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Abstract
Transportation, together with transportation planning for goods, provides good conditions for economic growth and is a natural part of
modern society. However, transportation has negative side effects,
including emissions and traffic congestion. A freight forwarder may
consolidate shippers’ goods in order to reduce some of the negative
side effects, thus reducing emissions and/or congestion as well as operational costs. The negative side effects as well as operational costs
can be further reduced if a number of freight forwarders cooperate
and consolidate their collective goods flows. Consolidation refers to
the process of merging a number of the freight forwarders’ shipments
of goods into a single shipment. In this case, the freight forwarders
are cooperating with competitors (the other freight forwarders).
Fair cost allocations are important for establishing and maintaining cost-efficient cooperation among competing stakeholders. Cooperative game theory defines a number of criteria for fair cost allocations
and the problem associated with the decision process for allocating
costs is referred to as the cost allocation problem. In this thesis, cooperative game theory is used as an academic tool to study cooperation among stakeholders in two transportation planning applications,
namely 1) the distribution of goods bound for urban areas and 2) the
transportation of wood between harvest areas and industries.
In transportation planning application 1, there is a cooperation
among a number of freight forwarders and a municipality. Freight
forwarders’ goods bound for an urban area are consolidated at a facility located just outside the urban area. In this thesis, operational
costs for distributing the goods are assessed by solving vehicle routing problems. Common methods from cooperative game theory are
used for allocating the operational costs among the freight forwarders
and the municipality. In transportation planning application 2, forest companies cooperate in terms of the supply and transportation of
common resources, or more specifically, different types of wood. Each
forest company has harvest areas and industries to which the wood
is transported. The resources may be bartered, that is, the forest
companies may transport wood from each other’s harvest areas.
In the cooperative game theory literature, the stakeholders are
often treated equally in the context of transportation planning. However, there seems to be a lack of studies on cooperations where at least
one stakeholder differs from the other stakeholders in some fundamen-
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tal way, for instance, as an initiator or an enabler of the cooperation.
Such cooperations are considered in this thesis. The municipality and
one of the forest companies are considered to be the initiators in their
respective applications.
Five papers are appended to this thesis and the overall aim is to
contribute to the research into cooperative transportation planning
by using concepts from cooperative game theory to develop methods
for allocating costs among cooperating stakeholders. The purpose of
this thesis is to provide decision support for planners in the decisionmaking process of transportation planning to establish cost-efficient
and stable cooperations.
Some of the main outcomes of this thesis are viable and practical methods that could be used in real-life situations to allocate
costs among cooperating stakeholders, as well as support for decisionmakers who are concerned with transportation planning. This is done
by demonstrating the potential of cooperation, such as cost reduction,
and by suggesting how costs can be allocated fairly in the transportation planning applications considered. Lastly, a contribution to cooperative game theory is provided; the introduction of a development of
the equal profit method for allocating costs. The proposed version is
the equal profit method with lexicography, which, in contrast to the
former, guarantees to yield at most one solution to any cost allocation
problem. Lexicography is used to rank potential cost allocations and
the unambiguously best cost allocation is chosen.

Populärvetenskaplig sammanfattning
Kostnadseffektivitet och miljömedvetenhet är viktiga aspekter för en
konkurrenskraftig företagsverksamhet. Dessa aspekter kan uppnås
på många olika sätt och hur detta görs beror på vilken typ av företagsverksamhet som bedrivs. I denna avhandling studeras kostnadseffektivitet och miljömedvetenhet i kontexten av planering av godstransporter. I dagens samhälle är transport av gods och varor en
nödvändighet. Varor produceras på ett ställe och konsumeras på ett
annat. Exempelvis behöver invånarna i en stad kunna handla varor i
olika butiker, såsom mataffärer och klädesbutiker. Men att lagerhålla
varor är dyrt och vissa varor kan inte produceras i städer; således produceras varorna någon annanstans.
Ett sätt att uppnå kostnadseffektiva transporter är att konsolidera
gods, dvs. att samlasta så mycket gods som möjligt för att fylla lastbilar eller någon typ av lastbärare i så stor utsträckning som möjligt. Då
minskas antalet transporter, vilket förhoppningsvis leder till minskade
transportkostnader. Ofta konsoliderar transportföretag sitt eget flöde
av gods, men kostnadseffektiviteten kan öka ännu mer om flera transportföretag samarbetar och konsoliderar den total godsmängden. Då
uppstår ett samarbete mellan konkurrerande transportföretag.
Ett samarbete mellan transportföretag där såväl transportplaneringen som transportutförandet är gemensamt, uppstår gemensamma
kostnader. En naturlig fråga är då: “Hur ska dessa gemensamma
kostnader fördelas rättvist och på ett sådant sätt att samtliga samarbetspartners är nöjda?” Syftet med en rättvis kostnadsdelning är att
undvika risken att något transportföretag anser sig missgynnad och
således bryter samarbetet.
Det är kostnadsdelningsfrågan som behandlas i denna avhandling,
med fokus på att ge goda förutsättningar för att etablera kostnadseffektiva samarbeten. Detta görs i två typer av tillämpningsområden.
Det ena tillämpningsområdet är godstransporter i urbana områden.
Här antas kommunen ha en aktiv roll i samarbetet som ansvarig för
flertalet ickemonetära aspekter så som minskad trängsel, ökad trafiksäkerhet och bra luftkvalité. Det andra tillämpningsområdet är hämtat från skogsindustrin, där timmer och träflis ska transporteras från
avverkningsplatser till t.ex. sågverk, pappersmassaindustrier och förbränningsstationer.
De primära vetenskapliga bidragen i denna avhandling är utvecklingen av nya metoder för kostnadsdelning inom kooperativ trans-
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portplanering. Innan ett kostnadsdelningsproblem kan lösas måste
kostnaden för varje delmängd av transportföretag beräknas. Detta är
en förutsättning för att kunna använda såväl etablerade metoder från
kooperativ spelteori som de metoder som utvecklas i denna avhandling. Kostnaderna beräknas genom att lösa ett antal transportplaneringsproblem med hjälp av optimeringsmetoder. På en mer
modellmässig och beräknings-teknisk nivå handlar det vetenskapliga
bidraget om hur man för varje ny tillämpning och nytt scenario anpassar, nyutvecklar och knyter samman metoderna som används. Till
sist ges ett bidrag till kooperativ spelteori. Det presenteras en vidareutveckling av den existerande kostnadsdelningsmetoden equal profit
method. Vidareutvecklingen medför att en unik kostnadsdelning hittas, vilket inte equal profit method garanterar. Detta görs med hjälp
av lexikografi där potentiella kostnadsdelningar rangordnas och den
entydigt bästa kostnadsdelningen väljs.
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One must imagine Sisyphus happy.”
- from The Myth of Sisyphus by Albert Camus.
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Chapter 1
Introduction
Transportation, together with transportation planning for goods, provides good conditions for economic growth and is a natural part of
modern society. However, transportation has negative side effects
including emissions and traffic congestion. Different types of goods
require different types infrastructure and transportation planning.
Five papers are appended to this thesis and two types of transportation planning applications are considered, namely
1) the distribution of goods bound for urban areas and
2) the transportation of wood between harvest areas and industries.

1.1 Background
Sustainability1 is an important and well-used concept in discussions
on societal development and logistics. There are several dimensions of
sustainability, of which the three most common are economic sustainability, environmental sustainability and social sustainability. The
three dimensions are all important for prosperity at the global level.
However, a trade-off between the dimensions is commonly needed,
and decision-makers are usually not equally concerned with all of
these dimensions.
1
See for instance the Brundtland report (1987) “Our common future”,
http://www.un-documents.net/our-common-future.pdf (October 2018).
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Arguably, the current state of freight transportation is not sustainable. For instance, Cristea et al. (2013) claim that, on average, there
has been a steady growth in CO2 emission caused by international
trade and international transportation, and Boden et al. (2017) report a steady growth in the annual global fossil-fuel carbon emissions,
to which transportation contributes. Further, Trafikanalys (Östlund
and Myhr, 2015) report a growth in both freight and personal transportation in Sweden. The need for change is evident, as reflected
by global initiatives such as the Paris Agreement.2 Thus, there is a
need for research regarding transportation and transportation planning. The topic of this thesis concerns cooperative transportation
planning, and although sustainability is not the focus of this thesis,
the topic relates to sustainability, in the sense that the methods and
ideas presented may lead to more environmental and economically
efficient situations.
A large part of the world’s freight transportation is carried out
by freight forwarders and it is common practice for a single freight
forwarder to consolidate shippers’ goods. As formulated by Stadtler
et al. (2015, p. 226); “A particularly effective consolidation of small
shipments is achieved by a Logistics Service Provider (LSP), who
can combine the transports from many senders.” Efficiency could
improve further if multiple freight forwarders consolidate shippers’
goods jointly. In such cases, there is some sort of cooperation among
the freight forwarders and a common total cost is generated.
In order to maintain a cooperation, fair cost allocations are a
crucial part of a business model, as pointed out by a number of researchers such as Browne et al. (2007), Cherrett et al. (2009), and
Taniguchi (2014). Browne et al. (2007, p. 53) state that “. . . a critical
element in determining the viability of an urban consolidation center
scheme is the way in which the costs and benefits can be allocated between the parties involved”. The problem associated with the decision
process for allocating cost is referred to as the cost allocation problem.
In this thesis, cost allocation problems are solved using methods
from cooperative game theory. In cooperative game theory, a number
of criteria for fair cost allocations are defined. Game theory (cooperative and noncooperative) is the study of strategic decision-making
and relates to mathematical economics. Furthermore, in this thesis
cooperative game theory is used as an academic tool to study the
2
https://treaties.un.org/pages/ViewDetails.aspx?src=TREATY&mtdsg_no=
XXVII-7-d&chapter=27&clang=_en (October 2018).
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cooperation between stakeholders in two transportation planning applications.
In transportation planning application 1, it is considered that the
municipality undertakes a specific role as the enabler and initiator
of the cooperation among the freight forwarders responsible for the
goods distribution in an urban area. The municipality is assumed
to have the opportunity to either offer subsidies to enable the cooperation or to use road tolls to motivate the freight forwarders to
participate in the cooperation. The subsidies and road toll costs are
incorporated in the cost allocation problem.
In transportation planning application 2, a different perspective
of cooperation is studied, namely the process of establishing a cooperation in which the stakeholders, in this case forest companies, join
the cooperation sequentially, and the order in which the stakeholders
join is stochastic. Each time a new stakeholder considers joining the
cooperation, a new cost allocation is calculated. Whether or not a
stakeholder will, or will be allowed to, join the cooperation is based
on the new cost allocation.

1.2 Motivation
Cooperation enables improvements in logistics operations and in supply chains. The fundamental idea is simple; more quantity implies
more synergy, and thus, it is possible to be more efficient. Cruijssen
et al. (2005, p. 2) formulate this as “. . . the LSP’s larger economies
of scale that enable him to perform transportation and warehousing
more efficiently than his customers.” But as Guajardo and Rönnqvist
(2015) point out, there are challenges as well. For instance, when the
number of stakeholders in the cooperation increases, the required coordination increases. At the same time, communication between the
stakeholders becomes increasingly difficult, which makes good coordination more difficult to accomplish. Guajardo and Rönnqvist (2015)
study the issue of maintaining large cooperations in logistics activities and develop optimization models which enables the formation
of a number of smaller stable cooperations rather than one large cooperation. In this context, stable means that there are no economic
incentives for any subset of stakeholders to leave the cooperation and
thus act without the others.
Cooperation among competitors is sometimes called coopetition

3

Chapter 1. Introduction

or horizontal cooperation. Bengtsson and Kock (2000) study the importance of coopetition from both perspectives; competition and cooperation. They argue that these two perspectives are not mutually
exclusive.
A number of researchers such as Eriksson et al. (2006), Teo et
al. (2012), and Wangapisit et al. (2014) conclude that cooperative
transportation planning can lead to a reduction of emissions and congestion. Not only will the environmental and societal impacts be
reduced, but the operational costs (e.g., fuel and labor) might also
be reduced. Lozano et al. (2013) study the case where four shippers
are using a common LSP and cost reductions are realized by merging the shippers’ transportation needs. Lozano et al. (2013) solve
the cost (savings) allocation problem and test different methods from
cooperative game theory on a numerical example. Based on the transportation costs in Lozano et al. (2013), it can be calculated that the
cost reduction for the cooperation is 32%. Further, Frisk et al. (2010)
consider a case from the forest industry and estimate a cost reduction
of 8 − 9% resulting from a cooperation among eight forest companies
transporting wood in Sweden.
If a cooperation among stakeholders is considered and the logistics
operations are optimized at a system level, then the logistics operations may be detrimental for some stakeholders. Moreover, a cost allocation problem arises due to the cooperation. A common approach
to solve cost allocation problems is to formulate them as cooperative
games and calculate optimal costs or profits. By providing cost allocations which are beneficial to all stakeholders, cooperative game
theory can be used as a tool to encourage system optimal solutions.
Cooperative game theory and cost allocation problems have been
used in the literature in the context of cooperative transportation
planning. For instance, Özener and Ergun (2008) study how costs associated with a transportation network can be allocated among shippers. Shippers cooperate, and the cost of covering all demand in the
network is optimized by consolidating the shipments, thus enabling
negotiation of better rates with a common carrier. The goal of their
paper is to develop cost allocation methods that “ensure sustainability
of the collaboration”. The shippers are those who initiate and coordinate the cooperation. However, the relationship between shippers
and the carrier can be reversed, as shown by Cruijssen et al. (2005).
They study a case in which an LSP successively invites shippers with
strong synergy potentials to cooperate, by means of cost saving offers.
4
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Cruijssen et al. (2005) denote the process of successive invitation as
“insinking” and describe it as the antonym of outsourcing. In this
context, outsourcing refers to the process in which a company transfers or contracts out some of its activities to another company. The
ideas presented in Cruijssen et al. (2005) are adopted in Paper III;
however, a simultaneous invitation is considered in Paper III instead
of a successive invitation.
Transportation planning application 1, considered in this thesis
(Papers I, IV and V), concerns urban goods distribution. In this context, Yang and Odani (2007) study a cost allocation problem which
arises when a number of logistics companies use a consolidation center
in order to improve the goods distribution. Yang and Odani (2007)
simultaneously allocate operational costs and fixed costs among the
cooperating logistics companies. In their paper, the fixed costs include
the cost for constructing the consolidation center and the investment
cost for vehicles, whereas in this thesis, only operational costs are considered. Yang and Odani (2007) consider only logistics companies as
stakeholders, but they point out that a cooperation among the companies should be established by either a central company or with the
assistance of the municipality. The latter case is studied in this thesis
and the municipality is included as an enabler of the cooperation.
With regards to future research, Yang and Odani (2007) mention the
use of subsidies (discussed in Paper I) and the use of realistic cases
(Papers IV and V). Further, because of the difficulties of solving certain real-life transportation planning problems to optimality (for the
purpose of calculating optimal costs or profits), in Papers IV and V
calculating approximate costs instead of optimal costs is suggested.
Flexibility is a key aspect for generating synergy effects among
cooperating stakeholders, and Vanovermeire and Sörensen (2014) argue that stakeholders with large flexibilities, for instance in terms
of delivery dates and order sizes, should be rewarded. However, in
the case of two-partner coalitions, flexibility is not usually rewarded
when cooperative game theory is used. Thus, they propose an alternative approach to allocating costs. This approach considers two
scenarios for each cooperating stakeholder: the stakeholders may or
may not be flexible. This approach is beyond the scope of this thesis,
but it is somewhat similar to an aspect discussed in Paper III, where
both constructive and destructive characteristics are considered. The
approach used by Vanovermeire and Sörensen (2014) is also similar
to the phenomena of cooperative potential and bargaining potential
5
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which are well studied in the literature of cooperative game theory.
For instance, Sudhölter (1996) proposes a profit allocation method
that takes into account both the cooperative potential and bargaining potential of all possible coalitions among the stakeholders.
In the literature of cooperative game theory, the stakeholders are
often treated equally. However, there seems to be a lack of studies on
cooperations where at least one stakeholder differs in some way from
the other stakeholders. Such cooperations are studied in this thesis.
Each of the papers appended with the exception of Paper II, includes
an initiator, or enabler, of the cooperation, that is, a dominant player
or stakeholder.
To summarize, some of the research gaps that are addressed in
this thesis include: analysis of the effects on cost allocations based on
approximate costs instead of optimal costs; the inclusion of a dominant player in the cost allocation problem, especially the inclusion of
the municipality in the context of goods distribution in urban areas;
and a case when stakeholders join the cooperation sequentially and
the order is stochastic.

1.3 Aim, overview and contributions
The overall aim of this thesis is to contribute to the research in cooperative transportation planning by using concepts from cooperative
game theory, and to develop methods for allocating costs among cooperating stakeholders. The purpose is to provide models and methods
which can be used to support the decision-making process of transportation planning to establish cost-efficient and stable cooperations.
This is done by demonstrating the potential of cooperation and by
suggesting how costs can be allocated fairly in different transportation
planning applications.
Formulating and solving optimization problems are essential elements of this thesis. All the problems concerning transportation
planning, as well as the majority of the cost allocation problems in
Papers I–V, are modeled as optimization problems.
Some of the main contributions of this thesis are viable and practical methods that could be used in real-life situations to allocate costs
among cooperating stakeholders. The contributions of each paper are
as follows.
I) A conceptual framework in which freight forwarders and the
6
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municipality may cooperate with regards to urban goods distribution and share the total operational costs. Additional contributions are the analyses of how the total operational cost might
be allocated fairly among the stakeholders, as well as suggestions as to how additional side costs generated as a result of
cooperating can be handled.
II) A development of the Equal Profit Method (EPM) for allocating
costs. The proposed version is the Equal Profit Method with
Lexicography (EPML), which, in contrast to the former method,
guarantees to yield at most one solution to any cost allocation
problem.
III) A framework to establish a cooperation among stakeholders
when the stakeholders join the cooperation sequentially and
the order in which they join is stochastic. The cooperation
is motivated by using the cost allocation mechanisms that are
developed in the paper to make fair cost allocations. The cost
allocation mechanisms are additional contributions.
IV) A viable and practical method that could be used in real-life
situations to allocate costs among cooperating stakeholders responsible for the distribution of goods in an urban area. In
this context, viable and practical means that the method has
acceptable computational times and produces reasonable numerical results, even for real-life-sized problems corresponding
to a medium-sized city in Sweden.
V) A further development of the models and methods developed
in Papers I and IV which includes road tolls and alternative
vehicle fleets.
The applicability of the methods in Papers IV and V are verified
and discussed by using real-life cases of urban goods distribution in
the cities of Linköping and Norrköping, respectively. Both cities are
medium-sized cities in Sweden with approximately 140,000 inhabitants.

1.4 Outline
Chapter 2 presents a short overview of cooperative transportation
planning. This is the common theme of the papers in this thesis.
7
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In Section 2.2, the two types of transportation planning applications considered in this thesis are described. One of the applications
concerns the distribution of goods bound for urban areas and the
other application concerns transportation of wood between harvest
areas and industries, that is, the application is a part of the forest
industry.
Formulating and solving optimization problems are essential elements of this thesis and a number of optimization problems and
solution methods, that are related to this are presented in Chapter 3.
Optimization is used to solve transportation planning problems and
cost allocation problems.
Cooperative game theory — the academic tool used in this thesis — is thoroughly explained in Chapter 4. The chapter is mainly
theoretical, but ends with a variety of applications where cooperative
game theory has been used.
Papers I–V are summarized in Chapter 5, and some conclusions
and suggestions for future research are presented in Chapter 6.

8

Chapter 2
Cooperative transportation
planning
The purpose of this chapter is to give a brief overview of cooperative
transportation planning and the applications considered in this thesis.
Cooperative, or at least coordinated, transportation planning may
occur when different types of goods are bound for the same customer or bound for different customers in the same geographic area,
for instance, the distribution of goods to urban areas via a jointdelivery-system (Taniguchi, 2014). Such a system is established in
Lucca, a medium-sized Italian city with a historic city center from
the 16th century. According to Ambrosino et al. (2007), local authorities have taken a number of means, such as introducing regulations
and mobility schemes in order to preserve the quality of tourist assets
(attracting tourists) as well as improving the local environment. A
consolidation center is located just outside the city center, providing
opportunities to sort and transit goods to new routes, using small and
environmentally friendly vehicles.
Stakeholders, workplaces or establishments in a region have the
opportunity to cooperate and coordinate their inbound or outbound
flows of goods. Moen (2014) and Björklund and Gustafsson (2015)
report that some municipalities in Sweden have started to coordinate
their daily goods distribution to destinations such as schools, offices
and retirement homes, and Cherrett et al. (2009) are studying a system in Winchester, where local shops have invested in a coordinated
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waste disposal system.
Coordination may also occur when there are transportation needs
in two directions in the same system; this is called backhauling. In
the transportation planning problem presented by Bailey et al. (2011),
sodas are transported in crates which are left at the customer’s, and
crates filled with empty bottles are sent back. Bailey et al. (2011)
develop mixed integer optimization models for cooperation among
freight forwarders in the context of backhauling, and Ropke and
Pisinger (2006) develop mathematical methods and models for a large
class of problems with backhauling.
Stakeholders who share a common type of resource can reduce
transportation costs through synergy effects when the resource is
bartered. They cooperate in terms of supply sharing. Forsberg et
al. (2005) provide examples of the bartering of wood to reduce transportation costs in the forest industry. They also include backhauling
trips which reduce the transportation costs further.
A Vendor Managed Inventory (VMI) is an example in which cooperation occurs among different types of stakeholders with similar
interests. In a VMI setting, the general idea is that a supplier is
responsible for managing the inventory of their own customers. In
exchange for this additional work, the supplier receives useful information which results in better planning possibilities. Li et al. (2015b)
use cooperative game theory to achieve a stable VMI cooperation between a company and a number of retailers.

2.1 Consolidation
In order to reduce the number of vehicles needed in transportation,
goods can be consolidated and sent as larger bulks. In this context,
consolidation refers to the merging of a number of shipments of goods
into a single shipment. The consolidation of goods can for instance
occur in multimodal transportation, in which several modes of transportation are used. An example of a multimodal transportation case
is found in the work of Diziain et al. (2012), who consider the utilization of waterways and railways for urban goods distribution. The
transitions between the modes require a suitable infrastructure and
locations that enable the modal change. Consolidation is not exclusive to multimodal transportation. For example, in a transportation
system using only one mode of transportation, the goods in two half
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full vehicles can be consolidated into one full vehicle. Although in
some circumstances it is efficient to consolidate, each transition induces additional costs and time. These additional costs might exceed
the gains of consolidation and delivery lead time might increase due
to the additional time spent on the transition.
In the context of urban goods distribution, establishing a consolidation center provides opportunities to invest in new vehicles and
vehicle fleets. In Paper V, two types of homogeneous vehicle fleets
are considered. Duin et al. (2013) study the possibilities of using
different fleets of electric trucks and a consolidation center in Amsterdam from an economic perspective. The distribution of goods
from the consolidation center to the city center is modelled as Vehicle
Routing Problems (VRPs) with constraints related to vehicle battery
capacities. They estimate the costs for distributing goods based on
the different fleet compositions, by solving the VRPs. The costs and
routing solutions are compared and analyzed. Navarro et al. (2016)
present energy-efficient solutions for urban goods distribution in six
Mediterranean cities. They report on the results from pilot tests that
use electric tricycles and consolidation centers. Schliwa et al. (2015)
investigate the possibility of using cargo cycles for urban goods transportation in the UK and Browne et al. (2011) report on the results
of a pilot study in which electric vans and tricycles operate from a
micro-consolidation center in the City of London. Browne et al. (2011)
conclude that the CO2 emissions are reduced significantly and that
the total distance travelled increases substantially, compared to when
diesel vans are used. Neither tricycles nor cargo cycles are considered
in this thesis; the only mode of transportation is by truck.
In Papers I, IV and V, the location of a consolidation center is
provided and in the case of a demonstration project (Eriksson et al.,
2006; Eriksson and Svensson, 2008), an already existing facility was
utilized as a consolidation center because establishing new facilities is
associated with high initial costs. However, in some cases, no available
facilities may exist and a consolidation center needs to be established.
When deciding on the strategic placement of consolidation centers,
the location problem can be modeled with different layers or echelons
of supply chains. Such model is typically used when one or a few
major consolidation centers as well as smaller local delivery stations
are to be located. The major consolidation centers constitute one
echelon and the small delivery stations constitute another echelon.
Tragantalerngsak et al. (2000) develop a mixed integer optimization
11
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model and a solution method1 to solve the two-echelon facility location
problem. The focus of their paper is on the methodology and the test
problems are general, that is to say that no particular application is
studied. Based on the performance of solving the test problems, they
claim that the solution method is efficient.
In some cases, such as in Papers I, IV and V, the locations of
consolidation centers are given. Crainic et al. (2009) study a problem in which the locations of consolidation centers are given, and
they present a model for solving a day-before problem, a problem
type where the demands for the next day are known. The distribution of goods is planned in an urban goods distribution context
with a number of consolidation centers. The new problem is called
the two-echelon, synchronized, scheduled, multidepot, multiple-tour,
heterogeneous vehicle routing problem with time windows.

2.2 Two types of applications considered
In this thesis, two types of transportation planning applications are
considered, as was briefly described in Section 1.1. More detailed
descriptions of these applications are provided below.

2.2.1 Urban goods distribution
Due to the typical characteristics of an urban area, transportation
planning is different compared to that in a regional, national or international context. Aspects which are exclusive to the urban area
must be taken into account. In an urban area, the streets are narrower, the traffic is denser and unoccupied parking spaces are sparse.
The delivery points are geographically closer to each other and there
are more stops, which results in more frequent parking. The ratio
between the time spent handling goods and the time spent driving
is much larger for urban areas than for long distance transportation.
During a demonstration project (Eriksson et al., 2006; Eriksson and
Svensson, 2008) in Linköping, regarding urban goods distribution,
the amount of time spent handling goods was almost six times more
than the time spent driving. Further, Allen et al. (2018) conducted
a case study of e-commercial parcel deliveries in the central London.
They report that the amount of time spent handling goods was on
1

A Langrangian relaxation-based branch and bound algorithm.
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average 62% of the total time spent on the deliveries, with a peak of
77%, which corresponds to a ratio of 1.6 − 3.3 between the time spent
handling goods and the time spent driving. It is not surprising that
the ratio is lower in the London case because parcels are smaller and
easier to handle than the goods delivered during the demonstration
project in Linköping.
In the context of the cooperative transportation planning of urban goods distribution, Taniguchi (2014) claims that it is common to
include a City Distribution Center (CDC) as one means of improving
certain aspects in urban areas. The use of a CDC can make urban
goods distribution more efficient by consolidating goods and thus, improve traffic conditions by reducing the number of vehicles, especially
large trucks; and possibly improve the quality of life by using environmentally friendly vehicles. A CDC is included in Papers I, IV and V.
Björklund and Gustafsson (2015) and Taniguchi (2014) claim that an
appropriate location for the CDC is near the urban area, and thus,
being accessed from a main road and not too far from the urban area.
If the CDC is located in the middle of the urban area, then large
trucks need to travel into the urban area, which is counter-productive
with respect to the aim of reducing the number of large trucks in the
urban area.
Urban goods distribution and the use of CDCs are elements of
City Logistics (CL) and Allen et al. (2007) provide an extensive guide
to the topic. CL can be summarized as follows: There are several
types of stakeholders, both external and internal, who are affected
by CL (e.g., transportation companies, goods receivers/owners, real
estate owners, visitors, inhabitants and the municipality). They have
diverse objectives and they value different impacts differently. The
impacts include economic impacts (e.g., travel time and resource use),
environmental impacts (e.g., pollutant emissions and CO2 emissions)
and social impacts (e.g., risk for injuries, public health and quality of
life). There are several CL means, but due to the stakeholders’ diverse
objectives, the means are often beneficial for some stakeholders and
detrimental to others. The means range from those that are infrastructural or policy-based to logistical or technological. Taniguchi et
al. (1999) and Taniguchi et al. (2001, p. 13) define CL as “the process
for totally optimizing the logistics and transport activities by private
companies in urban areas while considering the traffic environment,
the traffic congestion and energy consumption within the framework
of a market economy”. The means considered in this thesis are mainly
13
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logistical, or more specifically, concerned with cooperative transportation planning.
The transportation planning problems considered in Papers I, IV
and V involve a number of freight forwarders operating in an urban
area. There are delivery points in the urban area, and each delivery
point corresponds to a customer. Customers may receive deliveries
from multiple freight forwarders. As a representative of different external stakeholders such as inhabitants and tourists, the municipality
is interested in reducing the negative social and environmental impact
of the freight forwarders’ operations. Therefore, the municipality suggests that the freight forwarders cooperate and use a CDC instead of
operating individually, independently of each other. By cooperating,
both the number of vehicles used and the number of visits to customers can be reduced. Instead of receiving multiple deliveries, each
customer receives only one delivery, via the CDC. By cooperating,
the total distance travelled and the total time spent on delivering the
goods can be reduced as well. The municipality is assumed to take a
specific role as the initiator, or enabler of a cooperation among freight
forwarders with goods bound for the urban area.
The municipality or local authorities have an important or even
crucial role in the context of urban goods distribution, as pointed out
by several researchers (e.g., Björklund and Gustafsson, 2015; Browne
et al., 2007; Schliwa et al., 2015; Taniguchi, 2014; Yang and Odani,
2007). The municipality is therefore included in Papers I, IV and V
and its role is also discussed.

2.2.2 The forest industry
The forest industry involves activities such as forest management, harvesting, transportation, production and sales as described by D’Amours
et al. (2008) who present a descriptive model of the wood fiber flow
in the supply chain from the forest to the customer, for different forest industry products. Forest management consists of activities such
as planting, pruning, fertilizing and thinning and involves strategic
planning. The planning horizon is long, because it needs to follow
the life cycles of the trees planted, that is, the time from plant to
fully grown tree. The trees are grown in order to meet future demands, and different forest industry products require different types
of wood. Harvesting is planned at a tactical level. Decisions are made
regarding which areas to harvest and where to build forest roads for
14
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easier access. The wood is cut either into logs or chips, depending
on the intended production. The wood harvested is transported by
trucks, either directly to industries or to railway hubs or seaports for
further transportation. Some of the items produced are sawn and profiled wood, pulp, paper, cardboard and various types of fuel; see for
instance Stora Enso2 and Holmen3 . Lastly, regarding sales, because
of the many different items produced, there is a very broad spectrum
of customers and consumers.
A mixed integer optimization model, which integrates harvesting,
forest road building and material flows is developed by Andalaft et
al. (2003), and only a part of the descriptive model by D’Amours
et al. (2008) is taken into account. Andalaft et al. (2003) have also
developed solution methods4 which improve the computation time
significantly compared to simply using commercial (all-purpose) optimization solvers. The model is tested on several instances and later
implemented and used by a Chilean forest company. In Paper III,
a specific part of the descriptive model is considered, namely, the
transportation of wood between the harvest areas and the industries.
The case considered in Paper III, as well as in Frisk et al. (2010),
involves a number of forest companies operating in the southern part
of Sweden, where each forest company’s harvest areas and industries
are located. The part of their operations that is suitable for a potential cooperation is the transportation of wood between the harvest
areas and the industries. A cooperation among the forest companies
can reduce the total transportation cost due to synergy effects when
the wood is bartered, or more specifically, the forest companies can
transport wood from each other’s harvest areas. A conceptual example is shown in Figure 2.1. The black lines represent transportation of
wood, small circles represent harvest areas, and large circles represent
industries.
In Paper III, it is assumed that one of the forest companies, the
initiator of the cooperation, invites the other forest companies to
participate in the cooperation. The forest companies join the cooperation sequentially and the order in which the forest companies join
is stochastic. Who will agree to cooperate is not predefined, but it is
assumed that larger cooperations are preferable to smaller coopera2

http://www.storaenso.com/ (October 2018).
https://www.holmen.com/ (October 2018).
4
Solution methods include: reducing the domain; strengthening the LPrelaxation and; Lagrangian relaxation.
3
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Figure 2.1: Conceptual example of the transportations without
cooperation (left) and with cooperation (right), involving four
forest companies (yellow, red, blue and turquoise) each with one
industry and multiple harvest areas.

tions, because larger cooperations tend to be more cost efficient in the
case considered. Each time a new forest company considers joining
the cooperation, a new cost allocation is calculated. Whether or not
a forest company will, or will be allowed to, join the cooperation is
based on the new cost allocation.
Unlike the assumption made in Paper III, Frisk et al. (2010) assume that all of the forest companies will cooperate and the cost
allocation problem is solved only once. In order to solve the cost allocation problem, Frisk et al. (2010) develop a method for allocating the
total transportation cost, namely the Equal Profit Method (EPM);
see Section 4.1.3. The method is compared with other cost allocation
methods from cooperative game theory by analyzing results from a
number of test instances associated with the cooperation among the
forest companies. In Paper III, a number of cost allocation mechanisms are developed.
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Network flow problems and
vehicle routing problems
The transportation planning problems and the main part of the cost
allocation problems considered in this thesis are formulated as optimization problems. The scientific contribution of this thesis is related
to cooperative transportation planning and how to apply existing optimization methods in this context. That is, optimization is used as
the fundamental tool to solve the problems considered and is therefore briefly described in this chapter. The transportation planning
problems considered in Paper III are formulated as a version of the
network flow problem (see Section 3.1) whereas different versions of
the Vehicle Routing Problem (VRP) (see Section 3.2) are formulated
and solved in Papers I, IV and V. Cost allocation problems and methods are described in Chapter 4 and are therefore not included in this
chapter.
An optimization problem consists of a set of variables that may be
represented by a vector, x| = (x1 , x2 , . . . , xn ), an objective function,
f (x), and a set of equations and/or inequalities; that is, constraint j
may be represented by the equation, gj (x) = 0 or the inequality,
gj (x) > 0. The objective is to find a vector, x∗ , satisfying all constraints and that either minimizes (minimization problem) or maximizes (maximization problem) the objective function, f (x).
A real-life problem is to be solved and is modelled such that the
variables correspond to decisions to be made, or to unknown values
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of the real-life problem. The constraints correspond to limitations of
the real-life problem and/or relationships between the variables. The
objective function values correspond to some quantifiable magnitude
that is intended to be as large or as small as possible.
The two types of optimization problems considered in this thesis
are described in the following sections.

3.1 Network flow problems
Ahuja et al. (1993) present an extensive overview of network flow
problems. A basic network flow problem consists of a set, N , of nodes
and a set, A, of arcs. Each arc, (i, j), is associated with a pair of
nodes (in case of directed graphs, the arc goes from node i to node
j). Each node, i, has a supply, si , which may be strictly positive
(supply nodes), 0 (intermediate nodes), or strictly negative (demand
nodes). Each arc may have a flow cost, cij , and also be associated
with a lower bound, lij , and an upper bound, uij , on the flow. The
aim is to send a flow from the supply nodes to the demand nodes
through the network at the lowest cost, while satisfying flow bounds
on the arcs.
In order to formulate the basic network flow problem, let xij be
a variable indicating the flow on arc (i, j). The positive direction is
from i to j. Let Ak = {(i, j) ∈ A|i = k} and Ak = {(i, j) ∈ A|j = k}.
Then the basic network flow problem can be expressed as the problem
to
X

minimize

cij xij ,

(3.1a)

(i,j)∈A

subject to
X
(i,j)∈Ak

(xij ) −

X

xij > lij ,

(i, j) ∈ A,

(3.1b)

xij 6 uij ,

(i, j) ∈ A,

(3.1c)

k ∈ N.

(3.1d)

(xij ) = sk ,

(i,j)∈Ak

The expression (3.1a) describes the aim to minimize the total flow
cost. The constraint sets (3.1b) and (3.1c) ensure that the flow on
each arc satisfies the bounds. The constraint set (3.1d) ensures that
the net-flow (out-going flow minus in-coming flow) of each node is
equal to the supply of the node.
The transportation planning problem considered by Frisk et al.
(2010) and in Paper III, as described in Section 2.2.2, is modelled
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as a slightly different network flow problem than the basic network
flow problem. The overall supply is greater than the overall demand.
Thus, the constraints in (3.1d) that are associated with supply nodes
are changed to inequality constraints, and state that the net-flow
must be less than or equal to sk . Furthermore, there are only supply
nodes (harvest areas) and demand nodes (industries) and there are
no intermediate nodes. The flows represent how much wood is sent
between each pair of supply nodes and demand nodes. There is no
upper bound on the flow, but there is a lower bound of 0.

3.2 Vehicle routing problems
A basic Vehicle Routing Problem (VRP) (Dantzig and Ramser, 1959)
consists of a set of customers, a depot and a set of vehicles. Each
customer has a demand and each vehicle has a capacity. The aim
is to construct a set of routes originating from and returning to the
depot such that all customers are covered by a route. Each route is
associated with a vehicle, and the total demand of customers covered
by the route is constrained to not exceed the capacity of the vehicle.
The set of routes are chosen such that the total cost or distance is
minimized.
One way to model a VRP, as presented by Toth and Vigo (2014),
is to model the customers and the depot as nodes and to consider the
arcs between all pairs of nodes. Each vehicle’s route is then represented by a selection of connected arcs. Let:
N denote the set of nodes (the depot is node 0);
V denote the set of vehicles;
b denote the capacity of the vehicles;
cij denote the cost or distance from node i to node j;
di denote the demand of node i (d0 = 0);
xijk be a binary variable indicating whether vehicle k travels from
node i directly to node j (xijk = 1) or not (xijk = 0);
yik be a binary variable indicating whether vehicle k visits node i
(yik = 1) or not (yik = 0).
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Then the VRP can be expressed as the problem to
minimize

X

cij xijk ,

(3.2a)

i,j∈N
k∈V

subject to

X

k ∈ V,

(3.2b)

i ∈ N \{0},

(3.2c)

xijk = yik ,

k ∈ V, i ∈ N,

(3.2d)

xjik = yik ,

k ∈ V, i ∈ N,

(3.2e)

S ⊆ N \{0},

(3.2f)

xijk ∈ {0, 1},

i ∈ N, j ∈ N, k ∈ V,

(3.2g)

yik ∈ {0, 1},

i ∈ N, k ∈ V.

(3.2h)

di yik 6 b,

i∈N

X

yik = 1,

k∈V

X
j∈N

X
j∈N

X
i∈N \S
j∈S
k∈V

xijk >

lX d m
i
i∈S

b

,

The expression (3.2a) describes the aim to minimize the total cost or
distance. The constraint set (3.2b) ensures that the capacity of each
vehicle, k, is not exceeded. The constraint set (3.2c) ensures that
each node, i, with the exception of the depot, is visited by exactly
one vehicle. The constraint sets (3.2d) and (3.2e) ensure that if any
vehicle k visits node i, then vehicle k must depart from and arrive
at node i, respectively. The constraint set (3.2f) is the set of subtour
elimination constraints. In this context, a subtour is a route that is
disconnected from the depot.
This type of model is similar to a network flow model and constitutes the basis of the VRPs formulated in Papers I, IV and V.
However, some changes have been made in the papers, such as a reformulation of the objective function and additional constraints and
variables are included. For instance, the objective function (3.2a)
only considers an arc-based cost, whereas some of the costs considered in the papers are stopping costs associated with each node and
correspond to the time the vehicle is parked at the node (the customer). Further, in Paper V, additional constraints are added. The
constraints involve distance limitations corresponding to the range of
the battery of an electric vehicle, that is, the maximum distance to
travel before the battery needs recharging.
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The research on VRPs is extensive. Many versions of the VRP
have been suggested and a large number of solution methods developed. A number of examples of VRP-related literature have already been discussed in previous chapters as well as in the papers
appended to this thesis. Toth and Vigo (2014) list some versions of
the VRP, versions such as time windows, backhauls, pickup and delivery, stochastic travel times and stochastic demand. Further, Koç
et al. (2016b) identify a large number of versions of the VRP, such
as heterogeneous vehicle fleet, split delivery, multi-trips, multi-depot,
open routes, green routing and the use of external carriers. The versions may of course be combined.
The objective function of the VRP considered in Paper V is a
cost function which depends on time and fuel consumption. Other
versions of the VRP that consider fuel consumption are the green
VRP (green routing) e.g. Çimen and Soysal (2017) and the Pollution
Routing Problem (PRP) e.g. Franceschetti et al. (2017). However,
in the green VRP and the PRP, the purpose of assessing the fuel
consumption is to be able to minimize environmental impact such
as CO2 emissions, and not to minimize costs or distance, which are
traditional objectives when solving VRPs. Çimen and Soysal (2017)
consider a time-dependent green VRP with stochastic travel time and
develop a solution method1 and also compare the results between the
cost minimization solutions and emission minimization solutions provided by their method. Franceschetti et al. (2017) develop a solution
method2 to solve PRPs and conduct an extensive test regarding solution quality and computational time. The test includes medium to
large sized PRPs with up to 200 customers.

3.3 Solution methods
Solution methods are used to find solutions to mathematical problems and models, and thus, also to optimization problems and models.
Bertsimas and Tsitsiklis (1997) describe some exact methods such as
the simplex method, binary search methods and various decomposition methods. Exact methods guarantee global optimal solutions.
1

The solution method is an approximate dynamic programming based heuristic
originating from machine learning and neural networks.
2
An adaptive large neighbourhood search heuristic involving several operators
for generating a feasible initial solution and neighbouring solutions as well as a
possibility for parameter tuning affecting the solution method.
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However, the computer memory and computational time required
might be too much and/or too long3 for exact methods to be viable in
practice. This is especially the case for many mixed integer optimization problems closely related to this thesis, and the critical issue is
often the integrality constraints. Other possible issues when solving
optimization problems to optimality might include extensive numbers
of variables and/or constraints; however such issues are not exclusive
to mixed integer optimization problems. In cases when exact methods
are not practical or not even feasible to use, Talbi (2009) and many before him suggests using heuristic methods instead. Heuristic methods
are solution methods that hopefully find good solutions in reasonable
computational time using limited computational power with regards
to both CPU and memory. However, there is no guarantee that a
global optimal solution will be found when using heuristics.
Issues occur when solving the optimization problem (3.2) for large
problems. The main issue is that the cardinality of the constraint set
(3.2f) increases exponentially relative to the number of nodes. In
Paper I, the optimal solutions to VRPs are computed a priori using
constraint generation. This is done by solving subproblems, defined
by (3.2a)–(3.2e), (3.2g), (3.2h) and a subset of the subtour elimination constraints in (3.2f). If an optimal solution to a subproblem is
not feasible in the main problem (3.2), that is, subtours are identified, then the subtour elimination constraints associated with the
identified subtours are added to the subproblem and a new optimal
solution is computed by solving the new subproblem. This is repeated until an optimal solution to the subproblem is feasible in the
main problem. Constraint generation is related to column generation
(e.g., Gilmore and Gomory, 1961) and has been used in the literature,
for instance by: Crowder and Padberg (1980) for solving large-scale
travelling salesman problems; Göthe-Lundgren et al. (1996) for solving cost allocation problems; Mahmoudzadeh et al. (2016) for solving
optimization problems related to radiation therapy; Della Croce et al.
(2017) for solving job shop problems; Mrad and Hidri (2015) when
minimizing electric usage for vehicle trips in a transportation system.
In Papers IV and V, a method similar to constraint generation
is used to solve VRPs and involves including lazy constraints in the
model. The possibility to use lazy constraints is a feature included
3

A computer can run out of memory and it is limited in terms of computational
operations per second, thus affects computational time. Time is a limiting factor
in practice and the computational time may surpass the real-life time available.
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in many commercial solvers such as Gurobi Optimization (2016). In
this context, a commercial solver is a software designed to solve general optimization problems expressed by variables, constraints and an
objective function.
The major differences between the method of including lazy constraints and the constraint generation method involves how often subtours are identified and corresponding subtour elimination constraints
are added, as well as how the new constraints are used in the subproblems. In the constraint generation method used in Paper I, the
subproblems are solved to optimality at which point the subtour elimination constraints associated with the identified subtours are added
to the subproblem. However, if lazy constraints are used, subtours are
identified as soon as a feasible solution to the subproblem is found,
and the corresponding subtour elimination constraints are added to a
pool of lazy constraints. The commercial solver decides which of the
lazy constraints to add to the subproblem and also whether or not
some of the already added lazy constraints should be removed. The
process of adding and removing lazy constraints occurs frequently
throughout the solving process.
When using a commercial solver, it is possible to set a termination criterion, and when the termination criterion is satisfied, the
commercial solver terminates and returns the best found feasible solution. However, there is no guarantee that the solution is optimal
and it is not even guaranteed that any feasible solution will be found.
Using a commercial solver with a termination criterion is in a sense a
heuristic method or approach, because optimality is not guaranteed.
In Papers IV and V, a termination criterion is used and an initial
feasible solution is provided in order to guarantee that at least one
feasible solution is found when the commercial solver terminates. In
both papers, the initial solution is found using the heuristic method
Clarke and Wright algorithm (Clarke and Wright, 1964). In Papers IV
and V, the choice of heuristic method is not crucial, and therefore a
fast and easy-to-implement heuristic was chosen.
Conceptually the Clarke and Wright algorithm begins with one
route for each customer i (see Figure 3.1) and the cost of each route
is c0i + ci0 where cij is the cost or distance from node i to node j
and node 0 is the depot. Incremental savings (cost reductions), sij ,
for merging routes are calculated as sij = ci0 + c0j − cij for all pairs
of distinct customers, i and j. The incremental savings correspond
to removing two arcs, (i, 0) and (0, j), from the current solution, and
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instead, including the arc (i, j). In each iteration, the two routes associated with the largest positive cost reduction are merged, assuming
the merger is valid with respect to for example, vehicle capacity and
that neither arc (i, 0) nor arc (0, j) has been removed yet. In case
of symmetric cost or distance matrices, that is, cij = cji , it is sufficient that both customer i and customer j are directly connected to
the depot and belong to distinct routes. A customer, k, is directly
connected to the depot if at least one of the arcs, (0, k) and (k, 0), is
included in the solution. The termination criterion of the Clarke and
Wright algorithm states that the algorithm should terminate when
there are no valid merges left and/or no more positive cost reductions
for merging routes.
7
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Figure 3.1: A represenation of the initial solution of the Clarke
and Wright algorithm for an arbitrary VRP with one depot,
seven customers and seven routes. The routes are originating
from the depot, goes to the customer and back to the depot.

The network flow problems related to Paper III were solved by
Skogforsk4 using the FlowOpt software (Forsberg et al., 2005). The
software is developed at Skogforsk specifically for the Swedish forest
industry. The author of this thesis has not used the FlowOpt software
but instead, the optimal costs of the network flow problems, studied
in Paper III, are provided by Skogforsk.

4

https://www.skogforsk.se/ (October 2018).
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Cooperative game theory
The purpose of this chapter is to provide a general overview of cooperative game theory which is used as an academic tool in this thesis.
A game consists of a set of players, a set of choices the players can
make and a number of consequences for each combination of choices.
The players do not necessarily have the same choices. An example of
a game is the prisoner’s dilemma (Tucker, 1950; Tucker, 1983). Two
people (the players), A and B, are arrested; both are suspected of
having participated in a crime. Each of them can choose either to
stay silent or to testify that the other person committed the crime
(the choices). The punishments (the consequences) are dependent on
their choices; see Table 4.1.
Table 4.1: Outcomes of the prisoner’s dilemma.

A stays silent

A testifies

B stays silent
A: 1 year in prison
B: 1 year in prison

B testifies
A: 3 years in prison
B: goes free

A: goes free
B: 3 years in prison

A: 2 years in prison
B: 2 years in prison

From a system (the players’) point of view, it is best if both people
stay silent. However, if B stays silent, then it is better for A to
testify, because 0 years in prison is preferable to 1 year. Similarly, if
B testifies, then it is also here better for A to testify because 2 years
in prison is preferable to 3 years. Thus, no matter what B decides to
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do, it is better for A to testify and ultimately, due to symmetry, both
people will testify.
In this thesis, cooperative cost games have been used in order to
solve the cost allocation problems considered. A cooperative cost game
(N, c) consists of a set of numbered players N = {1, 2, . . . , n} and a
cost function c that is defined ∀S ⊆ N , mapped on R. It is common to
define c(∅) = 0 and for simplicity, write c(i) instead of c({i}) and write
P
y(S) instead of i∈S yi . The cost function c is called the characteristic
function, all subsets of N are called coalitions and N itself is called the
grand coalition. The values of the characteristic function correspond
to costs associated with the coalitions. A solution to a cooperative
cost game is a vector y = (y1 , y2 , . . . , yn ) ∈ Rn . A solution represents
how much each player will pay and can also be called a cost allocation.
A cooperative cost game is proper if c(S)+c(T ) > c(S∪T ), ∀S, T ⊆ N ,
S ∩ T = ∅. In this context, proper means that the cost of a coalition
is never higher than the collective cost of a partition of the coalition,
or in other words, it is always advantageous (or make no difference)
to include more players.
If a player wants to increase the possibility of establishing a cooperation, side payments can be used. A player may pay the other
players some kind of compensation in order to increase the probability of establishing a cooperation. Let sij denote the side payment
from player i to player j. Then the final cost, ykf , of player k, will
P
be ykf = yk + i∈N (ski − sik ). Side payments have been used in, e.g.,
Paper I and by Agarwal and Ergun (2010). In the case of the prisoner’s dilemma, such payments can not be used. The value or utility
(years) in the prisoner’s dilemma is not transferable, whereas the
utility (money) in games such as like those described in this thesis is
transferable.

4.1 Cost allocation methods
A cost allocation method yields a set, Y , of solutions to a cooperative cost game. Some cost allocation methods from the literature
are presented below. There are some properties, or fairness criteria,
that a cost allocation method may fulfill; see Section 4.1.1. When a
cost allocation method is considered in practice, it is arguable that
three properties are more relevant than other properties. These three
properties are efficiency, individual rationality and group rationality.
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If these three properties are fulfilled, then there is no monetary (short
term) incitement to not cooperate.
The descriptions of cost allocation methods are divided into two
subsections: variations of the core (see Section 4.1.2); and common
cost allocation methods (see Section 4.1.3).

4.1.1 Solution properties
In this section, a number of solution properties are listed and defined.
The solution properties are referred to in the following sections.
Let Φ denote a cost allocation method. For a given cooperative
Φ .
cost game (N, c), Φ yields a set of solutions denoted Y(N,c)
The cost allocation method Φ fulfills efficiency if y(N ) = c(N ),
Φ . That is, the value of the grand coalition should be allo∀y ∈ Y(N,c)
cated among the players.
The cost allocation method Φ fulfills individual rationality if
Φ , ∀i ∈ N . That is, no player should pay more
yi 6 c(i), ∀y ∈ Y(N,c)
than if acting alone.
The cost allocation method Φ fulfills group rationality if
Φ , ∀S ⊆ N . That is, no coalition of players
y(S) 6 c(S), ∀y ∈ Y(N,c)
should pay more than the coalition would pay if the coalition acted
without the other players. If a cost allocation method fulfills group
rationality, then, by definition, it also fulfills individual rationality.
Let m(i,S) denote the marginal cost of a player, i, to a coalition,
S and be defined as m(i,S) := c(S) − c(S\{i}).
Φ | = 1.
The cost allocation method Φ fulfills uniqueness if |Y(N,c)
That is, exactly one solution to the cooperative cost game, (N, c),
exists according to the cost allocation method, Φ.

4.1.2 Variations of the core
The core
The core (Gillies, 1959) is defined as all solutions that fulfill both
efficiency and group rationality. Thus, by definition, the core satisfies
the three properties efficiency, individual rationality and group rationality. The core is mathematically defined as the set of solutions to
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S ⊂ N,

y(S) 6 c(S),
y(N ) = c(N ).

(4.1a)
(4.1b)

If a solution satisfies the constraints in (4.1) then the solution is stable, or equivalently, the solution is in the core. The constraint set
(4.1a) expresses group rationality and the constraint (4.1b) expresses
efficiency.
The core rarely contains a single element, but instead, the core is
usually either the empty set, or it contains infinitely many solutions,
which is problematic from a decision-making point of view. Due to
this, the core is rarely used in practice as a stand alone cost allocation
method. But since it fulfills efficiency and both rationalities (see
Section 4.1.1), it is common to use the core in conjunction with some
additional method that reduces the set of solutions.
Having at least one solution is a key aspect to solving cooperative cost games. In order to prevent that the set of solutions is the
empty set, Shapley and Shubik (1963) and Shapley and Shubik (1966)
present two extensions of the core, namely, the ε-core and the weak
ε-core. A third extension, the v-core, is used as a part of a larger
cost allocation model in Paper I. The differences and similarities between the extensions are explained in the paragraph that follows the
defining of the extensions below.
The ε-core
The ε-core is an extension of the core in which the inequality constraints (expressing group rationality) are relaxed by adding ε > 0
to the right-hand side for each inequality constraint in (4.1a). The
ε-core is defined as the set of solutions to
S ⊂ N,

y(S) 6 c(S) + ε,
y(N ) = c(N ).

(4.2a)
(4.2b)

By using the ε-core, it is possible to guarantee that the set of solutions
is nonempty. This is done by choosing a sufficiently large value for ε.
The weak ε-core
For the weak ε-core, the relaxation term is scaled by the size of the
corresponding coalition. The weak ε-core is defined as the set of
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solutions to
y(S) 6 c(S) + |S| · ε,

S ⊂ N,

y(N ) = c(N ).

(4.3a)
(4.3b)

Like the ε-core, a nonempty set of solutions can be achieved by choosing a sufficiently large value for ε.
The v-core
An alternative extension of the core is the v-core, which is used in
Paper I. The right-hand side of the equality constraint (expressing
efficiency) in (4.1b) is subtracted by v > 0. The v-core is defined as
the set of solutions to
S ⊂ N,

y(S) 6 c(S),
y(N ) = c(N ) − v.

(4.4a)
(4.4b)

Similar to the ε-core, a nonempty set of solutions can be achieved by
choosing a sufficiently large value for v.
The three extensions of the core are similar, in the sense that it is
possible to prevent the set of solutions being empty. However, there
are some differences. The ε-core relaxes each inequality constraint
equally. This means that all coalitions are treated equally. The relaxation can be viewed as the coalitions’ acceptance of possibly receiving
a higher allocated cost than the cost of the coalition. For a given solution y and coalition S ⊆ N , the excess value, e(S, y) := c(S) − y(S),
can be viewed as a measure of satisfaction. Some coalitions may have
a negative excess value, e(S, y), down to −ε, which means they receive a higher collective allocated cost than if they acted without the
others, by a value up to ε. If the weak ε-core is used instead, it is
argued that larger coalitions should be willing to accept more negative excess (smaller excess value, e(S, y)) since there are more players
who share the additional cost. This is the reason why the relaxation
term is scaled with the size of the corresponding coalition. The v-core
does not relax any inequality constraint. Instead, the grand coalition
cost which is to be allocated among the players, is reduced by a value
v. Then, the value v must be allocated separately in order for v-core
to fulfill efficiency. The v-core does not have a predefined way of allocating this value. In Paper I, however, the value v is allocated to
one specific player and the v-core is used as a part of a larger cost
allocation model.
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4.1.3 Common cost allocation methods
A number of cost allocation methods are used in the papers appended
to this thesis. The methods are defined and explained in this section.
The equal profit method
The aim of the Equal Profit Method (EPM) (Frisk et al., 2010) is to
yield a solution in the core such that the largest difference in pairwise
yj
yi
− c(j)
, is as small as possible. If the
relative costs, defined as c(i)
differences in relative costs are zero, then each player receives an
allocated cost equally proportional to their respective individual cost.
The EPM is defined as the set of optimal solutions to the problem
minimize
subject to

f,
yi
yj
−
6 f,
c(i) c(j)
y(S) 6 c(S),
y(N ) = c(N ).

(4.5a)
i ∈ N, j ∈ N,

(4.5b)

S ⊂ N,

(4.5c)
(4.5d)

The expression (4.5a) describes the aim to minimize the largest difference in pairwise relative costs which is defined by the constraint
set (4.5b), while the constraint sets (4.5c) and (4.5d) define the core.
This is an example of a cost allocation method that uses the core in
conjunction with an additional method, in this case minimizing the
largest difference in pairwise relative costs. Even though the EPM
may exclude a large part of the set of solutions in the core, it does
not necessarily yield a unique solution. In Paper II, two examples are
given, neither of which has a unique solution according to the EPM.
The EPM is used in Papers I and V.
The equal profit method with lexicography
In Paper II, a version of the EPM is developed, the Equal Profit
Method with Lexicography (EPML), and the necessity of the EPML
is discussed. Lexicography is used in the EPML and is described
below.
Let x̂ = [x̂1 , x̂2 ,··· , x̂k ] and ẑ = [ẑ1 , ẑ2 ,··· , ẑk ] be two lists of the
same size. If ∃q ∈ N such that x̂i = ẑi , ∀i < q and x̂q > ẑq , then x̂ is
lexicographically greater than ẑ and the notation is x̂ >L ẑ.
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Let sy be the nonincreasing list of the values for the differences
yj
yi
in relative costs c(i)
− c(j)
for a given solution, y. Then the EPML
yields the solution to (4.5) with the lexicographically smallest sy .
To put it simply, if the EPM yields a nonunique solution, the
allocated costs of some players are ambiguous. When the EPML
is used, the differences in relative costs between these players are
reduced further. This is an iterative process that can be repeated
until a unique solution is found.
The EPML is used in Paper III.
The ∆ equal profit method
Another issue with the EPM occurs when c(i) 6 0 for some player
i. If c(i) = 0 then there is a division by zero when relative costs
(see constraint set 4.5b) are calculated, and if c(i) < 0 for some
player i, then the relative cost will increase when the allocated cost
yi decreases. This is illogical and implies that player i pays a larger
part of its individual cost by paying less. Additionally, given that
c(i) < 0 and that individual rationality should be fulfilled, then the
smallest relative cost for player i is 1, whereas 1 is the greatest relative
cost if c(i) > 0. The issue of the EPM when c(i) 6 0 for some player i
is addressed in Paper I. The suggestion is to calculate a lower bound,
li , on the allocated cost with respect to the core, (4.1), for each player,
yi −li
i, such that c(i) 6 0 and, in addition, to define relative costs as c(i)−l
i
for those players. However, it may be argued that each player should
be treated in the same way. Thus, a new cost allocation method, the
∆ Equal Profit Method (∆EPM), is presented here, where all relative
yi −li
costs are defined as c(i)−l
. The ∆EPM is defined as the set of optimal
i
solutions to the problem
f,

minimize
subject to

yi − l i
yj − lj
−
6 f,
c(i) − li c(j) − lj
y(S) 6 c(S),

(4.6a)
i ∈ N, j ∈ N,

(4.6b)

S ⊂ N,

(4.6c)

y(N ) = c(N ),

(4.6d)

where li is the optimal objective function value to the problem
minimize
subject to

yi ,

(4.7a)

y(S) 6 c(S),
y(N ) = c(N ).
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The value of li is a lower bound on the cost allocated to player i
with respect to the core. The difference c(i) − li can therefore be
seen as a measure of the bargaining potential in the sense that the
measure indicates to what extent the player might bargain. It might
occur that li = c(i), which would result in a division by zero (see
constraint set (4.6b)) and occurs when m(i,N ) = c(i). One way to
handle this could be to decide a priori that yi = c(i) for each player i
such that m(i,N ) = c(i) and exclude them from (4.6b). The ∆EPM
may be nonunique, thus lexicography can be applied to the ∆EPM,
in a similar fashion as to the EPML.
Currently, the ∆EPM is not presented in any paper or journal but
is only presented here and in the work of Dahlberg (2015). However,
the modified version of the EPM suggested in Paper I is very similar.
The nucleolus
Let the excess vector θ(y) be the nondecreasing list containing all
excess values, e(S, y) = c(S) − y(S).
The nucleolus (Schmeidler, 1969) is defined as the cost allocation
that satisfies both efficiency and individual rationality with the lexicographically largest excess vector, or mathematically, {y ∈ X|
θ(y) >L θ(yb), ∀yb ∈ X}, where X = {y ∈ Rn |y(N ) = c(N ), yi 6 c(i)}.
Procedures to calculate the nucleolus can be found in e.g., Paper III or in the works of Dragan (1981) and Kopelowitz (1967) and
involves solving a number of optimization problems iteratively.
From a decision-making point of view, two positive properties of
the nucleolus are that if the core is nonempty then the solution according to the nucleolus is in the core, as shown by Schmeidler (1969).1
The other property is that the solution is unique. A drawback is
that the nucleolus may be empty. This occurs for instance when
P
i∈N c(i) < c(N ).
The nucleolus is used in Papers I and III–V.
1

This is easily understood since any solution in the core (of a given cooperative
cost game) has a nonnegative excess vector, whereas the excess vector of any
efficient solution (fulfills efficiency) not in the core has at least one negative excess
value. Thus, the excess vector of any solution in the core is lexicographically
greater than the excess vector of any efficient solution not in the core.
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The Shapley value
The Shapley value (Shapley, 1953) is a combinatorial construction
where the marginal cost, m(i,S) = c(S) − c(S\{i}), plays a major
role. The grand coalition can be formed when the players are added
sequentially. There are |N |! ways to form the grand coalition, starting
with the empty set. For a specific player, i, and a specific coalition,
S, such that i ∈ S, there are (|S| − 1)! ways to form the coalition
S\{i} and (|N | − |S|)! ways to form the grand coalition, starting from
S. The Shapley value for a specific player, i, is a weighted average of
the marginal costs, where the weights correspond to the number of
ways the grand coalition can be formed, given that the first players
to join are those in S\{i}. A more compact equation is
yi =

(|S| − 1)!(|N | − |S|)!
· (c(S) − c(S\{i})).
|N |!
S⊆N,S6=∅
X

(4.8)

It should be noted that the Shapley value yields a unique solution.
The Shapley value is easy to compute with given characteristic function values but there is no guarantee that the Shapley value yields a
solution in the core.
The Shapley value is used in Papers I and III–V.

4.2 Examples of applications
Cooperative game theory has been used in the application of transportation planning. A few examples from the literature can be found
in Section 1.2, Chapter 2 as well as in the papers appended to this
thesis. For a more in-depth coverage, Guajardo and Rönnqvist (2016)
provide an extensive survey of cost allocation methods in this context.
They identify both different types of problems and different types of
cost allocation methods that are used. However, cooperative game
theory has also been used in many other applications. This section
consists of a general overview of both classic applications as well as
some more recent ones in order to show the broad spectrum of applications in which cooperative game theory has been used.
Multiple stakeholders may invest in and/or construct some shared
infrastructure, facilities or resources, for instance, a water reservoir
(Young, 1985), a water supply system (Young et al., 1982) or a facility
for transportation (Puerto et al., 2001). In Young (1985), the construction cost of the water reservoir depends on which purposes (e.g.,
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power supply, irrigation and water consumption for households) it will
fulfill. In Young et al. (1982), the water supply system might need to
be expanded in order to connect stakeholders (in this case municipalities) and thus, the construction cost depends on the number of new
pipelines needed. In Puerto et al. (2001), the construction cost of the
facility depends on the location at which it is constructed. Puerto et
al. (2001) include both a fixed construction cost and a transportation
cost proportional to the Euclidean distance between the facility and
the users of the facility. In Papers I, IV and V, a facility is shared;
however, no investment or construction cost is considered, because
the shared facility is assumed to already exist. In practice, however,
it is plausible that no such facility exists. In that case, the investment
or construction cost might need to be included in the cost allocation
problem.
Some shared infrastructure, facilities or resources may need maintenance, for instance, runways at airports (Littlechild and Owen,
1973; Littlechild and Thompson, 1977) and railway systems (Fragnelli et al., 2000; Norde et al., 2002). In these papers, the maintenance costs are allocated among the stakeholders and it is natural to
assume that frequent users who cause most wear and tear on the infrastructure should be allocated most of the maintenance cost. In the
papers appended to this thesis, only operational costs are considered.
However, from a long term perspective, maintenance is an important
activity in many applications and generates additional costs that need
to be covered by the cooperating stakeholders.
Another example of resource sharing is the bus game (Fragnelli
et al., 2004) in which travel agencies arrange trips. Even though they
might only need a strict subset of the seats of a bus, they still need
to rent the whole bus. The characteristic function values are the
number of buses required for the total number of passengers related
to each coalition. This is similar to many maritime applications in
which many stakeholders share ships, for instance carrier alliances in
liner shipping (Agarwal and Ergun, 2010). Some of the cooperating
stakeholders in liner shipping are nonvessel operators, that is, they do
not own any ships. In Papers I, IV and V, like the nonvessel operators,
the municipality does not own any vehicles. However, the case of the
municipality is one step further; the municipality does not even have
any operations of its own. The aim of the bus game is to use as few
buses as possible and achieve high loading factors. This is commonly
an underlying aim for logistics companies, projects and systems as
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well as in the transportation planning applications considered in this
thesis.
In the context of supply chain management, Dror and Hartman
(2011) present a survey of inventory games, in which a company must
meet the demand of their customers by ordering the goods from suppliers. The company has an inventory and the problem is to decide
what quantity to order from the suppliers. By cooperating with other
companies at the same level in the supply chain, the ordering cost
(e.g., administrative work) may be reduced and a quantity discount
might apply. The ordering cost of the grand coalition is allocated
among the cooperating companies. The forest companies in Paper III
are cooperating stakeholders at the same level in the supply chain,
namely the transportation of wood from harvest areas to industries.
In this thesis, there are several examples of cooperation in the
context of transportation planning discussed and some more classic examples are presented here. In the travel expenses game or the
travelling salesman problem cost game (Young, 1985; Dror, 1990), a
lecturer is invited to speak in a number of cities. Each city is a player
in the cooperative cost game and the characteristic function value is
the lecturer’s travel expenses for being able to give the presentation
in each city of the coalition. That is, the characteristic function value,
c(S), is defined as the optimal cost to the travelling salesman problem2 associated with S. The home city of the lecturer needs to be
included in the travelling salesman problem even though the home
city is not included in the cooperative cost game. In the papers appended to this thesis, there is one stakeholder, namely the initiator
of the cooperation, who must be included or else there is no cooperation. The role of the initiator is somewhat similar to the cooperation
as the role of the home city is to the travelling salesman problem.
An extension of the travel expenses game is the vehicle routing
game (Göthe-Lundgren et al., 1996; Engevall et al., 2004), in which
the cost of a Vehicle Routing Problem (VRP) is allocated among the
customers in the VRP. Göthe-Lundgren et al. (1996) consider the
nucleolus to allocate the cost and apply it to a number of numerical
examples. Engevall et al. (2004) study a case of gasoline transportation to gas stations. The gas stations are the customers in the VRP
as well as the stakeholders in the formulated cooperative cost game.
This is different to the cooperative cost games presented in Papers I,
2
A classic mathematical problem, which can be seen as a special case of the
vehicle routing problem; see Section 3.2.
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IV and V, in which the stakeholders are a number of freight forwarders
with a number of customers each. The size of the grand coalition, N ,
is much larger in the vehicle routing game than in the cooperative
cost games presented in Papers I, IV and V.
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Summary of the papers
In this chapter, Papers I–V are summarized and the contribution of
the author of this thesis, as well as the contribution to the papers of
the coauthors are described. In addition, it is stated where each paper
is published and the conferences at which some of the results have been
presented (if applicable).

5.1 Summary of Paper I
The focus of Paper I is on the consolidation of goods as a means to
improve urban goods distribution, and the paper addresses the need
for business models that describe the stakeholders’ roles and interrelationships in terms of how to handle and allocate costs. A cost
allocation model based on concepts from cooperative game theory is
developed and the model is tested on a numerical example as a proof
of concept. The numerical example involves a cooperation among
the municipality and three freight forwarders using a common City
Distribution Center (CDC), and each freight forwarder has a number of goods receivers or customers who require delivery of goods.
The cost allocation problem is solved by formulating a cooperative
cost game in characteristic function form, and costs are estimated by
solving transportation planning problems modeled as Vehicle Routing
Problems (VRPs) in which the total operational cost is minimized.
A key-feature of Paper I, complementing previous research, is the
inclusion of the municipality and its role in the cooperation. The
municipality is a dominant player, an enabler of the cooperation and
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is included in the cost allocation problem. The municipality itself has
no operational cost, which is not normally the case for a stakeholder
responsible for transportation planning. That is, the municipality’s
individual cost, c(i), is equal to 0 and it is not possible to use the Equal
yi
Profit Method (EPM) since the relative cost, c(i)
, of the municipality
is not defined (division by zero). The relative cost of the municipality
is instead defined in the same way as to that of the ∆ Equal Profit
yi −li
.
Method (∆EPM), that is, c(i)−l
i
It is suggested that the municipality uses side payments in order
to maintain the cooperation. This is done by using the v-core and
letting the municipality pay the additional cost v. Cost allocations
according to the modified version of the EPM (with the redefined
relative cost for the municipality), the Shapley value and the nucleolus, are compared and analyzed. A number of scenarios, or numerical
instances, are studied; however, the cost allocation according to the
Shapley value is not stable in any of the studied scenarios. In one
scenario when the municipality uses side payments and the nucleolus
is considered, the municipality receives a positive net profit (including
the side payments).
The contribution of Paper I is a conceptual framework in which
freight forwarders and the municipality can cooperate with regards to
urban goods distribution and share the total operational costs. Additional contributions are the analyze of how the total operational cost
might be allocated fairly among the stakeholders, as well as suggestions as to how additional side costs generated as a result of cooperating can be handled.
A natural continuation of Paper I is to include a more realistic scenario and perhaps also real-life data. This is undertaken in Papers IV
and V. Possible versions of the transportation planning problem are
to include time window constraints, to use a heterogeneous fleet, and
to account for dynamic travel times, to name a few. Other objectives
which stem from the stakeholders’ different objectives could also be
incorporated. These objectives might include nonmonetary costs such
as emissions and customer satisfaction.
The full citation for Paper I is:
Dahlberg, J., Engevall, S., and Göthe–Lundgren, M. (2018). “Consolidation in Urban Freight Transportation – Cost Allocation Models”.
Asia-Pacific Journal of Operational Research 35, p. 1850023.
The coauthors have contributed with the research idea for Paper I
and with an early draft of the manuscript. The authors have jointly
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contributed in terms of writing and analyzing results. The author of
this thesis has had full responsibility for the the implementation of
solution methods, and data handling.
Parts of the results found in Paper I have been presented by the
author of this thesis at the following conferences:
• Nationella konferensen i transportforskning (The Swedish Transportation Research Conference), Gothenburg, Sweden, October
2013.
• Svenska operationsanalyskonferensen (The Swedish Conference
in Operations Research), Gothenburg, Sweden, October 2013.

5.2 Summary of Paper II
The purpose of Paper II is to address an issue (nonuniqueness) with
the EPM. The issue is addressed by introducing a development of the
EPM, namely the Equal Profit Method with Lexicography (EPML).
In some cases, the cost allocation according to the EPM is any of
infinitely many cost allocations, which is problematic from a decisionmaking point of view. This means that a player’s allocated cost might
depend on arbitrary factors such as the numbering of the players.
The EPML reduces the number of cost allocations to one, a unique
solution to the cost allocation problem (assuming at least one feasible
solution exists). This is done by identifying which players’ allocated
cost is not unique (according to the EPM) and then minimizing the
difference in relative costs between those players further. The EPML
is similar to the nucleolus in the sense that both the nucleolus and the
EPML are defined using lexicography, and the procedures to calculate
them are similar. Specifically for the EPML, each time the difference
in relative costs is minimized, at least two new players’ allocated
costs become unique. A unique solution is therefore found in a finite
number of steps (identification + reoptimization) less than or equal
to half of the number of players (with the exception of one-player
games). The fundamental idea of the EPM is respected and preserved
by the EPML. Some numerical examples are presented to illustrate
the differences between the EPM and the EPML. The EPML is later
used in Paper III.
The contribution of Paper II is the introduction of a development
of the EPM for allocating costs. The proposed version is the EPML,
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which, in contrast to the former method, guarantees to yield at most
one solution to any cost allocation problem.
The full citation for Paper II is:
Dahlberg, J., Göthe–Lundgren, M., and Engevall, S. (2017). “A note
on the nonuniqueness of the Equal Profit Method”. Applied Mathematics and Computation 308, pp. 84–89.
The author of this thesis has been the main contributor to Paper II and the contribution includes formulating the research idea,
writing the manuscript, and designing the analysis. The coauthors
have contributed to Paper II by actively taking part in discussions as
well as by providing feedback on the manuscript.

5.3 Summary of Paper III
The aim of Paper III is to provide conditions that are as good as possible to achieve a large cooperation. The cooperation is preceded by a
simultaneous invitation sent to a number of stakeholders, in this case
forest companies, and each stakeholder either accepts or declines a
preliminary cost allocation when announcing its transportation needs
(e.g., supplies, demands and locations). The announcements occur
sequentially, and a sequence of stakeholders can be viewed as a path
in a network of possible collaborations, see Figure 5.1, starting with
the empty set or, in practice, with any single stakeholder, and the
size of the cooperation increases until the end, where (ideally) all
stakeholders cooperate.
Who will agree to cooperate is not predefined but in the paper it
is assumed that larger cooperations are preferable to smaller cooperations. Each time a new stakeholder considers joining the cooperation,
a new cost allocation is calculated. Whether or not a stakeholder will,
or will be allowed to, join the cooperation is based on the new cost
allocation.
A Monotonic Path (MP) is a path in the network of possible
collaborations, such that all stakeholders benefit (or are unaffected)
when a new stakeholder joins. In other words, no stakeholder has
an economic incentive to leave the cooperation. The path may lead
to a full cooperation in which all the invited stakeholders join, at
which point it becomes a complete MP. The number of complete
MPs is calculated by enumerating all possible paths in the network.
Similar work has been done by Cruijssen et al. (2005) where groups
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{A, B}
{A}

{A, C}

{A, B, C}

{B}

{A, D}

{A, B, D}

{}

{A, B, C, D}
{C}

{B, C}

{A, C, D}

{D}

{B, D}

{B, C, D}

{C, D}

Figure 5.1: Conceptual example of a network of possible collaborations of four companies, {A, B, C, D}, of which one path,
B, C, A, D, is a collection of dashed lines. Source: Paper III.

of shippers with high synergies are proactively selected by a Logistics
Service Provider (LSP); that is, the LSP chooses a specific path in
the network of possible collaborations. However, unlike Cruijssen et
al. (2005), all possible paths are considered in Paper III and thus no
stakeholder is proactively selected.
A number of cost allocation mechanisms, based on common cost
allocation methods from cooperative game theory, are developed and
tested in Paper III. The purpose of enumerating all possible paths is
to obtain an indication of how successful each cost allocation mechanism is in regards to the aim of the paper. It is shown that a stable
cooperation can be achieved, but that the likelihood of achieving a
stable cooperation is dependent on the cost allocation mechanism
used. Two of the ten suggested cost allocation mechanisms guarantee
a stable cooperation, regardless of the order in which the stakeholders
join, and the two cost allocation mechanisms ensure that all paths are
complete MPs, under the assumption that the cooperative cost game
is proper. A proof that this holds for a general case is given in the
paper. In this context, proper means that, from a system optimal
perspective, it is never disadvantageous to form a larger cooperation.
Proper games are defined mathematically at the beginning of Chapter 4 and in Paper III.
The contribution of Paper III is a framework to establish a cooperation among stakeholders when the stakeholders join the cooperation
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sequentially and the order in which they join is stochastic. The cooperation is motivated by using the cost allocation mechanisms that
are developed in the paper to make fair cost allocations. The cost
allocation mechanisms are additional contributions.
The results in Paper III are based on a specific case (Frisk et al.,
2010), and thus, the extent to which the results are case sensitive
is uncertain. However, no case-specific assumptions are made. It
is therefore plausible that the results can be generalized. A natural
continuation of Paper III is to apply the ideas to other cases and
transportation planning applications.
The full citation for Paper III is:
Dahlberg, J., Engevall, S., Göthe–Lundgren, M., Jörnsten, K., and
Rönnqvist, M. (2018). “Incitements for transportation collaboration
by cost allocation”. Central European Journal of Operations Research,
pp. 1–24.
The coauthors have contributed with the research idea of Paper III
and with an early draft of the manuscript. The data are given a
priori and are presented in research papers written prior to Paper III.
The author of this thesis has contributed to Paper III by writing
a significant part of the manuscript and has had full responsibility
for the implementation of the solution methods. The coauthors have
additionally had an active role in the processes of writing, providing
continuous feedback and analyzing results.
Parts of the results in Paper III have been presented by the author
of this thesis at the following conferences:
• Nationella konferensen i transportforskning (The Swedish Transportation Research Conference), Norrköping, Sweden, October
2014.
• The 4th Symposium of the European Association for Research
in Transportation, Copenhagen, Denmark, September 2015.

5.4 Summary of Paper IV
In Paper IV, a cooperation among stakeholders responsible for the
distribution of goods in an urban area is considered. The problem
structure is similar to that of Paper I, in the sense that there are
three freight forwarders and a municipality using a common City Distribution Center (CDC) and the transportation planning problem is
modeled as a VRP.
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The purpose of Paper IV is to address some of the difficulties of
using common methods for allocating costs in real-life-sized problems
in the context cooperative transportation planning of urban goods
distribution. The main difficulty is to compute optimal solutions to
large VRPs. In Paper IV, this difficulty is tackled by developing a
method for allocating costs based on approximated VRP costs. The
VRP costs are approximated by using a commercial solver (Gurobi
Optimization, 2016), providing a feasible initial solution and setting a
termination criterion of accepting a nonzero Mixed Integer Programming (MIP) gap. The MIP gap can be seen as an estimate of how
good the best found feasible solution is. The best found feasible solution is optimal if the MIP gap is 0. By accepting a nonzero MIP
gap, we retriev an upper and a lower bound of the optimal VRP cost
for each VRP from the solver. The upper bound corresponds to the
best found feasible solution and the lower bound is calculated and
provided by the solver. The cost allocation problem is modeled as a
cooperative cost game and the characteristic function is formulated
as a convex combination of the upper and the lower bounds of the
optimal VRP cost.
The viability of the method is verified by computational times
that are reasonable relative to the planning horizon. The quality of
the method is verified by comparing the cost allocations given by
the method with cost allocations based on optimal costs. The differences between the cost allocations are small. The practicability of the
method is verified by testing the method on four instances of different sizes that are based on selected real-life data from a dataset. The
real-life data were gathered in the spring of 2004, when a demonstration project, SAMLIC (Eriksson et al., 2006; Eriksson and Svensson,
2008) took place in Linköping, a medium-sized city in Sweden.
The contribution of Paper IV is a viable and practical method
that could be used in real-life situations to allocate costs among cooperating stakeholders responsible for the distribution of goods in
an urban area. In this context, viable and practical means that the
method has acceptable computational times and produces reasonable
numerical results, even for real-life-sized problems corresponding to a
medium-sized city in Sweden.
In order to be able to generalize the results, a natural continuation
is to test the method on other cases and transportation planning
applications. The method can be generalized. However, the viability,
quality and practicability needs to be tested further.
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The full citation for Paper IV is:
Dahlberg, J., Engevall, S., Göthe–Lundgren, M., and Karlsson, J.
(2018). “Consolidation in urban goods distribution – Cost allocation
based on approximate solutions”.
Paper IV has not yet been accepted for publication.
The research idea for Paper IV has been developed during discussions among the authors. The author of this thesis has contributed
to Paper IV by writing the vast majority of the text and has had full
responsibility for the implementation of solution methods, and data
handling. All the authors have contributed to Paper IV during the
discussions and analysis of the results, and the coauthors have also
contributed by providing feedback on the manuscript.
Parts of the results in Paper IV have been presented by the author
of this thesis at the following conferences:
• The 9th Triennial Symposium on Transportation Analysis (TRISTAN IX), Oranjestad, Aruba, June 2016.
• Nationella konferensen i transportforskning (The Swedish Transportation Research Conference), Lund, Sweden, October 2016.
• Nationella konferensen i transportforskning (The Swedish Transportation Research Conference), Stockholm, Sweden, October
2017.
• 2017 INFORMS Annual Meeting, Houston TX, USA, October
2017.

5.5 Summary of Paper V
In Paper V, methods introduced in Papers I and IV are developed
further. The problem structure is similar to that of Papers I and IV.
The municipality and three freight forwarders can cooperate and use
a common CDC. The transportation planning problem is modeled
as a type of VRP, and the characteristic function associated with
the cost allocation problem is defined to be the upper bound of the
optimal cost. The upper bound corresponds to the objective function
value of the best found feasible solution, which may or may not be
the optimal solution.
The case considered in Paper V is based on real-life data from
three freight forwarders operating in Norrköping, a medium-sized city
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in Sweden, during the spring of 2016 and 2017. Three instances are
constructed, and are based on all transports to the city center of
Norrköping on distinct days (one for each instance).
Three new aspects are studied in Paper V. 1) The municipality
can use road tolls to incentivize cooperation. This is done by applying road tolls for vehicles that are not using the CDC, that is,
vehicles owned by freight forwarders who are not cooperating. 2) In
the case of a cooperation, two types of vehicle fleets may be used for
the distribution of goods; either a fleet of diesel vehicles, or a fleet
of electric vehicles. 3) Both economic (total operational cost) and
environmental impacts (CO2 emissions) are estimated.
The contribution of Paper V is the further development of the
models and methods developed in Papers I and IV which includes
road tolls and alternative vehicle fleets.
Conclusions:
1) One of the freight forwarders does not cooperating in the most
economically efficient and environmentally friendly solution;
2) The solution in which all the freight forwarders cooperate is
the solution with the shortest travel distance in the city center,
which should, in general, have the least impact on congestions;
3) Using road tolls is a possible method to incentivize cooperation.
However, the results must be further investigated in order to verify
the conclusions that are drawn.
The full citation for Paper V is:
Dahlberg, J., Engevall, S., Göthe–Lundgren, M., and Karlsson, J.
(2018). “Improving urban goods distribution using road tolls, collaboration and cost allocation”.
Paper V is a working paper and has not yet been submitted to a
conference or a journal.
The research idea for Paper V has been developed during discussions among the authors. Some of the data are directly provided by
three freight forwarders in conjunction with a Master’s thesis, supervised by the author of this thesis and conducted in the spring of 2017.
The author of this thesis has contributed to Paper V by writing the
vast majority of the manuscript and has had full responsibility for the
implementation of solution methods, and data handling.
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Chapter 6
Conclusions and future
research
The purpose of this chapter is to summarize and to conclude this
thesis, and to relate it to the literature of the past and present as well
as to suggest possible future research.

6.1 Short summary
Five papers are appended to this thesis and two types of transportation planning applications are considered, namely
1) the distribution of goods bound for urban areas (Papers I, IV
and V) and
2) the transportation of wood between harvest areas and industries
(Paper III).
In this thesis, cooperative game theory is used as an academic
tool to study the cooperation among stakeholders in the cooperative
transportation planning applications and to solve the cost allocation
problems associated with the cooperation.
In Papers I, IV and V, the municipality undertakes a specific role
as the enabler and initiator of the cooperation among the freight
forwarders that are responsible for the goods distribution in an urban
area. Paper I is a proof of concept, demonstrating the feasibility of
using the method developed in the paper in the context of urban
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goods distribution. The method is developed further in Paper IV to
make it suitable for real-life-sized problems, and in Paper V, the use
of tolls and different vehicle fleets are incorporated into the method.
In Paper III, a different perspective of cooperation is studied,
namely the process of establishing a cooperation where the stakeholders, in this case forest companies, join the cooperation sequentially
and the order in which the stakeholders join is stochastic. Each time
a new stakeholder joins the cooperation, a new cost allocation is calculated. Whether or not a stakeholder will, or will be allowed to, join
the cooperation is based on the new cost allocation. It is shown that
despite the stochasticity, a stable cooperation among all stakeholders
can be achieved by using methods developed in the paper.
Paper II is mainly a methodological paper without any specific
application context and contributes to the literature of cooperative
game theory through the introduction of a development of the Equal
Profit Method (EPM) for allocating costs. The proposed version is the
Equal Profit Method with Lexicography (EPML), which, in contrast
to the former method, guarantees to yield at most one solution to any
cost allocation problem.

6.2 Conclusions
As mentioned in Chapter 1, the aim of this thesis is to contribute to
the research of cooperative transportation planning by using concepts
from cooperative game theory and to develop methods for allocating
costs among cooperating stakeholders.
Such methods are developed in Papers I–V. Some of the gaps in
the literature that are filled are the following: 1) In the literature,
stakeholders are commonly treated equally. However, in reality, it
can be argued that in some cases, the stakeholders do not have equal
power; this imbalance should be taken into account. This imbalance
is exemplified in Papers I and III–V, where a dominant player is
included. The dominant player is the initiator and enabler of the
cooperation. 2) Furthermore, in the literature, the costs that are
associated with the cost allocation problem are commonly assumed
to be optimal costs. This is not the case in Papers IV and V in which
the costs are approximated. The reason for not finding optimal costs
is that large and complicated transportation planning problems, for
instance Vehicle Routing Problems (VRPs), based on real-life data
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are not practical and it is sometimes not even possible to solve them
to optimality.
As mentioned in Chapter 1, the purpose of this thesis is to provide models and methods which can be used to support the decisionmaking process of transportation planning to establish cost-efficient
and stable cooperations. This has been done by demonstrating the
potential of cooperation and by suggesting how costs can be allocated
fairly in different transportation planning applications.
In this thesis, cost-efficient cooperations are achieved in cooperative transportation planning using concepts from cooperative game
theory and methods developed in this thesis. Thus, using models and
methods developed in this thesis may lead to economic sustainability. However, social sustainability is not quantified or discussed and
environmental sustainability is only partly touched on in Paper V in
terms of assessing environmental impact by using simplified emission
models (estimating CO2 emissions). Nonetheless, it is argued that cooperative transportation planning has (a potential to have) a positive
impact on both the global and the local environment, as well as on social aspects in livable cities. This positive impact can be achieved by
using certain types of vehicles or by reducing the number of vehicles
used, the number of visits made, and the distances travelled.

6.3 Future research
In order to verify that a cooperation in cooperative transportation
planning is (in all dimensions) fully sustainable requires further investigation as well as methods and approaches from other research
fields, to complement the methods used in this thesis.
A natural continuation of Papers III and IV is to apply the ideas
and test the methods on other cases and transportation planning
applications. The method presented in Paper IV can be generalized.
However, the viability, quality and practicability would need to be
tested further.
In Paper V, the municipality uses road tolls and coordinates the
use of a common City Distribution Center (CDC) to incentivize the
cooperation among a number of freight forwarders. However, the
freight forwarders might be incentivized to use a common CDC without the assistance of the municipality. The municipality can use regulations, road tolls and other types of fees to incentivize this type of
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cooperation. The level of road tolls and fees are decided by the municipality and the outcome is the actions taken by the freight forwarders.
Such interaction between the municipality and the freight forwarders
may lead to an interesting type of noncooperative game between the
municipality and the freight forwarders. Noncooperative games are
beyond the scope of this thesis, but this particular noncooperative
game is definitely an interesting path to pursue.
Lastly, the ∆ Equal Profit Method (∆EPM) has some interesting characteristics. It is based on the magnitude of some bargaining
potential, rather than absolute costs. A player with higher bargaining potential should have larger cost savings. A further investigation
into the characteristics, properties and usefulness of the ∆EPM is a
worthy avenue for future research.
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Abbreviations
CDC City Distribution Center
CL City Logistics
EPM Equal Profit Method
∆EPM ∆ Equal Profit Method
EPML Equal Profit Method with Lexicography
LSP Logistics Service Provider
MP Monotonic Path
PRP Pollution Routing Problem
VMI Vendor Managed Inventory
VRP Vehicle Routing Problem
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