to the uncertainty of the weather the
practice is to plan more harvesting than necessary
and subsequently ”jump between” the lumbering
areas where the area permits gathering of logs.

Due to the current structure in the forest indus-
try companies are heavily dependent on entering
contracts regarding lumbering areas. As a result
several different companies may be negotiating for
the same lumbering area. This competition may
cause a focal company’s lumbering area to become
spread out over great geographical distances. An-
other common practice is to create big safety stocks
to reduce the damage caused by not being able to
comply to customer needs in time.

Both these practices have shortcomings in both
economic and environmental terms; the economy
suffers for the focal companies due to the capital-
ization in safety stocks or lumber areas which essen-
tially acts as safety stocks, and the environment suf-
fers when sawmills must deduce their lumber from
harvest areas far away when a harvest area in its
vicinity has the same supply, but is not contracted.

An interview with a smaller sawmill in the
county also provided insight into the concerns of the
future in these subjects. The interviews revealed in
particular three concerns regarding changes in the
future. These concerns governed the implementa-
tion of the sulfur directive and the government’s
reluctance to allow a higher loading capacity for
lumber trucks, i.e. to allow the ETT trucks.

The imposition of the sulfur directive, which
regulates how much sulfur marine transports may
emit, might become a big concern for the indus-
try according to the company representative. This
company worries that the export, which in Sweden

utilizes maritime export to a high degree (approxi-
mately 90 %) must find alternatives for their trans-
port which is not as efficient and economic. The
representatives at the sawmill worried that the end-
users of the products must pay an additional cost
accounted to the additional transportation costs,
which would then become a competitibe disadvan-
tage. Especially considering that the sulfur regu-
lation forces a lower tolerance of sulfur in Sweden
compared to other parts of Europe, such as Russia
which also exports lumber. The sawmill feared that
companies in countries which is not affected by the
directive may keep their prices unchanged and thus
create a competitive advantage.

2.5 Classification of lumber

Throughout this paper the terms classification or
assortments will often be mentioned. This section
describes this phenomenon. The need for classifica-
tion is a major factor in the industry and permeates
the industry as a whole.

The sawmills production parameters are often
adapted to suit a specific classification of timber.
These parameters includes how the lumber will
be cut. The most common practice accoding to
Grönlund (1992) is illustrated in Figure 1. The
figure shows that two cuts are initially performed
before the lumber is rotated 90 degrees and subse-
quently cut again. The block extracted from the
middle is called the center yield and is the most
valuable part of the log. In practice it is a calibra-
tion to gain as much center yield possible while still
getting as much exchange from a log as possible. It
may sometimes be necessary to adapt the cuts in
order to quickly gain material to a specific product
to meet customer needs.

The different cut patterns yield logs suitable for
different products. The total amount of possible
cut patterns are very high but given a certain di-
ameter of a log only a few is deemed adequate.

Some timber is due to its small diameter not
suitable to be processed at a sawmill. This timber
is referred to as pulp wood and is used in manufac-
turing paper and carton.

Due to the different dimensions’ high correla-
tion with the end-products the term adaption is
widely used in the industry. When the harvesters
in the forests timber they conduct a mathemat-
ical optimization as to how they should cut the
tree. The parameters for these optimizations are
provided by the refinement stations to ensure that
the best suited dimensions ends up at their facili-
ties. These adaptions are unique to that refinement
station to be the most suitable for the internal pro-
cesses.
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Figure 1: An illustration of the most commonly
used cutting pattern in Sweden. Source: Grönlund,
1992

2.6 The forest supply chain

Historically it has been a common practice to con-
duct improvements explicitly inside focal compa-
nies and within concerned departments.

However it has been seen that higher efficiency
can be achieved by adapting so-called supply chain
management. A supply chain begins with supply of
raw material, passes through one or multiple steps
for manufacturing, storing and manufacturing and
subsequently the arrival at a customer. In green
supply chains it is also common to consider the dis-
posal of said products.

Figure 2 illustrates the supply chain in a forestry
context. It can be seen from the figure that the
companies within have several options regarding
how to transport their products.

Figure 2: An illustration of the forest supply chain.
Source: Gunnarsson (2007)

There are some necessary activities that must

be undertaken in order to ensure future harvesting
possibilities. These activities are planting, clean-
ing, thinning and harvesting (Gunnarsson, 2007).
Note that Figure 2 does not represent every tier
in the supply chain management. A sawmill may
for instance sell the finished planks into a furniture
manufacturer which has a supply chain of logistic
partners, intermediate stock terminals, wholesalers,
retailers and end customers.

An initial assortment is undertaken of the raw
material depending on their use. The three major
categories for these assortments are saw logs, pulp
wood and forest residues. These can then be as-
sorted further into different subgroups depending
on dimension and quality (Gunnarsson, 2007).

Figure 2 depicts the post harvesting transporta-
tions for the different classes. Timber is either
transporter to terminals for storage or sawmills.
Similarly pulp wood is either transported to termi-
nals or pulp mills. After harvesting residues in the
form of tops and branches are left behind, typically
for a year until they are chipped (Gunnarsson,
2007). These residues are then transported either
directly or through intermediary storage to their
refinement stations - heating plants.

These processes creates byproducts. Specifi-
cally the byproducts from the sawmills, for instance
chips, are transported to pulp mills and heating
plants to be processed further. Bark is a byproduct
of pulp making which are used as fuel at the pulp
mill or heating plants (Gunnarsson, 2007). Finally,
the pulp products can be transported to the paper
mills where they will be made into paper products.

2.7 A virtual transshipment hub

This paper has presented some problematic and
complex factors which must be taken into account
for the companies. The thesis is that a virtual
transshipment hub would provide benefits for the
companies within the system. In particular the
transshipment hub is deemed to provide lesser
transportation costs. The system is to be imple-
mented in a manner closely related with how en-
ergy is transferred today. In the energy industry it
is impossible to tell which company that actually
produced a specific energy current. Instead all cur-
rents from all companies are tied up to an energy
pool which the end user extracts some current from
and pays the company he or she is contracted to.

The same thought is initialized in this instance.
Instead of forcing all the focal companies to create
big safety stocks, a pool of safety stocks collabo-
rately constructed by all the coordinating compa-
nies is emerged. The focal companies employ the
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same strategies and procedures as they presently
do regarding their purchases. However, the idea
behind the virtual hub stipulates that every com-
pany within the hub is entitled to transport what
they have ordered regardless of from which lumber-
ing area the tree is gathered. Figure 3 illustrates
an conceptualization of this system. Figure 3 shows
the thesis that the companies may experiance lesser
transportation costs when other companies’ con-
tracted lumbering areas can be used to extract the
needed lumber from. Without the hub, the compa-
nies would have to visit the sparse circles to gather
their needs. Note that the illustration shows a ”per-
fect” balance in the sense that the demand for all
assortments can be gathered within the new hub.
In reality the company may need to visit some of
their own lumbering areas further away, as a conce-
quence of lacking supply of some assortment(s) or
to withhold the equilibrium constraint.

Figure 3: An illustration of an virtual transship-
ment hub. The triangle represents a sawmill and
the lumbering areas is represented as circles. The
different companies is represented as colors and the
colored rectangles represents the area the compa-
nies may extract their lumber from.

This would impose that a certain company may
have the possibility to fulfill a need using lumber a
competitor has lumbered, provided that the com-
pany that extracts material from a competitor pro-
vides the system with at least the same quantity
of the same assortment(s) extracted. The latter is
a necessity to ensure that the system does not get
drained of its capacity but instead always strives
to be in equilibrium. This will be regulated by the
proposed mathematical model presented in Results
in more detail.

With this practice it may be possible for the fo-
cal companies to take advantage of, for instance,
the vicinity of competitors’ lumbering areas com-
pared to their own lumbering sites. One may for
example be able to provide more nessesary lum-
ber from a confined area with the help of the com-
petitors rather than from a bigger area when only
the own contracted lumbering areas is considered.
The possibility to provide the focal companies with
raw material from more limited areas is deemed to
create better utilization possibilities – for both the
transportation companies and the harvest compa-
nies.

Allowing the gathering of raw material of a
whole industry to more confined areas may also pro-
vide indirect effects such as higher efficiency in the
lumbering areas themselves when setup times and
processes for different types of products can take
economies of scale into account.

The narrowing of the gathering areas can also
be used to an advantage by making clusters of lum-
bering areas in the vicinity of each other to provide
raw materials for the industry as a whole and sub-
sequently shift these clusters when they have been
drained. This would allow a better overview of the
transportations and hence a greater possibility for
coordination.

The concept of constructing a virtual transship-
ment station relies heavily on the need to perform
massive structural changes in the forestry indus-
try. For instance, today the competitors have little
to no coordination with each other forcing such an
implementation to require cultural changes in the
industry. Interviews has revealed that the informa-
tion sharing mainly relied on e-mail correspondence
and the use of cellular phones.

The lack of company coordination also causes
concerned IT systems and coordinating system to
be non present which implies that an implementa-
tion of the virtual hub requires financial obligations.

3 Problem description

This paper will assess the benefits of implement-
ing a virtual transshipment hub by comparing the
present situation with two additional scenarios.
These scenarios correspond to optimizing the cur-
rent routes in order to salvage information regard-
ing the present efficiency. Subsequently an opti-
mization will be performed to investigate the ben-
efits of a virtual transshipment hub. The scenar-
ios will be investigated by planning the routes of
the logging trucks, using mathematical optimiza-
tion to construct driving schedules to match the
supply and demand within some time constraints.

The supply is described as the physical log piles
in the vicinity of the logging areas. These are lo-
cated adjacent to the forest roads. The demand
are presented in the descriptions of the industrial
orders and can as such extracted from databases.

The participants within the transshipment hub
wish to invoke some kind of restriction of allow-
ing competitive companies to withdraw more in-
formation in terms of supplies and demand than
necessary. For instance, companies has expressed a
reluctance to use flow maps as the localization of
harvest areas may reveal company secrets such as
volumes, quality thinking etc. The participants do
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not wish that the hub would be too liberal either.
The focal companies wish to find possible better
routes for their own operations, but not a full-out
cooperation. The focal companies do not want com-
petitive companies to extract too much material
from their contracted lumbering areas, rendering
the focal company unable to comply to their own
customer needs. Hence such restrictions must be
present.

3.1 Methodology

As a prelude to this chapter, I encountered a sit-
uation where actual data were not possible to use,
which forced me to use artificial, trivial, data for
evaluating my proposed model with the purpose of
merely showing that the model worked as intended.

The necessary steps conveyed throughout this
project was to first have a discussion with the dif-
ferent companies. This was mainly done through
telephone contact with the purpose of collecting
data, and gather information regarding the indus-
try. These telephone discussions can be referred to
as informal discussions. The project has also in-
volved one formal discussion, i.e. a physical meet-
ings to discuss different topics.

These discussions were then used as a founda-
tion to analyze the present, and to construct an
optimization model with the purpose of finding im-
provements.

The actual optimization were conducted using
AMPL along with the solver Gurobi. A literature
review concerning different optimization techniques
and models preceded the optimization. The focus
of this review were mainly to find a suitable ”start”
model, which could be adapted to suit this partic-
ular instance.

Cost allocation models were also investigated in
order to find a suitable model for this particular
instance where the companies want to convey coor-
dination with each other, but to a limited degree.
The literature search also included finding informa-
tion regarding the efficiency of the ETT trucks and
which impact these had on the transportation costs
and the environment.

3.2 Mapping the current system

In order to come up with suggestions for improve-
ments it was deemed of paramount importance to
identify how the present situation was. As such the
first assignment of this project was to identify how
the system were spanning. How were the driving
routes conducted; was it by calling outsourced lo-
gistic operators (3PL) or was it done automatically,
to full or to some degree with implemented infor-

mation systems? Were there any strategies involved
regarding how the material were driven; was it for
instance more profitable to fulfill certain demands
for one assortment first before starting to drive the
rest?

An implementation relies on the tenet that in-
formation systems will be used. As such the initial
examination also involved an overview of how in-
formation was shared and when.

This will constitute the ground for analyses
regarding some subsequent scenarios.

How is the system currently spanning; how long is
the drivers routes presently? How are the trans-
portations ordered? Is there any strategies involved
in the procurement? How does the information get
shared?

3.3 Scenario 1

Given how the system is presently outlined,
portrayed by examining the present, is the system
operating under optimized conditions? In this
first scenario a mathematical optimization was
undertaken with emphasis to see if a different route
than presently conducted would provide a bet-
ter result. This optimization would be under the
perimeters that some logging areas were contracted
to different companies and as such were obliged
to only serve those companies’ needs. Initially
the optimal solution of the mathematical model
conducted for Scenario 1 would be compared
to historical transportation routes taken by the
companies using the same data. This was not
possible however due to the impossibility of finding
data as mentioned earlier. The scope of Scenario
1 thus becomes to find a mathematical solution
while not allowing company cooperation.

Is the system optimized taking the findings in iden-
tifying the present into account? How can it be im-
proved? How are the routes conducted if there is co-
operation, using the proposed mathematical model?

3.4 Scenario 2

Scenario 2 will consist of a mathematical optimiza-
tion which will be conducted to provide an insight
in whether the virtual transshipment station would
yield any economic enhancements compared to
Scenario 1 where cooperation is inhibited. This
scenario will be made under the assumptions
that the adaptions are no longer unique. This
is due to the high requirement on information
technology in order for this to work, and the fact
that the optimizations carried out in the adoption
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process by the harvester can be done in matter
of seconds. The assumption is therefore that the
companies interact in a higher extent in order to
receive more benefits, using real-time information
sharing coupled with immediate optimization of
the saw patterns by the harvesters, allowing a
sawmill who relies on unique adoptions patterns
to be able to use lumber processed by other
companies’ harvesters. This scenario will however
have constraints to prevent other companies to for
instance drain the focal companies’ supply of its
assortments.

By lifting the restrictions of how the lumbering ar-
eas is contracted to different companies, is there any
room for improvements in the system as a whole
by converging the system into the virtual transship-
ment stations with some constraints restricting too
liberal coordination?

3.5 Scenario 3

The initial thought for scenario 3 was to have an ad-
ditional optimization performed to investigate the
differences in terms of transportation costs when al-
lowing the so-called ETT trucks with a much higher
capacity than the currently legislated trucks, as this
was requested by one of the companies to elucidate
the (presumed) positive effects of these types of ve-
hicles. Due to the difficulties with the data, such an
optimization would not produce anything of value
using the trivial data this model will use. The focus
of this scenario thus shifted to a literature study,
rather than an optimization with numerical results
in order to investigate the impact the ETT trucks
has.
If it became allowed to operate the ETT rigs, what
would the implications be in terms of transportation
costs when combined with the virtual transshipment
hub?

4 Mathematical theory

4.1 Mathematical optimization

The concept of mathematical optimization is to find
the best possible solution to a given problem. The
idea of finding the best possible solution is of course
governed in many practical applications and math-
ematical optimization is therefore widely used in
several different areas be it theoretical or practi-
cal.

Because of the globalization of companies, the
creation of multicompanies and more and more
complex processes surrounding companies mathe-

matical optimization is used in very big and com-
plex systems. As such, research often focuses on
developing algorithms fast enough and accurate
enough to keep in pace with the highly dynamic
and network based reality.

Mathematical optimization as a concept is
rather new. Subsequent to World War II mathe-
maticians such as Dantzig began to investigate the
possibilities of optimization. In 1947 Dantzig intro-
duced the simplex algorithm which is an algorithm
for finding optimal solutions for linear programs.
This algorithm is widely used even today and is
often the core of optimization in modern software.

Similar for all optimization models is the syn-
tax. All optimization models govern to maximize
or minimize a function, the so-called objective
function with respect to some constraints. A
general model thus has the appearance

minimize f(x) (2.1)

subject to gi(x) ≤ bi, i = 1, . . . ,m

where f(x) is the objective function which is to be
minimized over the vector x. In this representa-
tion {gj}mj=1 denotes m functions corresponding to
the m upper limits, {bj}mj=1 which are considered
to be constants. For those unfimiliar with opti-
mization it may be noteworthy that the inclusion
of i = 1, . . . ,m or by analog ∀i ∈ S where S is some
set containing all elements i ∈ 1 . . . ,m means that
we have more than one constraint. In this exam-
ple we would have the constraints g1(x) ≤ b1 up
to gm(x) ≤ bm. In total there would be |S| con-
straints, where |S| is the amount of elements in the
set S.

The values of the variables x differ depending
on the outline of the problem. Three often con-
ceptualized models include the linear program, the
integer program and the non-linear program where
the latter has a non-linear function corresponding
to {gj}mj=1. Linear programs and integer programs
will have a more in-depth discussion in the next
section in order to elucidate the differences in ap-
proaches to solve those particular problems. In-
teger programs in themselves can be divided into
different categories. Those of interest in this work
will be BIP and MIP. BIP refers to Binary Inte-
ger Programs where the variables, say x can only
take values of 0 or 1, or x ∈ { 0, 1 }n where the
power of n refers to x being a vector of n elements,
i.e. we would have the variables x1, . . . , xn. MIP or
Mixed Integer Programs allows for instance two sets
of variables, x with n variables to take on integer
values and y with m variables to have real values,
or x ∈ Nn and y ∈ Rm.
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4.2 Linear programming

Following the general outline of a mathematical op-
timization problem as in (2.1) we declare that in
order for a particular problem to be a linear pro-
gram problem the vector x to be maximized must
be real i.e. x ∈ Rn. Recall that the m functions
{gj}mj=1 must be linear.

The general approach for solving linear pro-
grams is rather straight forward using the so-called
simplex algorithm briefly mentioned earlier.

5 The simplex algorithm

5.1 The standard form

The simplex algorithm was first introduced by
Dantzig in 1947. It requires the problem to be ex-
pressed in the standard form

minimize f(x) (2.2)

subject to gi(x) = bi, i = 1, . . . ,m

Where (2.2) differs from (2.1) by applying a con-
straint that x ∈ Rn

+, i.e. that all n x-variables are
real and greater than or equal to zero. Recall that
since N ⊂ R the x variables may have integer val-
ues. It is of utmost importance that the model
which the simplex algorithm is applied on must con-
sist of m equations rather than inequalities as in
(2.1). By adding so-called slack variables one can
transform inequalities into equations. These slack
variables will then indicate how good a given solu-
tion is. If the slack variables are minimized (and the
objective function is to be maximized) the solution
has been allowed to use as much of the variables
as possible and hence performed the best solution.
For instance by applying a slack variable, s1, at the
right hand side of the inequality x1 + x2 ≤ 3 one
derives at the equation x1 +x2 = 3+s1. By analog
if one considers the inequality x1 +x2 ≥ 3 it can be
transformed into the equation x1 + x2 + s2 = 3 by
adding the slack variable s2

5.2 Convexity

The accuracy and swiftness of the Simplex algo-
rithm is credited to the properties of the linear pro-
gram. The fact that the feasible region of a linear
program is convex is one very well suited property.

Definition 5.1 (Convexity). A set S ⊂ Rn is
called a convex set if for all points u, v ∈ S and
all λ ∈ (0, 1) we have that λu+ (1− λ)v ∈ S.

Figure 4: A representation of a convex set (to the
left) and a non convex set to the right

Or, when expressed in words, Definition 5.1
claims that if a straight line can be drawn between
any two arbitrary chosen elements u and v in a set
S and if every element this line passes also is an
element of the set S, then the set S is a convex set.
Figure 4 illustrates Definition 5.1.

Theorem 5.2 (The convex feasible region). The
feasible set S corresponding to a linear program
S = {x ∈ Rn : Ax = b, x ≥ 0 } is a convex set
where S is the standard form expressed in matrix
form.

Definition 5.3. A point Ψ in a convex set S is
called an extreme point of S if it does not exist any
two points u, v ∈ S and some λ ∈ (0, 1) such that
Ψ = λu+ (1− λ)v ∈ S, u 6= v

Theorem 5.2 and Definition 5.3 are quite re-
markable and certainly very convenient when try-
ing to find optimal solutions. Every optimal solu-
tion on a convex set is located in corners of that
set, i.e. not interior of any line segment between
some points u and v. This is certainly a very con-
venient property when one wishes to find optimal
solutions. It implicates that instead of checking
every possible element in the feasible region it is
sufficient to investigate only the corners. It also
implicates that since the feasible set is convex one
can traverse these extreme points following a path
of ascending (or descending depending on objec-
tive function) corner points until it is not possible
to find a better solution; the optimum is found.

This is the general idea behind the simplex algo-
rithm; to utilize the convexity of the feasible region
to traverse these points and ultimately find an op-
timal solution. This concept is illustrated in Figure
5.

6 Integer programming

The integer program has the same general outline
as the linear program with the exception that in
integer programs the vector x to be maximized is
a vector of n integer variables, x ∈ Zn. However
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Figure 5: A representation of the simplex algo-
rithm ”in action”. Notice the iteration. Source:
Wikipedia (n.d)

slight the difference between forcing the vector to
only assume integer values and allowing real solu-
tions may seem, the implications in terms of solving
these models vary substantially. In fact this small
difference creates an entirely different feasible re-
gion for the integer program in comparison to the
linear program. The feasible region of an integer
program is more accurately described as a feasible
set consisting of some integer points rather than a
coherent region as in the linear program. This ap-
pearance of the feasible region for an integer pro-
gram causes it to lack the convexity property. See
Figure 6 where the blue region is the feasible re-
gion of the linear program and the red circles is the
feasible set for the integer program.

Figure 6: The feasible set for the integer program
is the red dots causing the integer program to lack
the convexity property. Source: wikipedia (n.d)

From Figure 6 it becomes evident that

1) the feasible set of an integer program is
not convex and
2) one cannot apply the simplex algorithm to find
optimal integer solutions.

In other words, one must rely on different
approaches in order to actually solve the integer
program.

6.1 Solving the integer program

Solving the integer program requires some differ-
ent techniques in comparison with solving the lin-
ear program. An interested reader is referred to
Wolsey (1998) who explains the topics presented in
this section in more detail.

6.2 Branch and cut

Branch and cut is widely adopted when trying to
find optimal integer solutions. It is not a procedure
in itself but rather a collaboration or a merge of
different techniques.

The techniques included in branch and cut are
relaxation, cutting plane algorithms, branch and
bound and preprocessing. These techniques, except
preprocessing, is presented below. Preprocessing
is not presented as it in practice is the same as a
cutting plane algorithm.

6.3 Relaxation

The concept of relaxation is to perform a modifi-
cation of the feasible set into a feasible region, as
in the linear program. Two widely used relaxations
are linear relaxation where one allows x to assume
real values and thus enlarge the feasible set into
a feasible region (as seen in Figure 6 where both
the blue and red region contains the red dots corre-
sponding to the feasible set of the integer program)
and Lagrangian relaxation where one performs a
linear relaxation and then drops some constraints
and subsequently add these into the objective func-
tion.

A sought-after property of these relaxations is
that different techniques, such as cutting plane al-
gorithms, can be used to alter the feasible region
of the relaxed problem to find integer corner points
and thus optimal integer solutions.

6.4 Cutting plane algorithms

One way of solving an integer program is to conduct
a linear relaxation, run the simplex algorithm and
subsequently add new inequalities in order to re-
move redundant regions in the corner points so that
an integer point becomes an optimal point. Dif-
ferent algorithms deals with this under the shared
name cutting plane algorithms. It can be seen in
Figure 6 that the blue region corresponding to a re-
laxation of the feasible set (the red dots) has been
cut by the green line, creating a smaller feasible
region.
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6.5 Branch and bound

Branch and bound deals with breaking a certain
problem into smaller problems and solving these.

Definition 6.1. Let S = Si∪ . . .∪SK be a decom-
position of S into K smaller sets. Also let zk be
the optimal solution for decomposition k such that
zk = max { cx : x ∈ Sk } , k = 1 . . .K. Then the
optimal solution for the overall problem is z =
maxkz

k.

Where Definition 6.1 entails that one may assign
a decomposition algorithm to create k decomposi-
tions by for instance forcing some variables to as-
sume some values, and then find the optimal solu-
tions for these. Then, the optimal solution for all
the k decompositions is the optimal solution for the
whole program.

7 Previous work

Improvements in transportation planning has be-
come more and more important in the forestry in-
dustry, due to large volumes and long transporta-
tion distances coupled with increasing fuel prices
and environmental awareness. An interested reader
may want to read Epstein et al. (1999) and Wein-
traub et al. (1969). The forest industry gener-
ally employs numerous applications of optimization
techniques in their operations. Rönnqvist (2003)
highlights the need for optimization in the forest in-
dustry showing eight different areas where it is ap-
plied, ranging from the board cutting in the forests
to annual harvesting, scheduling, road investments
and forest evaluation. Rönnqvist (2003) also cat-
egorizes the different applications in terms of level
of implementation; be it on a strategic level or a
planning level.

The concept of modelling a system with the
particular characteristics of this master thesis with
a mathematical approach has been evolved from
the classical travelling salesman problem (TSP) in
which one agent, or vehicle, visits a certain set of
nodes in such a way that the overall travel route
can be minimized. This concept was later enhanced
further by Dantzig and Ramzer (1959) to a model
often referred to as the Vehicle Routing Problem
(VRP) in which case these nodes includes certain
demands and the vehicle has certain capacities. Be-
cause of the complexity involving how to plan and
schedule these routes along with the possible bene-
ficial outcomes of implementing these kinds of prob-
lems, many extensions of the classic VRP has been
developed. One of the extensions of the VRP is
to include time windows which are time intervals

when the vehicles can visit certain nodes. This can
be used for instance in Just In Time, JIT, planning.
This model is called VRPTW, or Vehicle Routing
Problem with Time Windows.

Another interesting extension of the VRP which
could be used to solve the problem of this master
thesis is the VRPTWTS where the VRPTW has
been extended to include transshipment nodes, i.e.
intermediate stock locations to be used as hubs.
PUDPTW – the Pick Up and Delivery Problem
with Time Windows is another extensions where
the vehicles is given the possibility to deduct some
subsets of the demands at different supply nodes to
be transported to a demand node. Cordeau et al.
(2002) portrays a general survey of different VRP
models. Bräysy & Gendreau (2005) provide a sur-
vey of methods concerning VRPTW.

There exist many evocations in terms of opti-
mization within logistics and supply chain manage-
ment in the forest industry. The term DSS is often
used to describe these types of models. A DSS, or
Decision Support System is a system which tries to
aid in the planning of the routes – eliminating the
need of manually designing them. ASICAM (Ep-
stein et al., 1996) is an early DSS created to ease
the planning of logging trucks. It is used by many
forest companies in various South American coun-
tries. It assigns the drivers a schedule on a daily
basis which is created by a simulation based heuris-
tic. The methodology employed does not take the
entire day’s operations into account and instead
optimizes sequentially. It can only consider one
day scheduling at a time. Åkarweb (Eriksson and
Rönnqvist, 2003) is a system which solves potential
transport orders on a daily basis which then be-
comes routes when the transport managers select
the actual transport orders. It is based on a lin-
ear program backhauling problem. Åkarweb does
not produce any schedule but rather determines the
destinations of the logs. Gingras et al. (2006) de-
scribes a system called MaxTour which is developed
for the forest industry in Quebec, Canada. The sys-
tem establishes routes with predefined loads with
already initialized origin-destination pairs. The
destinations of the logs are therefore already de-
termined and MaxTour establishes single backhaul-
ing routes. MaxTour does not produce any sched-
ule. RuttOpt (Andersson et al., 2008) is another
system developed with the aim of reducing trans-
portation costs within the industry. It is carried
out in two stages. Initially a pick up and deliv-
ery model is used to identify the best way to drive
fully loaded trucks. A unified tabu search, adapted
from Cordeau et al. (2001) modified to better suit
the needs for the article, is then employed to model
how to drive the remaining piles in the best manner.
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RuttOpt describes a system with much detail. The
mathematics behind RuttOpt is described in detail
in Flisberg et al. (2009). Forsberg et al. (2005)
describes FlowOpt and evaluates the system using
some case studies. This is done using an optimiza-
tion which involves backhauling. The technique to
solve the system is to use so-called column genera-
tion.

Frisk et al. (2010) performed a survey in the
subject of cost allocation models within company
cooperation as well as a survey of the benefits of
backhauling in the forestry industry. The survey
consisted of case studies of different cost alloca-
tion methods. The authors also proposed a new
method for cost allocation models in the premiss
of the forestry industry. This new method pre-
sented is called EPM. In particular the concepts
of Shapley’s value, Nucleous, CGM and EPM had
properties suitable for this project. The survey con-
ducted by Löfroth and Svenson (2012) of the use of
the ETT trucks concluded that the transportation
costs and CO2 emission were reduced by 20 % and
the need for transportation by 35 % when compar-
ing to solely rely on the conventional trucks.

In supply chain management theory it is of-
ten considered a prerequisite to include cooperation
throughout the whole supply chain if one wishes to
employ a pull system, which means that products
are produced when it is established that there is
a demand for them. Because the pull system rely
heavily on the pillar of cooperation it is often con-
sidered to be a necessity to provide the companies
within the supply chain to have valid information
sharing systems. These are often employed through
BI (Business intelligence) or IT (Information tech-
nology). Some scholars elucidates the importance
of these systems being electronic and automatic
(Tseung et al., 2012).

7.1 Cost allocation models

This section will describe the concepts and the
mathematical models of some cost allocation con-
cepts. The concept of a cost allocation model is
to find how big cost or saving each participating
company within a cooperation is responsible for or
entitled to (depending on if you use the model to
calculate the costs or savings respectively). Cost
allocations can be calculated in many ways, and it
therefore exists some desired properties which can
be used to evaluate a specific model. There are sev-
eral different criterias for a cost allocation model.
So many in fact that Frisk et al. (2010) claims that
no model actually fulfill them all. There are how-
ever some which are more commonly used which
will be presented here.

We define a subset of participants from the
grand coalition, N to be a coalition S of participants
i.e. the grand coalition is the set of all eligible com-
panies to join and participate in a cooperation, and
a coalition S is a subset of these. We introduce the
coalition because it is not always preferred to allow
all eligible participants to join a cooperation. The
total cost may for instance become greater if a com-
pany joins the participation, while that participant
does not contribute any positive net value. Every
participant within N is assumed to have the oppor-
tunity to form a coalition. When there is a coali-
tion, S, can the total cost for that specific coalition
be described as c(S). A cost allocation model that
splits the total cost c(N) is said to be efficient if
each company’s individual cost sums up to the to-
tal cost, i.e. if

∑
j=N yj = c(N) where j ∈ N is a

participant of the coalition and yj is the total cost
occuring for participant j. The model is said to be
individually rational if, for every participant, the
inclusion in the coalition implies lower costs than if
the participant were independent of the coalition,
i.e. if yj ≤ cj . The core is defined as those cost
allocation models, y which satisfies the efficiency
condition as well as rationality for all the partici-
pants within the core, i.e.

∑
j∈S yj ≤ c(S), S ⊂ N .

If one cost allocation model is in the core, we say
that the cost allocation is stable.

7.2 The Shapley value

The Shapley value is computed as if every par-
ticipant in the coalition were to enter it one-by-
one. When the participant enters the coalition, the
player is assigned a marginal cost, which implies
that the total cost of the coalition increases as more
participants joins. If the participants where to en-
ter the coalition one at a time randomly, we could
calculate the cost allocation as:

yj =
∑

S⊂N :j∈S

(|S| − 1)!(|N | − |S|)!
|N |!

[c(S)−c(S−{j})]

In this equation, |S| denotes the number of
participants in the considered coalitions, i.e the
amount of elements in the set S. The summation
is carried out over all coalitions, S, which contains
participant j. The expression c(S) − c(S − {j})
describes the additional cost which occurs if par-
ticipant j enters the coalition. The Shapley value
is not guaranteed to grant the individual rational-
ity property and as such there is no guarantee that
the model meets the criterion of a stable value. It
has however been proved to be the only value that
satisfies four axioms formulated by Shapley (1953),
which will not be presented here.
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7.3 The nucleolus

Schmeidler et al. (1969) presented a cost allocation
model which is surveyed in the works of Frisk et al.
(2010). In describing this model we proceed with
the terminology for N = { 1, 2, ..., n } representing
the grand coalition with n players and S being
a coalition, where S ⊂ N . We also define v(S),
called the value of coalition S. By assumption
v(S) = 0 if n ≤ 2. The outcome of a game will
be a n − tuple x = (x1, x2, ..., xn) where each xi

represents the outcome of player i. Schmeidler et
al. (1996) defines the payoff vector to be a vector
where xi ≥ 0, i = 1, 2..., n and where x(N) = v(N)
where x(S) =

∑
i∈S x

i. We denote X to represent
the set of all payoff vectors.

The idea behind the nucleous is to find the
payoff vector that is accepted as a compromise be-
tween the players within the cooperation. Suppose
we have two payoff vectors, x and y. Then the
procedure of finding the accepted payoff vector is
done by computing the so-called excess, which is
defined as v(S) − x(S), S ⊂ N with respect to x.
This number reflects the ”attitude” of coalition S
in regards of the proposed payoff vector x. If one
coalition has a great excess it is interpreted as that
coalition being the most reluctant to a suggested
payoff vector. If max { v(S)− x(S) | S ⊂ N } >
max { v(S)− y(S) | S ⊂ N } we can conclude that
the payoff vector represented as y is more accepted
than that proposed by x.

7.4 Allocations based on separable
and non-separable costs

Tijs and Driessen (1986) describe different alloca-
tion models based on procedures which differates
the separable and non-separable costs for the as-
sociated companies in the system. The common
methodology for these models is to allocate to each
company its separable cost, mj and subsequently
its non-separable cost, wj . The non-separable costs
are distributed according to different weights. The
definition of these weights differs between different
models based on separable and non-separable costs.
The separable costs equals mj = c(N)−c(N−{j}),
i.e. the marginal cost of participant j upon joining
the grand coalition, N . Of the models presented
by Tijs and Driessen, only the Cost Gap Method,
CGM were found stable in the survey conducted
by Frisk et al. (2010). In this model the weights,
wj are computed as wj = minS:j∈Sg(S) where
g(S) = c(S) −

∑
j∈S mj . The separable cost mj

constitutes a lower bound for the associated cost
of participant j when joining the grand coalition.

The amount mj + wj can be seen as an upper
bound associated to participant j’s inclusion into
the grand coalition. It is what participant j would
pay if all other participants pay their marginal cost
in the best coalition S. This model assumes that
g(S) ≥ 0,∀S and

∑
j∈N wj ≥ g(N). Hence, mod-

els based on separable and non-separable costs dis-
tributes the costs according to

yj = mj +
wj∑
i∈N wi

g(N)

7.5 Equal profit method

Frisk et al. (2010) found some reluctance with
these models when presenting these to the com-
panies within the studies. According to Frisk et
al. (2010) it would be beneficial in negotiation sit-
uations to be able to present a model where the
relative cost savings is as similar as possible for the
different participants. This led to the development
of the equal profit method, EPM. It is defined as:

minf

s.t. f ≥ yi
c({i})

− yj
c({j})

,∀(i, j)∑
j∈S

yj ≤ c(S), S ⊂ N

∑
j∈N

yj = c(N)

yi ≥ 0,∀i

Where the relative saving of participant i can be
expressed as (c(i)−yi)/c(i) = 1−yi/ci. This quan-
tity, while under the assumption that the value is
stable, has the property that c(i) ≥ yi. Thus we get
the difference in relative savings which is shown in
the first constraint. The two remaining constraints
defines all stable allocations, rendering this model
to calculate the allocation which minimizes the dif-
ference in relative savings while ensuring that the
allocation is stable.

8 The chosen model

This section will describe the model which my own
mathematical model will be based upon. This sec-
tion will describe how to interpret the model in
general and how to visualize it. My own model will
however be described mathematically in the section
Results. The model I will propose will be modified,
but the general description in this section will still
apply. The model I will present in Results will be
based on phase one of Flisberg et al. (2009) – as
such phase two will be omitted in this paper. More
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on this in Discussion.
The model used as a fundament in this master

thesis is the model used in RuttOpt (Andersson et
al., 2008), which is a program employed in many
case studies in the forestry industry. It is provided
and developed by Skogforsk. The model itself is
developed by Flisberg et al. (2009). The scope of
the model is to minimize the transportation route
required in order to provide each company within
the system their demand (if it can be met) within
some time constraints. It is a two–phased model.
The first phase accounts the flow between the sup-
ply and demand points for individual trucks dur-
ing individual days. The model’s constraints fo-
cus on supply, demand and time availability of the
trucks. According to Flisberg et al. (2009) it is a
model is more detailed than the traditional mod-
els as it involves decisions about individual trucks.
The aim of phase one is to form transport nodes
which are full truck loads loaded at one or several
supply points and subsequently transported to one
demand point. It is the solution of phase one which
provides the basis from where these nodes can be
generated. These will then be used as a basis in
phase two, where a route will be created, being
connected from the departure from a demand node
to the arrival to a demand point. The reasoning
behind this is to initially proclaim an initial opti-
mization leaving the ”remaining” optimization to
become a VRPTW which can be solved using the
unified tabu search algorithm (UTSA) developed by
Cordaeau et al. (2001). This algorithm is however
extended by Flisberg et al. (2009) to enable dif-
ferences in supply and demand and multiple home
bases. Phase two focuses on how to drive the re-
maining piles of lumber which is left after only the
full truckloads from phase one has been undertaken.

8.1 Interpreting the model

A description of the actual routing of a lumber
truck is presented in Figure 7. The truck is loaded
with the supply to be delivered at the different re-
finement stations D1-D4 from the supply points S1
through S6. The square H denotes the home lo-
cation where the vehicle starts and ends the work
day. This can either be a company’s location or
the personal address of the driver. It can be noted
from Figure 7 that the problem can be presented
as a pick up and delivery problem as several supply
points may be needed to visit in order to fulfill one
customer’s demand. In the example portrayed by
Figure 7 C1 represents a location where a change
of driver is done.

Figure 7: An illustration of a daily route for a log-
ging truck. The order in which the locations is vis-
ited in is numbered 1 to 15. Source: Flisberg et al.
(2009)

8.2 Supply and assortments

Each harvest area is defined by a geographical node
and supplies logs divided into different categories,
or assortments presented earlier. Logs of equal or
similar assortments are divided into piles in the
vicinity of the roads. For the purpose of modelling
we define a supply point to be a geographical node
which can contain different assortments. The infor-
mation of a supply point also includes volume of the
assortments. The volume parameter will keep track
of the volume of the specific assortment, which can
be increased due to production at the harvest area,
and a reduction caused by transportations to re-
finement stations. A harvest area is subordinated
to two time windows – the first corresponding to
the general availability (which is the same for all
trucks) and the loader availability. The latter time
window is invoked because trucks without a crane
depend on a loader to facilitate the loading, which is
available during working hours. The general avail-
ability of a harvest area is twenty four hours a day.

8.3 Demand and assortment groups

The definition of a demand point is a customer or-
der carried out by a refinement station - for in-
stance a sawmill. The customer order includes an
assortment group and a volume which can be di-
vided into different demand points if there are lim-
its on the proportions of different assortments in
an order. The demand points are open during spe-
cific hours which typically varies from industry to
industry. Paper mills, for instance, are typically
open 24 hours a day whereas small sawmills may
only be open during regular office hours. Figure 8
illustrates how weekly demands can be decomposi-
tioned into daily minimum and maximum demand.
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Figure 8: An illustration of a weekly demand in
daily minimum and maximum demands. Source:
Flisberg et al. (2009)

8.4 Trucks and drivers

The trucks may differ in terms of having a crane
or not. The law regulates the total weight of the
trucks, i.e. if a crane is added, the loading capacity
is lowered. In Sweden the loading capacity of tra-
ditional trucks without a crane is 38 tonnes. The
loading capacity when a crane is used is reduced by
the weight accounted by the crane. According to in-
terviews using a crane lowers the loading capacity
with 2.5 tonnes, i.e. a maximum loading capacity
of 35.5 tonnes if the use of a crane is adopted. If the
truck uses a crane no loader is required at the sup-
ply points. As presented earlier refinement compa-
nies tend to employ several logistics companies, or
hauliers. These may have a single truck at their dis-
posal or a vehicle fleet. The availability of a truck
depends on how many drivers that uses that spe-
cific truck. For instance a single driver is restricted
by law to work a maximum of 10 hours during a
day. If the truck is used in shifts of for instance
three people it can be used during every hour of the
day. In the case of multiple drivers, they change at
specified change-over nodes. The vehicles start and
end the day’s total driving routes at specific home
bases. As a consequence of the points presented
in this section, we can conclude that the time re-
quired (and costs) differs for loading at the supply
points which stipulates the need of separated costs
and working hours for the loading / unloading pro-
cedure. Unloading is most commonly done through
”industrial unloading”, i.e. that the company that
receives the delivery has cranes disposable to con-
duct the unloading themselves. The working hours
for each vehicle is gathered from information from
the companies involved in the study.

8.5 Distances and geographical
nodes

There exist four types of nodes; the supply points,
the demand points, the change-over points and
home bases. Due to the mathematical nature of this
problem it is of importance to compute both the
distances (which will be minimized in the model)
and the driving time between all pairs of nodes
(which must comply to the working hours of the
trucks). For this purpose the Swedish national road
database, NVDB, may be used. This database has
detailed information of all roads in Sweden, includ-
ing private roads which are often used to access
remote forest areas.

8.6 Objective and costs

The objective is to balance the most efficient route
which minimizes the transportation costs while still
fullfilling the demand put onto the system. This
minimiziation will be performed to minimize the
costs for the entire vehicle fleet. In alignment with
Flisberg et al. (2009) the plain transportation costs
has been extended to include a set of different costs.
This is in order to mimic the practical aspects of the
mathematical model to a higher extent. The plain
transportation cost is defined as a unit distance cost
which differs depending on if the trucks are fully
loaded or not. Included in the model is also a cost
associated to the working hours, i.e. a cost con-
nected to the time the truck operates. A penalty
cost is also associated with the model which will
be activated if the demand for some reason could
not be met. There are also two bonuses associated
with the model; the first is a demand based bonus
and the other a supply based bonus. A demand
point can specify a bonus value for each ton of logs
supplied if it is desired to receive more supplies,
if it is possible, than indicated by the lower daily
demand. The forest industry stipulates a fast re-
moval of all piles connected to a lumbering area to
prevent the material to become ruined. A bonus is
implemented for certain supply points. This bonus
is however only applied to supply points specified
by the planner.
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9 Results

As a prelude to this chapter; this section shows an example of an instance with corresponding values of
parameters and its optimal solution. The intent is to show that the model is working as intended, and
this section is therefore not connected to any reality–based data. The theories of different cost allocation
models has already been presented in a separate section and will not considered here to prevent a result
chapter stretching several pages of theory.

My proposed model will also be described here, and it will be used in the results of Scenario 1 and
Scenario 2.

9.1 Mapping the present

An interview with the CEO of one of the major hauliers to one refinement company revealed additional
complexity and information regarding order handling and how the transports are conducted. The
additional complexity stems from the roads which are used to gather the harvested lumber. According
to the interviewee private roads are used almost exclusively to transport the lumber from lumbering
areas to the refinement stations. The availablility of these types of roads are restricted and it is up to
the committee of the specific road to grant access or to decline transports over the road. The incitement
to decline access is mainly due to the roads being too weak, especially during the spring. Problems
also arise in the planning of the routes due to lack of information about maintenance. For instance,
ploughing the roads during the winter is a necessity for availability.

The haulier provides outsourced logistic solutions to five companies in the county. Typically an
order is presented by the refinement company and the outsourced logistic companies then decide how to
complete this order. For this purpose a mathematical optimization model is used to plan the routing.
The driving route is then e-mailed to the specific vehicle(s). The recipient has access to a computer in
the truck. It is also common that the recipient uses personal cell-phones or home computers to access
the driving schedule. Cell phones are widely used to aid in the information sharing between the logistic
company and the vehicles.

The interviewee also mentioned that they practice lumber exchanges with other logistic companies.
These are carried out in an informal matter; it is based on knowledge about how and where other
companies operates. It is based on personal relationships. The information forum used is cellular phone
contacts. According to the interviewee, using cellular phones and e-mail correspondence is sufficient.

The interviewee stressed that the logistic companies are subjected to a highly dynamic industry. For
them, the most beneficial information system would be a system which rapidly updates road conditions
and if specific roads has been ploughed etc. The interview revealed how sensitive logistics companies
are to external conditions, and how these causes distress in the routes. Delays coupled with daily time
restrictions on the drivers enforced by the law, can cause huge problems. It can for instance cause high
complications when two people shares the same vehicle and works in shifts.

9.2 The proposed model

The variables used in the model are:

xijvta Flow of assortment a from supply point i to demand point j using vehicle v at the end of period t

lita Storage of assortment a at supply point i at the end of period t

h+ Total time to perform all transportations available

sjta Volume of not fulfilled demand of assortment a at demand point j at the end of period t, i.e. demand
not met at t.

The sets and parameters of the mathematical model are defined as:

V The set of vehicles
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T The set of time periods

I The set of supply points

J The set of demand points

A The set of assortments

L A set of ordered pairs 〈i, j〉, i ∈ I, j ∈ J where each ordered pair describe the relationship between a
supply point i and the demand point j which has the supply point contracted

W+ The set of all combinations of ordered pairs, W+ = I × J , where × is the Cartesian product

R The set of all ordered pairs which are present in W+, but not in L, i.e. R = W+ \ L, where \ is the
set difference

s+ita Additional supply of assortment a at supply point i provided during time period t

d−jta Accumulated lower demand of assortment a at demand point j in period t

d+jta Accumulated upper demand of assortment a at demand point j in period t

cijv Unit transportation cost between point i and j using vehicle v

ui Bonus for loading 1 ton at supply point i

vj Bonus for delivering 1 ton at demand point j

pij Unit transportation (and loading/unloading) time between supply point i and demand point j

hvt % of total transportation time (h+) vehicle v is allowed to utilize in period t

Mjt Penalty for each ton of unfulfilled demand at demand point j in period t

ε A constant value which determines how much a company may deduce from other companies in relation
to how much the company supplies.

capv The maximum loading capacity of vehicle v
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The mathematical model created is:

min

z =
∑
t∈T

∑
v∈V

∑
a∈A

∑
〈i,j〉∈A+

(cijv − ui − vj)xijvta +
∑
j∈J

∑
t∈T

Mjtsjt (1)

s.t.

li,t−1,a + s+it −
∑
v∈V

∑
〈i,j〉∈A+

xijvta = lita, ∀i ∈ I, t ∈ T, a ∈ A (2)

∑
v∈V

∑
p∈T, p≤t

∑
a∈A

∑
〈i,j〉∈W+

xijvpa + sjt = d−jt, ∀j ∈ J, t ∈ T (3)

∑
v∈V

∑
p∈T, p≤t

∑
a∈A

∑
〈i,j〉∈W+

xijvpa ≤ d+jt, ∀j ∈ J, t ∈ T (4)

∑
t∈T

∑
v∈V

∑
a∈A

∑
〈i,j〉∈A+

pijxijvta ≤ h+ (5)

∑
a∈A

∑
〈i,j〉∈W+

pijxijvta ≤ hvth+, ∀v ∈ V, t ∈ T (6)

∑
〈i,j〉∈W+

∑
a∈A

xijvta ≤ capv, ∀v ∈ V, t ∈ T (7)

∑
i∈I:〈i,j〉∈L

lita ≥
∑
v∈V

∑
〈k,l〉∈R:(k,j)/∈L

∑
g∈T :g≤t

xkjvga −
∑
v∈V

∑
〈i,j〉∈L

xijvta + ε, ∀t ∈ T, j ∈ J, a ∈ A (8)

lit ≥ 0,∀i ∈ I, t ∈ T (9)

xijvta ≥ 0,∀〈i, j〉 ∈ A+, v ∈ V, t ∈ T, a ∈ A (10)

sjt ≥ 0,∀j ∈ J, t ∈ T (11)

Constraint (2) models that the stock of an assortment a at a supply point i at time period t is the stock
level for that specific assortment at the end of the previous time period in addition with the ”net flow”
in and out from the supply point at time t.

Constraint (3) describes that the total volume transported of assortment a must equal time step t’s
lower demand limit. If it does not, the difference is tracked as sjt which will activate a penalty in the
objective function z.

By analogue constraint (4) emphasises that it is not allowed to deliver more lumber to demand point
j than the upper demand limit permits.

Constraint (5) and (6) provides the time capacity for each truck and time period. These constraints
forces all vehicles to perform similar work loads in relation to the total time available for the tasks. In
particular (5) tells that the summation of all time used individually for all vehicles must sum to the
total time available. Constraint (6) is closely related to (5) but on a more individual level. It claims that
every vehicle’s work load at every time period must not exceed the % of the total workload assigned to
vehicle v at time t.

The constraints added to this model in comparison to the one provided by Flisberg et al. (2009)
are constraint (7) and constraint (8). Constraint (7) describes that for every timestep t each vehicle v
must not exceed the vehicle’s capacity limit, capv. Constraint (8) describes that a company must be
able to provide the system with at least the total amount it has deducted from the other companies for
a specific assortment a up to and including time period t. The addition of ε in the added constraint
is to prevent a company from deducing lumber from other companies’ harvesting areas, whilst only
providing the exact same amount from its own harvesting areas. The remaining constraints (9), (10)
and (11) are the non negativity constraints on the system. The model presented aims to minimize the
total transportation costs for the total route during the entire time period and for all vehicles. This is
presented in (1) which also ”benefits” the objective function by subtracting a bonus for loading and
unloading at specific supply and demand points respectively.
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9.3 Testing the model

This section will test the model with the sets:

T = { 1, 2 }

V = { 1, 2 }

V = { 1, 2 }

I = { 3, 4 . . . 7 }

J = { 1, 2 }

A = { 1 }

L = { (2, 1), (3, 1), (4, 1), (5, 2), (6, 2), (7, 2) }

A+ = I × J

R = { (2, 2)(3, 2)(4, 2)(5, 1)(6, 1)(7, 1) }

and the parameters:

cT =

[
800 20 30 100 120 33 25

20 800 10 80 100 13 15

]

s+it = 0,∀i ∈ I, t ∈ T

d−jt = 1,∀j ∈ J, t ∈ T

d+jt = 3,∀j ∈ J, t ∈ T

hvt = 0, 3,∀v ∈ V, t ∈ T

li0a = 5,∀i ∈ I, a ∈ A

M = 5000

capv = 5,∀v ∈ V

ε = 1

In this trivial example there are only two demand nodes which (for simplicity) is a separate company.
Therefore j will be sometimes be described as a company rather than a demand point in the following
sections, in order to portray the model in a more practical manner.

9.3.1 Scenario 1

Using the set L = A+, in order to avoid a situation where a company uses other companies’ contracted
lumbering areas, the optimal value becomes z = 330. The time for the drivers to complete this route is
h+ = 3. The optimal route is shown in Figure 9.

In accordance with Scenario 1 ’s problem description it can be seen from Figure 9 that this optimal
solution does not use other companies’ contracted lumbering areas – each node ij (in the figure) delivers
to its corresponding company j. In the solution it can be seen that both company 1 and 2 utilizes a full
truckload from its closest valid harvest area of 3 units, and subsequentially a load of 2 units from the
same harvest area. Due to each supply point ij having an initial supply of 5 units, the program then
chooses to utilize the remaining one unit in order to fulfill the company demand from its closest valid
harvesting area.
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Figure 9: The optimal transportation nodes of Scenario 1 shows the optimal route from the nodes ij to
company j. Blue arrows represent vehicle 1 and red arrows vehicle 2. The supply points are represented
as ij for easier view

9.3.2 Scenario 2

Using the model with the test data using the actual A and W+, the corresponding optimal value is
z = 221. The time required by the truck drivers is h+ = 2.4 time units to complete the route.

From Figure 10 it can be seen that if we allow deduction of lumber from harvest areas contracted
by other companies, it is possible to achieve a better solution. From Figure 10 it can be seen that both
companies utilizes the focal company’s cheapest node to the fullest – company 2 takes 4 units in total
from its closest node 3 and company 1 takes a total of 5 units from its closest node 7 as these nodes are
valid in this scenario. The reason why company 2 utilizes node 6 instead of emptying node 3 is because
of the objective function, which is written in such a way that the optimization program optimizes the
system. Therefore, when node 7 is empty it is better for the system to allow company 1 to use its own
node 3 instead of the second best alternative node 4. Hence, company 2 must deduce two units from 6
to meet its own demand, and to not empty 3 in order for company 1 to meet their demand.

In order to test whether constraint (8) worked as intended, the initial values of li0a were adjusted
so that li0a = 0 for i = { 6, 7 } , a = { 1 } and l50a = 3 for a = { 1 } ceteris paribus. The corresponding
optimal value is z = 5750 and the required time for the truck drivers to perform the routes is h+ = 2.2.

From Figure 11 it can be concluded that the total amount of flow to company 2 were 5 units – 2 in
t = 1 and 3 in t = 2. This caused the variable s21 to be activated, showing that the demand in t = 1
were unfilfilled by one unit for company 2, which in turn caused a penalty of M = 5000 in the objective
function. From Figure 11 it can also be seen that company j = 2 utilized its closest valid node i = 3 to
the fullest by deducing 2 units in t = 1 . The reason why company 2 could not deduce more than 2 units
from node 3 is due to constraint (8), as the total supply of company j = 2 were 3 units, and constraint
(8) requires that a company has at least ε = 1 more unit in its supplies than the total amount deduced
from other companies. Company 1 utilized its closest node 3, while still allowing company 2 to deduce
its maximum amount of units. When node 3 were depleted, company 1 utilized its next-closest valid
node – 4 in order to fulfill the demand in t = 2.

9.3.3 Scenario 3

As pointed out by Löfroth and Svenson (2012) the transportation costs were reduced by 20 %, the CO2

emissions by 20 % and the need for transportation by 35 % (as opposed to if the same volume were to
be transported solely by conventional trucks). One can model the inclusion of the ETT trucks using
the proposed model by simply redefining the preset parameter capv corresponding to the capacity of the
trucks.
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Figure 10: The optimal transportation nodes of Scenario 2 shows the optimal route from the nodes ij
to company j. Red arrows represent vehicle 1 and blue vehicle 2. The supply points are represented as
ij for easier view
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Figure 11: The optimal transportation nodes of Scenario 2 where the initial supply has been adjusted
in order to obtain a solution whose optimal solution does not fulfill constraint (8). Red arrows represent
vehicle 1 and blue vehicle 2. The supply points are represented as ij for easier view

10 Discussion

Much emphasis throughout this project has been on receiving the required data. Initially the data col-
lection was vastly delayed rendering actual data to be impossible to use due to time limits. Instead the
intention was to use data from a different optimization conducted by SLU. This data were not actual
data but rather estimations over some small lumber areas’ harvest capacities. These capacities were then
assumed to be homogeneous for a bigger area.

The data itself were not in alignment with this particular project. It showed total capacities, without
consideration for different dimensions in the different lumbering areas. The data also showed lumbering
areas and refinement stations over a much bigger area than this project intended along with data span-
ning a year. For this, I had to narrow the data down to only represent lumbering areas and refinement
stations within a 12.5 metric miles radius. Estimations over the dimensions were collected from the
different companies (i.e. how many percent of the total production is typically credited to a certain
dimension). These parts were done using Python. Python were also used to assign each company a set
of lumbering areas. This was done by shuffling a list of indices in a random order and subsequently assign
a subset of the indices to the different companies. How many lumbering areas a company were given
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depended on how high market share they had. For instance, a company having 40 % of the market share
were given 40 % of the lumbering areas’ supply. The need to randomize the lists of indices were deemed
necessary in order to mimic the competition and the geographical spread of the different lumbering areas.
Having made all these adjustments, it became clear that the data collection would cause a bottleneck
for this project. After conducting an interview it was revealed that there are no database holding the
data I was looking for.

As a result of the impossibility to receive any valid data, this paper’s purpose needed to adjust.
Instead of implementing a quantitive analysis I was forced to conduct a paper whose purpose was to
provide a mapping of the present and subsequently provide a model which accounted to those findings.
What proved to be impossible was to find a plausible distribution of the different dimensions at the lum-
bering areas. This was due to the companies not having any general perceptions regarding approximately
how many percentages that represented a particular dimension in some arbitrary lumbering area, and
the lack of data which did not show lumber already adapted. The latter implicated that it did not exist
any data suitable for my need to be found in any database. I did not want a situation were I simply
used the weights given for the dimensions and claim that every lumbering area would carry all dimen-
sions in some even distribution. It is commonly known that certain dimensions are almost nonpresent
in some lumbering areas, even though they may be quite common in other areas. I tried to simulate
this phenomenon under the assumption that the distribution of trees would converge in probability to
a normal distribution, under the Law of big numbers. This was not however possible, due to no data
to adjust the parameters to (to find a suitable estimated mean value, µ or a estimated variance, σ2, or
to validate the assumption of normal distribution). I also tried to create a vector for this purpose using
integer partitioning, i.e. a program which finds all combinations (terms) to receive a specific sum. This
however proved to be very complex. When I tested with much smaller instances of integer partitioning,
I still got a program which continued to calculate for several hours without any result. It would also
cause disambiguity due to that I essentially had to choose which one of hundred different combinations
would be most suited for the instance. I also tried to create two integer programs whose purpose were
to minimize and maximize the difference between the harvest area with the highest amount of supply
and the lowest. The intentions were then to interpolate these results. The implementation however only
assumed trivial optimal solutions without a constraint which could provide a plausible distribution of
the different dimensions, essentially rendering me to be back at square one.

My findings suggests that the industry must be able to track lumber from different areas using
pre-adapted data. In order to capture the most benefit from a virtual transshipment hub this must
be considered a necessity. The reason is that adapted lumber cannot, generally, be matched with the
demand of other companies. Using pre-adapted could also induce more possibilities to keep company
secrets (such as adaption schemes). The adaption itself is optimized and carried out in matter of seconds
to comply to the company needs, of whomever uses the harvest area be it the contracted company or
some other. From this, emphasis must be placed upon a solid supply chain management to maintain a
good system as well as information sharing system to manage the harvesters in order to create the most
beneficial adaptions.

Interviews with managers and other responsible employees at the different refinement stations has
throughout the project given a picture of the industry where the companies has a limited cooperation
with each other. The companies were reluctant to share too much information between each other. In-
formation which could reveal any strategic planning were especially sensitive. For instance, information
concerning the planning regarding where to have harvest areas and how well these produced and how the
companies adapted their lumber as well as the distribution of this adaption scheme were not shared. The
interviews also gave an indication of the companies in the industry being segregated. Cooperations are
practiced in the industry, but it seems that it is not something integrated at a strategic level. Instead, it
comprises of actions undertaken due to personal knowledge of other companies’ routes. Due to the co-
operations being on personal levels, it is not practiced between all companies. Instead there are clusters
of companies ”eligible” to induce bartering of lumber between eachother. This reveals an industry which
is not operating under optimized conditions, as the companies ”eligible” to cooperate with eachother
depends on mutual contacts and past experiances, rather than mathematical calculations (such as for
instance the Shapley value to calculate which companies would benefit from a cooperation). This, along
with the result of Scenario 1 showing that all else equal the model still yields a better solution using
the proposed model, answers Scenario 1; Is the system optimized taking the findings in identifying the
present into account? The answer is no, a more formal cooperation ought to provide better results.
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The proposed model ought to yield a cost saving, but not as high as the saving presented by Flisberg
et al. (2009). The reasoning behind that savings should occur is due to a more formal bartering system.
The reason why it is assumed that the savings would not be as good as in the model provided by Flisberg
et al. (2009) using the same data sets is due to the introduction of constraint (8) and the very nature of
the integer program. The integer program itself will be relaxed in order to be solved, causing the feasible
set to become a feasible region which has been stated to always hold the convexity property, according
to Theorem 5.2. If the optimal solution provided by the model of Flisberg et al. (2009) would produce
an integer solution which would be infeasible in the extended model proposed by me, we can state that
at least one of the initial set of constraints has become redundant in the new description. This would
mean a lesser numerical optimal solution in the new model in comparison to the original. If the optimal
solutions coincides, the new constraints does not dominate the original constraints rendering the solution
to take the same optimal solution. As a concequence, adding constraint (8) will either cause the model
to receive a lesser optimal solution or the same. It has the possibility of creating a smaller feasible region
and thus not allow as many possible routes as without these constraint (8). Keep in mind though that
Flisberg et al. (2009) did not show any numerical tests for their phase 1 model exclusively, so there are
no quantitive results to compare. Scenario 2: By lifting the restrictions of how the lumbering areas is
contracted to different companies, is there any room for improvements in the system? can therefore be
concluded that, yes, there are room for improvements using an virtual transhipment hub, looking at the
results for Scenario 2 but the optimal value can never be better than those presented by Flisberg et al.
(2009).

The inclusion of the ETT trucks seems to be very efficient, and from the empirical study referenced
in this paper, it seems that the additional capacity of the vehicles exceeds the cost savings achieved by a
higher extent of cooperation. An actual attempt to use my proposed model with the ETT rigs is merely
to define the parameter for cap accordingly. To conclude Scenario 3; I deem the implementation of ETT
rigs to provide much better results in terms of reduced costs as well as in terms of environmental distress.

The choice of cost allocation model boils down to politics and preferences between the different com-
panies. As pointed out by Frisk et al. (2010), the most ”obvious” choice of model would be EPM as it
provides the companies the same incitament to perform well, as well as easier negotiations. However, due
to the reluctancy to have too much cooperation, different companies may feel entitled to higher relative
savings, due to perhaps company size, monetary or knowledgebased investments into the creation of the
system. This could stipulate the use of different cost allocation models. The nucleous’ strength is that it
can be ”customized” in order to capture discripancies from models where savings are distributed evenly.
This is because it is based on the best suited comprimize. Problems naturally occurs, however, if the
associated companies has high gaps in terms of entitlement to the cost savings, rendering no compromize
to be in alignment with many companies.

Due to the current nature in the industry, it may be desirable to create more than one virtual trans-
shipment hub. The interviews revealed that certain companies does not cooperate with others. One
reason behind this may be that the companies feel that they do not receive any benefits from a cooper-
ation with eachother. For this purpose, an initial survey can be conducted using the Shapley value to
deem which companies would be eligable to be included in a system and subsequently some other model
to determine the actual cost allocation for those companies.

Using the Shapley value by itself can also be done, but as stated in the theory it does not guarantee
a stable model which in practice means that the system could yield a higher saving by omitting some
companies, or that some companies could yield a higher saving operating on its own.
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