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Chapter 1

Introduction

1.1 Cost Allocation Problems and Game Theory

There are many economic settings in which a group of agents wishes to undertake a
joint enterprise in order to save costs. Doctors, for example, look for colleagues to
share an office in order to save from rent, equipment and secretarial help. Individuals
or firms wish to jointly invest in common networks such as communication networks
and distribution channels. Similarly, countries wish to collaborate in order to solve
environmental or security problems. The success of such enterprises often relies on
agreements on how to share the cost savings generated. That is, joint enterprises
require a cost allocation mechanism that is efficient, fair and provides incentives to
each agent (and also to each group of agents) involved to agree upon.

An economic approach one can take to analyze joint cost savings problems is by
means of cooperative game theory.

Game theory is a branch of applied mathematics that provides tools for analyzing
situations in which the actions of each involved party (called a player) have an effect
on the outcome which is of interest to all. The competition between firms or politi-
cal parties, the conflict between a boss and a worker, war and peace/disarmament /
environmental negotiations between countries, cooperation of producers sharing com-
mon production facilities and so on, all provide examples of these situations, i.e.,
games. As illustrated in the examples above, the mutual interdependence among the
players is the essence of a game and what makes game theory a useful tool for the anal-
ysis of the behavior of interacting decision-makers. The book Theory of Games and
Economic Behavior by von Neumann and Morgenstern (1944) is regarded by many
as the starting point of game theory. As the title of the book of von Neumann and
Morgenstern reveals the intention of the authors was to provide a new kind of math-

ematics for economic analysis. Indeed, starting from the late sixties, game theory is
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being applied to explain the behavior of firms and individuals in a wide range of eco-
nomic situations. Nor is economics alone: operations research, accounting, finance,

law, marketing, political science and sociology are beginning similar experiences.

Game Theory can be roughly divided into two broad areas: non-cooperative (or
strategic) and cooperative (or coalitional) game theory. Generally speaking, non-
cooperative game theory focuses on those situations where the competitive nature
of interaction is dominant and players make choices which are based only on their

perceived self-interest.

By contrast, the cooperative game theory models those situations in which cooper-
ative behavior is the central feature of social or economic interaction. In a cooperative
game, players can reach formal joint agreements, such as legally binding arrangements
to act as a single entity. A cooperative game typically abstracts itself away from nego-
tiations to reach agreements and mechanisms the players use to enforce agreements.
Rather it describes only the physical outcomes that can jointly be achieved by each
group of players. For this reason, cooperative game theory can be considered as a
structural theory. The most commonly used model in the theory of cooperative games
is the model of transferable utility games. A transferable utility game, or a TU-game,
describes the monetary value that each group of players can achieve by most efficient

means.

Generally, the focus in the analysis of a TU-game is on the allocation of the
value that is achieved by the grand coalition of all players, where the values of the
subcoalitions serve as a benchmark. The literature on TU-games has proposed many
solution concepts each with its own appealing properties. Most important of these
solution concepts are the core (Gillies, 1953), the Shapley value (Shapley, 1953), the
nucleolus (Schmeidler, 1969) and the compromise value (Tijs, 1981).

The central issue of this monograph is to address cost allocation problems arising
from sequencing problems and connection problems. Sequencing problems consider a
group of agents who are waiting to be served in a facility and focuses on the problem
of the allocation of the cost savings that can be obtained by switching from an initial
service order to an optimal one. Connection problems consider the cost allocation
problems arising from situations in which a group of agents wishes to collaborate and
jointly invest in the construction or the maintenance of a common network. Both
of these problems appear in a great number of diverse economic settings. Allocating
patients to surgery rooms, scheduling of computer programs on servers or jobs in
shop-floor on machines are common examples of sequencing problems while a group
of villagers that has to construct and pay pipelines from their respective houses to a

water supplier is a common example of connection problems.



1.1. Cost Allocation Problems and Game Theory 3

The methods we use in this monograph to analyze the cost allocation problems
arising from sequencing and connection problems mainly rely on models of TU-games.
The following example illustrates how a cost allocation problem arising from a simple

sequencing situation can be modeled and analyzed by a TU-game.

Example 1.1.1 Consider 3 companies each of which has a broken tool that has to be
repaired by a maintenance service in order for the companies to restart production.
The number of hours (processing time) required to repair each of these three tools

is given in Table 1.1. For example, the processing time required to repair the tool

company ‘ 1 ‘ 2 ‘ 3

processing time in hours | 3 | 1 | 2

cost coefficient in 1,000s of euros | 3 | 2 | 6

Table 1.1: Processing times and cost coefficients in Example 1.1.1

of company 2 is 1 hour. Suppose that according to a first-come-first-serve principle,
the tool of company 1 will be repaired first, followed by company 2, and, finally,
company 3 (See Figure 1.1). Waiting until the reparation of the tool is costly for
the companies because of the production that is lost meanwhile. Moreover, lost
production in different companies may have different values per time unit. This is
reflected by the cost coefficients in Table 1.1. For example, if the company that owns
tool 2 has to wait 3 hours till it can restart production again, then the costs for this
company will be 3-2,000 = 6,000 euros. Similarly, the total costs to repair the tools
according to the initial order are 3-3,0004-4-2,000+6-6,000 = 53, 000 euros. It can be

service tool 1 tool 2| tool 3 initial order

3 4 6

service tool 3 tool 2| tool 1 optimal order

2 3 6

Figure 1.1: The initial order and the optimal order in Example 1.1.1

checked that this order is not optimal, i.e., it does not minimize the total costs. The
unique optimal order in this situation is 3,2,1 (See Figure 1.1) and the associated total
costs equal 2 - 6,000 + 3 - 2,000 4 6 - 3,000 = 36,000 euros. Hence, if all companies
cooperate, they can decrease the total costs from 53,000 to 36,000 euros. Assume
now that company 1 and 2 come together to discuss their possibilities to achieve

cost savings without the help of company 3. Obviously, they could switch positions
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without changing the waiting time of company 3. It can be checked that if companies
1 and 2 switch places then their total costs will be 1-2,000+4-3,000 = 14,000 euros
and this is the minimum amount for companies 1 and 2. Now, consider companies
1 and 3. Since an initial processing order is established, company 2 might have the
opportunity to prevent the switching between companies 1 and 3. Or, it might be
that company 2 can only veto this switch if the processing time of company 3 is
larger than the processing time of company 1. Hence, whether to allow the switching
between companies 1 and 3 or under which conditions to allow the switching between
companies 1 and 3 are important modeling decisions. For this situation, we take the
perspective that companies 1 and 3 cannot switch positions without the cooperation
of company 2. Hence, companies 1 and 3 cannot generate any cost savings on their

own. The minimal costs for each group of companies are depicted in Table 1.2.

group | {1} | {2} | {3} | {12} | {13} | {2,3} | {1.2,3}
9 | 8 | 36| 14 | 45 | 42 | 36

minimal total costs
in 1,000s of euros

Table 1.2: The minimal total costs for each group of companies in Example 1.1.1

We can also consider the cost savings that each group of companies achieve when
they cooperate. Consider again companies 1 and 2. Their total costs with respect to
the initial order equal 17,000 euros. We showed that the minimum total costs these
companies can achieve equal 14,000 euros. Hence, when they cooperate they save
3,000 euros. The maximal cost savings for each group of companies is depicted in
Table 1.3.

group | {1} | {2} | {3} | {1.2} | {13} | {2,3} | {1.2,3}
maximal cost savings 0 ‘ 0 ‘ 0 ‘ 3 ‘ 0 ‘ ) ‘ 17

in 1,000s of euros

Table 1.3: The maximal cost savings for each group of companies in Example 1.1.1

Now we can start looking for a solution for the allocation problem at hand by
taking the values of the subcoalitions as a benchmark. An important property of a
cost allocation is that it has to provide incentives to each agent and to each group of
agents involved to agree upon. For instance, the allocation 8,000 euros for company 1,
7,000 euros for company 2 and 21,000 euros for company 3 does not give companies 1
and 2 the required incentives to participate in the cost savings project. For, together
companies 1 and 2 are charged 15,000 euros whereas they could achieve total costs of
14,000 euros on their own. In other words, this cost allocation is not stable, because
companies 1 and 2 will not accept it. This notion of stability is the main idea behind

the solution concept known as core.
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A core allocation is the one that gives every group of players an incentive to par-
ticipate by allocating them more than what the group could achieve on its own. The
core of our cost game, which is represented in Figure 1.2, is the set of all allocations

(21, T2, x3) satisfying the following constraints:

r1 + w2 + w3 = 36,000.
1 + X < 14, 000.
x + x3 < 45,000.
o + a3 < 42,000.

1 < 9,000.
- < 8,000.

zs < 36,000

A solution satisfying the constraints above is (1500, 5500, 29000). o

X, +x,=14,000

36,000 x,=8,000 x,=9,000 o
° 36,000
0

Figure 1.2: Core of the cost game in Example 1.1.1

Although the core of the game associated with the sequencing problem in Example
1.1.1 is non-empty, the core of TU-games need not be non-empty in general. Since
core stability is a compulsory condition for the viability of a cost allocation, emptiness
or non-emptiness of the core is an essential feature of the games associated with cost
allocation problems. Hence, the first challenge in the cooperative analysis of cost
allocation problems is to explore whether the core of the associated TU-games are
non-empty in general. And if the core of the associated games can be empty, then the
challenge is to explore for the conditions that guarantee the existence of allocations

that satisfy core stability.
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The sequencing problem in Example 1.1.1 also demonstrates the combinatorial
nature of these problems. Given the cost functions of the players involved in a se-
quencing situation, the problem of finding an optimal order that minimizes the total
costs of the grand coalition (or of sub-groups of players) is a combinatorial optimiza-
tion problem. As examples of other studies that focus on the interplay between the
optimization of costs of a project and the allocation of costs among the participants
of the project we mention: minimum cost spanning tree games and spanning network
games (cf. Claus and Kleitman, 1973; Bird, 1976; Megiddo, 1978; Granot and Huber-
man, 1981), linear programming games (cf. Owen, 1975), flow games (cf. Kalai and
Zemel, 1982), traveling salesman games (cf. Potters et al., 1992), Chinese postman
games (cf. Granot et al., 1999), sequencing games (cf. Curiel et al., 1989) and project
games (cf. Estevez-Fernandez et al., 2007). This kind of problems have been baptized

as operations research games in the survey Borm et al. (2001).

1.2 Overview

Chapter 2 is dedicated to the analysis of cost allocation problems arising from specific
sequencing situations. In sequencing situations, there exists a set of clients each
having one job to be processed on a (number of) machine(s). The clients incur costs
that depend on the completion time of their jobs. Assuming that there is an initial
order on the jobs, two problems arise in these situations: How to find an optimal
processing order which minimizes the total costs and how to distribute these cost
savings obtained by changing the initial order to an optimal order in a fair way. Game
theoretic analysis of this “fairness” problem in sequencing situations was initiated by
Curiel et al. (1989). This study considered one machine sequencing situations and
tackled the problem of the distribution of the maximal cost savings by analyzing
the corresponding cooperative sequencing games. It was shown that these games are
convex and hence balanced, i.e, there are allocations of the cost savings which are
stable in the sense that no coalition of clients can receive a larger payoff by rearranging
the position of their own jobs in an admissible way. Moreover, Curiel et al. (1989)
proposed an allocation rule, the so called equal gain splitting rule for these one-
machine sequencing situations and provided an axiomatical characterization of this
rule. The following studies in this strand of literature have extended the basic model
by considering restrictions on the jobs (e.g., ready times, due dates), by allowing more
general cost functions for the clients or by considering multiple-machine sequencing
situations. A common feature of all these studies is that the analysis is restricted to

manufacturing systems which consist of machines that can process only one job at a
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time. However, in many manufacturing/service systems, operations are carried out

by batch machines which can simultaneously process multiple jobs.

In Section 2.1, we extend the game theoretical approach to the cost allocation
problems arising from sequencing situations on systems that consist of batch ma-
chines. First, we consider batch sequencing situations: sequencing situations which
consist of a single batch machine where the batch machine’s capacity is defined as
the maximum number of jobs that can be processed at any one time. It is shown
that the cooperative games corresponding to batch sequencing situations are convex
and an expression for the Shapley value of these games is provided. We also consider
extensions of the equal gain splitting rule and the split core (Hamers et al., 1996) for
these sequencing situations and provide axiomatic characterizations of these solution
concepts. Second, we analyze relaxed batch sequencing games by considering relax-
ations in the notion of admissibility of reorderings and prove that these games are
also balanced. Third, we analyze various aspects of flow-shop sequencing situations
which consist of batch machines only. In particular, we provide two cases in which
the cooperative game arising from the flow-shop sequencing situation is equal to the
game arising from a sequencing situation that corresponds to one specific machine in

the flow-shop.

Another common assumption in the analysis of sequencing games as initiated by
Curiel et al. (1989) is that no set-up time (i.e, the delays required for reconfiguration
or preparation of a machine or a system) is incurred prior to the processing of the
jobs. This assumption requires that set-up times are negligible or can be included
in processing times. However, in real industry, if a machine has to manufacture
different types of products, then a significant set-up time is almost always required
(See for example Pinedo, 2005). Moreover, recent studies in the scheduling literature
show that explicit incorporation of set-up times in scheduling decisions results in

tremendous cost savings (See Allahverdi et al., 2008).

In Section 2.2, we analyze the cost allocation problems arising from so-called fam-
ily sequencing situations. In family sequencing situations, jobs are partitioned into
families according to their similarities. A job does not require a set-up when following
another job from the same family. A set-up time, known as a family set-up time, is
required when a job follows a member of some other family. Family sequencing situ-
ations have gained considerable attention in the scheduling literature and we refer to
Allahverdi et al. (2008) for a review of this literature. Following the ideas in Curiel
et al. (1989), we associate cooperative games with family sequencing situations by
defining the worth of a coalition as the maximum savings it can obtain by means of

an admissible rearrangement. We show that the cooperative games associated with
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family sequencing problems have non-empty cores. This result is obtained by showing

that a specific marginal vector of the game is a core element.

In Chapter 3 we analyze cost allocation problems arising from connection prob-
lems, i.e., economic settings in which a set of agents wishes to collaborate and jointly
invest in the construction/maintenance of a common network. We look at two such
problems in particular: minimum cost spanning tree problems, which consider a set of
agents each of whom has to establish a connection to a source and highway problems
which consider a set of agents each of whom has to establish a connection between a

starting point and a destination point.

Imagine a group of villagers that has to construct and pay pipelines from their
respective houses to a water supplier. Each villager could choose to build a direct
link to the supplier, but such a decision would likely be highly inefficient. Instead, it
may be cheaper for some villagers to connect directly to the supplier, whereas others
could connect indirectly via links to neighboring villagers. Indeed, in these situa-
tions a configuration of links that minimizes the total cost of connection is provided
by a minimum cost spanning tree (mcst) and hence these situations are called mcst
situations. Once the agents in a mcst situation agree on which mest to construct,
the second problem they jointly face is the allocation of the costs of this mcst in a
fair way. This type of cost allocation problems was first introduced in the economics
literature by Claus and Kleitman (1973). The seminal paper by Bird (1976) pro-
vided the first game theoretical treatment of this problem by associating a coalitional
game with transferable utility to mcst problems. Many division rules have been pro-
posed in the literature as appropriate cost allocations for mcst problems. Recently, it
has been shown that the equal remaining obligations rule (Feltkamp et al., 1994) for
mcst problems satisfies many appealing properties (e.g., cost monotonicity, popula-
tion monotonicity, equal treatment) and can be obtained with different approaches.
Moreover, Bergantinos and Vidal-Puga (2007a) showed that other rules in the litera-
ture fail to satisfy some properties that are satisfied by the equal remaining obligations

rule.

The original definition of equal remaining obligations rule by Feltkamp et al.
(1994) consists of a step-by-step procedure: Kruskal’s algorithm (Kruskal, 1956) is
employed to construct an mcst and at each step of the algorithm the cost of the
constructed edge is divided among agents who make use of the edge with respect to
a prespecified scheme. In Section 3.2, we present a new approach to obtain the equal
remaining obligations rule and hence provide yet another support for this important

rule. For this aim, first, we define the vertex oriented construct and charge procedure
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which leads to an mcst for the problem and also a cost sharing allocation where each
agent pays the edge which he chose to construct in the procedure. Then, we show
that the equal remaining obligations rule can be obtained as the average of the cost
allocations provided by a vertex oriented construct and charge procedure for each
order of players. Moreover, in Sections 3.3 and 3.4, we investigate the extensions
of the results obtained in Section 3.2 for minimum cost spanning forest situations
(cf. Rosenthal, 1987) and mcst situations with two sources, respectively. For both of
these situations, we first show that both Kruskal’s algorithm and the vertex oriented
construct and charge procedure can be defined in a way that they yield efficient
algorithms. Second, we extend the definition of equal remaining obligations rule to
these multi-source situations and prove that equal remaining obligations rule can
again be obtained as the average of the cost allocations provided by vertex oriented

construct and charge procedures.

Most of the current literature on the allocation of costs in connection problems
focuses on the mecst problems or its variants. A common feature of these problems is
that each agent in the problem has to establish a connection with a nonempty subset
of the available sources in the network. However, in some connection situations, there
is no particular point that every agent in the problem has to be connected to. For
example, the users of a highway network need a connection only between their entry

and exit points in the network.

Mosquera and Zarzuelo (2006) address the problem of fair allocation of the con-
struction costs of a highway network. For this aim, they formally consider high-
way problems and analyze the corresponding cooperative cost games called highway
games. In a highway problem, the possibilities regarding the construction of the high-
way network are determined by a connected graph. The set of vertices of the graph
represents the potential entry and exit points and the edges in the graph represent the
possible highway connections that can be constructed. Given a highway problem, a
corresponding highway game is defined as a cooperative cost game which associates to
each coalition of players the total cost of the cheapest selection of edges in the graph
which connects the entry and exit point of every member of the coalition. Mosquera
and Zarzuelo (2006) restricted attention to highway problems in which the underlying

graph is a tree. In this setting, there is only one path between an entry and exit point.

In Section 3.5, we study highway problems in which the underlying graphs are
weakly cyclic, i.e., connected graphs for which every edge in the graph is contained
in at most one cycle. First, we focus on the question for which class of graphs the
corresponding games are always concave. For this aim, a graph G is defined to be

highway-game concave if for each highway problem in which G is the underlying graph
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the corresponding highway game is concave. We prove that a graph is highway-game
concave if and only if it is weakly triangular. Then we focus on the balancedness of
highway games induced by weakly cyclic graphs. It was shown by Kuipers (1997) that
highway games induced by cyclic graphs need not be balanced in general. However,

we prove that highway games on weakly cyclic graphs are balanced.

In Chapter 4, we consider the formation of coalitions through sequences of binding

bilateral agreements.

Studies on coalition formation in many real-life contexts like voting situations
and international trade negotiations suggest that cooperation of all related parties
can hardly be achieved through simultaneous acceptance of an agreement. Hence, a
basic policy recommendation in these situations is to broaden a coalition step by step
through a sequence of binding bilateral agreements. For a coalition formed through
binding bilateral agreements can grow larger by making use of the commitment/
synergy already attained by the coalition to facilitate the persuasion of one of the

outsider parties to enter the coalition.

Chapter 4 focuses on the formation of coalitions through sequences of binding
bilateral agreements in voting situations. In voting situations, voters’ incentive to
form coalitions arises from their will to increase their power to affect the outcome of
the voting process. If we model these situations by simple transferable utility games
and assume that each voter’s voting power is predicted by an appropriate power index,
then the sequences of binding bilateral agreements which result in the formation of
the grand coalition boils down to the notion of population monotonic path schemes
for simple games. A path scheme for a simple game is composed of a path, i.e., a
sequence of coalitions that is formed during the coalition formation process and a
scheme, i.e., a payoff vector for each coalition in the path. A path scheme is called
population monotonic if a player’s payoff does not decrease as the path coalition
grows. First, we focus on Shapley path schemes of simple games in which for every
path coalition the Shapley value of the associated subgame provides the allocation at
hand. We show that the existence of veto players, i.e., a subgroup of voters whose
unanimous agreement is necessary to pass a decision, is required for the existence
of population monotonic Shapley path schemes and vice versa. Moreover, a Shapley
path scheme is population monotonic if and only if the first winning coalition that
is formed along the path contains every minimal winning coalition of the game. We
also show that each Shapley path scheme of a game is population monotonic if and
only if the set of veto players of the game is a winning coalition. We further show

how to extend these results to the probabilistic values, generalizations of the Shapley
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value introduced by Weber (1988).

1.3 Preliminaries on Cooperative Games

This section provides a brief introduction to some basic concepts in cooperative game
theory.

Let N = {1,2,...,n} be a finite set of players. A coalition is a set of players S C N
and N is sometimes called the grand coalition.

A cooperative transferable utility game (a TU-game) in characteristic function form
is a pair (N,v) where v is a mapping, v : 2 — R with v(()) = 0. For any coalition
S C N, v(S) is called the worth of coalition S and is interpreted as the optimal
monetary amount the coalition S can jointly generate on itself without any help of
players in N\S. Given a TU-game (N,v) and S € 2%, the restriction of v to S (a
subgame of v) is denoted by v|s and is defined by v|s(T") = v(T') for every ' C S. We
denote the set of TU-games with player set N by GV.

A TU-game can reflect rewards or costs. A reward game will be denoted by a
map v and a cost game will be denoted by a map c¢. The following definitions and
properties refer to reward games.

A game v € GV is monotonic if v(T) > v(S) for every S, T € 2V with S C T} it
is called superadditive if v(S) +v(T) < v(SUT) for every S,T € 2V with TN S =0
and it is called convex if a player’s marginal contribution does not decrease if he
joins a larger coalition, i.e., v(S U {i}) — v(S) < v(T' U {i}) — v(T) for every i € N
and S, T C N\{i} with S C T. Equivalently, a TU-game v € G~ is convex if
o(T)+v(S) <v(TUS)+v(T'NS) for every S, T C N.

An element € RY is called an allocation. We say that x € RY is an imputation

if it satisfies the following two properties:
(i) Efficiency: > ,cy i = v(N).
(ii) Individual rationality: x; > v({i}) for every i € N.
The core (Gillies, 1953) of a TU-game v € GV is denoted by Core(v) and is

defined as the set of efficient payoff vectors for which no coalition has an incentive
to split off from the grand coalition, i.e., Core(v) = {x € RV| Y,y z; = v(N) and
>iegTi > v(S) for all S € 2V},

A balanced set B is a collection of subsets S of N with the property that there
exist positive numbers \g, S € B, called weights, such that for each ¢« € N, we have

that
> ds=1

SeB:iesS
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A game v € GV is called balanced if

> Asv(S) < v(N),

for every balanced set B and for every corresponding set of weights (Ag)ses. Bon-
dereva (1963) and Shapley (1967) independently proved that a TU-game v € GV is
balanced if and only if its core is nonempty. It is well-known that convex games are
balanced and hence have nonempty cores. A game is said to be totally balanced if
every subgame is balanced, i.e., every subgame has a nonempty core.

An order on the set of players is a bijection 0 : N — {1,...,n}. We denote the set
of all orders on N by II(N). Given an order o € II(N) the set of predecessors of a
player i € N with respect to o is defined as P(o,i) = {j € N|o(j) < o(i)}. Similarly,
the set of successors of ¢ with respect to o is defined as S(0,i) = {j € N|o(j) > o(i)}.
We denote by P(c,i) and S(o,1), the sets P(o,i)U{i} and S(o,i)U{i}, respectively.

The marginal vector of (N,v) corresponding to order o € II(IN), m?(v) is defined
to be the vector with i** coordinate equal to v(P(o,i)) — v(P(0,1)).

A coalition S C N is called connected with respect to o if for all 4,7 € S and
k € N such that o(i) < o(k) < o(j) it holds that £ € S. We denote with con(o) the
set of coalitions that are connected with respect to o. For a coalition S, S\o is the
set of o-components of S, a g-component of S being a maximally connected subset
of S with respect to o.

Let o € II(NV). We call a TU-game (N, v) o-component additive if it satisfies the

following three conditions:
(i) v(i) =0 for alli € N,
(ii) (N,v) is superadditive,

(iii) v(S) = ZTGS\U’U(T).

Le Breton et al. (1992) showed that c—component additive games are balanced.

For any coalition S € 2V\{0}, the unanimity game ug is defined by ug(T) = 1 if
S C T and ug(T') = 0 for all other coalitions T'. It is well known that every cooperative
TU-game (N,v) can be written as a unique linear combination of unanimity games
by

vV = Z Asus, (11)

where Ag = Y, o(—1)¥=Tly(T) for every S C N (cf. Shapley, 1953).
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A function F : GV — R is called a value. A value F is efficient if for all v € G,
Y ien Fi(v) = v(N). A player i € N is a null player in (N,v) if v(SU{i}) = v(S) for
every S C N\{i}. F is said to satisfy the null player property if for any v € GV and
any null player i € N in v, F;(v) = 0. F is said to satisfy the null player out property
(cf. Derks and Haller, 1999) if elimination of a null player does not affect the value
of the other players, i.e., Fi(v) = F(vn ;) for all 4,5 € N and all v € GV such that
j is a null player in v and 7 # j.

The Shapley value (Shapley, 1953) is one of the most important solution concepts
in cooperative game theory and has been studied extensively. The Shapley value of
a game can be calculated by making use of the decomposition of a cooperative game
into unanimity games. More precisely, given a cooperative game (N,v) such that
V=) ¢cn Asts, the Shapley value ® assigns to agent i € N

As
(I)l(v> = Z Ev
SCN:ieS
for every i € N.
An allocation scheme specifies how to distribute the worth of every coalition among

its members. That is an allocation scheme for the game v € G¥ is a vector (z) Se2N\ {0}

such that

> _ai =wv(S)

i€s
for every S € 2N\{0}. Naturally, every efficient value for TU-games defines an
allocation scheme where the allocation for every coalition is obtained by applying the
value to the corresponding subgame. The allocation scheme in which the Shapley
value is used as an allocation vector is called the Shapley allocation scheme.

Sprumont (1990) introduced the notion of population monotonic allocation schemes.

The notion of population monotonicity requires that the share allocated to every
player increases as the coalition to which he belongs grows larger. Formally, an allo-

cation scheme (xS)SEQN\{@} for the game v € GV is population monotonic if
xf < :L‘ZT

for every S, T" C N such that S C T and 7 € S.

Observe that if () gean g9y 18 a population monotonic allocation scheme (PMAS),
then 27 is a core element of the corresponding subgame vjg (cf. Sprumont, 1990) for
every S € 2V\{0}.

Let (N, ¢) be a cooperative cost game. The corresponding cost savings game (N, v)
is defined by

o(8) = Y elfi)) — e(9),

€S
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for every S C N.

Consequently, the properties and solution concepts for cooperative cost games can
be derived from the definitions given above. The equivalent of a superadditive game
for a cost game is a subadditive game. A cost game is concave if and only if its

corresponding cost savings game is convex.



Chapter 2

Sequencing Situations and

Cooperation

In this chapter, which is based on Ciftgi et al. (2008) and Ciftgi et al. (2009a), we
consider cost allocation problems arising from specific types of sequencing situations.

Game theoretic analysis of the cost allocation problems arising from sequencing
situations is initiated by Curiel et al. (1989) . This study considered one machine
sequencing situations in which a finite number of agents, each having one job, are
queued in front of a machine waiting for their jobs to be processed. Agents have
linear cost functions and each group of agents is allowed to obtain cost savings by
reordering their jobs. The problem of the distribution of the maximal cost savings
is tackled by analyzing corresponding cooperative sequencing games. It was shown
that these games are convex and hence balanced. Curiel et al. (1989) also proposed
the equal gain splitting (£GS) rule for these one-machine sequencing situations and
provided an axiomatical characterization of this rule.

The following studies in this strand of literature have extended the basic model by
considering ready times (Hamers et al., 1995) , due dates (Borm et al., 2002) , prece-
dence relations (Hamers et al., 2005) and controllable processing times (van Velzen,
2006). In each of these papers, convexity of the corresponding class of games or of
some special sub-classes is established. Curiel et al. (1993) considered a larger class
of sequencing situations by allowing more general cost functions for the agents. It was
shown that these games are not convex in general but core elements do exist. The
(-rule was proposed as an extension of the £GS rule. This rule was shown to yield
outcomes in the core of the corresponding games. Hamers et al. (1996) introduced
the split core, a generalization of the £GS rule and provided an axiomatical charac-
terization. Other papers have investigated multiple-machine sequencing situations.

van den Nouweland et al. (1992) considered sequencing situations in flow-shops while
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Hamers et al. (1999) and Slikker (2005) studied sequencing situations with multiple

parallel machines.

The manufacturing/service systems considered in all studies above consist only
of machines which can process no more than one job at a time. Although these
models are realistic for many existing manufacturing systems, there are also various
systems which include batch machines: machines that can simultaneously process
multiple jobs (a batch) subject to the capacity of the machine. Typically, the capac-
ity of a batch machine is related to the number, weight or size of jobs placed in a
batch. Transportation of the semi-finished jobs from one machine to another or the
delivery of the finished jobs to the customers/warchouses (cf. Lee and Chen, 2001)
constitute very common examples of batch machines in manufacturing systems since
transporters, i.e., the machines in these operations usually carry a batch of jobs at the
same time. Other well-known examples include heat-treat ovens which can process
multiple jobs with the same processing requirement (temperature, processing time
etc.) simultaneously in a batch (cf. Lee et al., 1992) and also numerically controlled
(NC) routers which cut a stack of metal sheets simultaneously during the cutting op-
eration (cf. Ahmadi et al., 1992). We refer to Webster and Baker (1995) and Potts

and Kovalyov (2000) for a review of the scheduling literature on batch sequencing.

In Section 2.1, we present a first game theoretical analysis of sequencing situations
with batch machines. From Section 2.1.1 to Section 2.1.4, we consider batch sequenc-
ing situations. In a batch sequencing situation, a machine’s capacity is the maximum
number of jobs that can be processed at any one time and it is assumed that the
time required to process the jobs in any batch is fixed and independent of the number
of the jobs in the batch. We introduce in Section 2.1.1 batch sequencing situations
with a single batch machine. These situations give rise to the class of so-called batch
sequencing games. It is shown in Section 2.1.2 that these games are convex. In partic-
ular, we show that these games can be written as a non-negative linear combination
of unanimity games. This observation also leads to an expression for the Shapley
value of these games. We consider extensions of the equal gain splitting rule and the
split core and provide axiomatic characterizations of these solution concepts by using
efficiency, symmetry and consistency axioms along the lines of Suijs et al. (1997) and
Gerichhausen and Hamers (2008).

Our definition of batch sequencing games follows the standard approach of Curiel
et al. (1989) and assumes that the worth of a coalition is the maximal cost sav-
ings that it can obtain by “admissible” rearrangements of its members’ positions in

the queue. In an admissible rearrangement, two members of a coalition who have
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a non-member between them may not change positions. The rationale behind this
assumption is that, since an initial order of jobs is established, the non-members who
are placed in between two members of a coalition have the right to object to these
two players jumping over them. Curiel et al. (1993) argued that the set of admissible
rearrangements is too restrictive because a player may not object other players jump-
ing over him if he is not hurt by this change. For the classical sequencing situations
involving machines that can process only one job at a time, van Velzen and Hamers
(2003) and Slikker (2006) considered relaxed sequencing games by considering specific
relaxations of the set of admissible rearrangements and focused on the balancedness
of the corresponding sequencing games. Similarly, we consider in Section 2.1.3 relaxed
batch sequencing games which allow for rearrangements in which two members of a
coalition can switch places by jumping over non-members. The non-members are not
hurt by such rearrangements since the completion time of a batch is independent of
the jobs placed in the batch. We show that these games can be written as a sum of
specific assignment games (cf. Shapley and Shubik, 1972) and hence are balanced. It

is also seen that relaxed batch sequencing games are not convex in general.

In Section 2.1.4 we consider batch sequencing situations in flow-shops which con-
sist of a sequence of finitely many batch machines. We show that when each batch
machine has the same batch size or when each batch machine has the same batch
processing time, the associated cooperative batch sequencing game is equal to the
batch sequencing game corresponding one particular batch machine in the flow-shop.
Hence, the games corresponding to these two special classes are convex. However, it is
also shown that the games corresponding to batch sequencing situations in flow-shops

are not convex in general.

Many practical scheduling/sequencing situations involve set-up times, i.e., the
intermediate delays between processing of successive jobs required to prepare the
machine for the following job (e.g., delays required to change/adjust tooling or to clean
a machine). A common assumption in the analysis of sequencing games as initiated
by Curiel et al. (1989) is that no set-up time is incurred prior to the processing
of the jobs. This assumption requires that set-up times are negligible or can be
included in processing times. However, recent studies in the scheduling literature
show that explicit incorporation of set-up times in scheduling decisions results in
tremendous cost savings in various real world manufacturing/service systems that
are characterized by significant set-up times. We refer to Allahverdi et al. (1999)

and Allahverdi et al. (2008) for a review of the scheduling literature with set-up

considerations.

In particular, so-called family sequencing problems have received considerable
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! These problems

attention in the scheduling literature with set-up considerations
consider situations where the jobs can be classified into distinct families with respect
to their production requirements such as the required tooling or container size. Since
the members of the same family have the same production requirements, a job does
not require a set-up when following another job from the same family, but a “family
set-up time” is required when it follows a member of another family. An example of
a specific application of family sequencing problems is a production line of colored
plastics (cf. Potts and Van Wassenhove, 1992). Customer orders can be divided into
color groups. A set-up is required when switching from a job of one color to a job of
another color.

In Section 2.2, we analyze the cost allocation problems arising from family se-
quencing problems. Similarly to Curiel et al. (1989), we assume that there exists
an initial order on the jobs and associate cooperative games with family sequencing
problems by defining the worth of a coalition as the maximum savings it can obtain
by means of an admissible rearrangement. We show that family sequencing games are
balanced. This result is obtained by showing that the marginal which corresponds to
the initial order belongs to the core of the game. It is also seen that the corresponding

games need not be convex in general.

2.1 Batch Sequencing and Cooperation

In this section, we consider the cost allocation problems arising from sequencing situa-
tions with batch machines. Section 2.1.1 describes batch sequencing situations with a
single batch machine. Section 2.1.2 introduces and analyzes the corresponding batch
sequencing games. Section 2.1.3 analyzes relaxed batch sequencing games. Section
2.1.4 introduces and analyzes flow-shop batch sequencing situations and correspond-

ing games.

2.1.1 Batch Sequencing Situations

In a batch sequencing situation a finite number of agents, each having one job, are
queued in front of a single batch machine, waiting for their jobs to be processed. The
set of agents is denoted by N = {1,2,...,n}. The machine can process one batch of
jobs at one time. At most z € Z,, jobs can be placed in one batch. Each batch

is processed in ¢ time units which is independent of the number of jobs placed in

1See Potts and Van Wassenhove (1992), Webster and Baker (1995) and Liace and Emmons (1997)

for a review of scheduling literature on family sequencing problems.
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the batch. We assume that there is an initial order o € II(/V) on the agents before
the processing of the machine starts. Specifically, o¢(i) = 7 means that agent i is in
position j. For each agent i € N, the costs of spending time in the system is assumed
to be linear and the corresponding cost function ¢; : Ry — R is defined by ¢;(k) = ok
with a; > 0.

A batch sequencing situation is denoted by I'(N) = (N, 09, q, z,t) where oy €
II(N), o = (a;)ien ERY,, 2 € Zy; and t € Ryy.

In a batch sequencing situation T'(N) = (N, 09, @, 2, t), it can easily be observed
that as long as there is a sufficient number of jobs to fill up a batch, it is profitable
to run full batches of size z on the machine. Hence, the first z jobs are placed in
the first batch to be processed by the machine, the following z jobs are placed in
the second batch and so on. So, if the jobs are processed according to the order
o, then {ﬂ—‘ gives the number of the batch that the job of agent i is placed inZ.

z

Hence the completion time C(o,7) of the job of agent i with respect to o is given by
C(0,i) = [M] t.

The total costs of all agents if the jobs are processed according to the order o
equal ),y ;C(0,4). By reordering the jobs with respect to oy the total costs can
be reduced. Since the number of possible orderings of jobs is finite, there exists
an order for which total costs are minimized. We call such an order optimal. The
following proposition establishes the optimality of an HWCF (highest waiting cost
first) order: a processing order in which jobs are processed in nonincreasing order of

cost parameters «;.
Proposition 2.1.1 An HWCF order is optimal for every batch sequencing situation.

Proposition 2.1.1 is a direct consequence of the independence of the batch process-
ing time from the composition of each batch and can be proved by using a straight-
forward argument based on adjacent pairwise interchanges. Notice that the optimal
order is unique up to reorderings of the jobs in the same batch and up to reorderings

of the jobs of the agents with the same cost parameter.

2.1.2 Batch Sequencing Games

For a batch sequencing situation I'(IV) = (N, 09, «, z,t), the costs of a coalition S
with respect to a processing order o equal ), ¢ ;C(0,). We want to determine the
maximal cost savings of a coalition S when its members decide to cooperate. For

this aim, we have to define which reorderings of the jobs of coalition S are admissible

27q] denotes the smallest integer which is greater than or equal to q for any real number ¢ € R.
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with respect to the initial order. In this section, we follow the approach of Curiel
et al. (1989) and assume that an order o is admissible for S with respect to oq if
P(o,j) = P(0o,j) for all j € N\S. The set of admissible reorderings of a coalition
S is denoted by A(S).

The value of a coalition S is defined as the maximum cost savings coalition S can

achieve by means of an admissible reordering. Formally, the batch sequencing game
(N, v) corresponding to I'(V) is defined by

o= s T ([0 -[2]) &

€S

for every S C N.

Clearly, batch sequencing games are monotonic and superadditive. Notice that,
by definition of an admissible ordering, a coalition S can obtain cost savings only by
changing positions within op-components. Hence, the value of a coalition S is equal
to the sum of the values of its go-components, i.e., v(S) = 3 7, v(T). Notice
further that one-person coalitions can not generate any cost savings, i.e., v({i}) = 0
for every ¢ € N. So, batch sequencing games are og-component additive and hence
they are balanced.

In the following, we will denote by g € II(N) an ordering which is attained from
0o by reordering the members in each og-component of a coalition S with respect to
the HWCF rule, i.e., og(i) = 0¢(i) for every i € N\S and og(i) < os(j) for every
T € S\op and every ¢,j € T such that a; > «;. Clearly, og € A(S). Moreover,
it follows by Proposition 2.1.1 and the oy-component additivity of batch sequencing
games that og is optimal for 9, i.e.,

o= g (222

€8

for every S C N.

Example 2.1.1 Consider the batch sequencing situation I'(N) = (N, 0, «, z,t) where
N={1,2,...7}, =2, a=(1,3,4,6,8,9,12) and t = 1. Assume that oy is given by
oo(i) = i for every i € N and consider the coalition S = {2,3,5,6,7}. It can easily
be observed that og = (1, 3,2,4,7,6,5). The orders og and og are depicted in Figure
2.1.

Hence

0= Kot (2] 2]
€S

— as(1—2) +ag(2—1) +as(3—4) +ag(3 — 3) + as(4—3) = 5.



2.1. Batch Sequencing and Cooperation 21

[1]2] [3]4] [5]6] [7] oo
[113] [2[4] [7]6] [5] s

Figure 2.1: The orders 0y and og in Example 2.1.1

In the following, we will show that batch sequencing games can be written as a
nonnegative linear combination of unanimity games. For this aim, we first need the
following notation and two lemmas.

Let T'(N) = (N, 00, , z,t) be a batch sequencing situation and let (N, v) be the
corresponding batch sequencing game. For any coalition 7" C N, we will denote the
member of T which stands in front of the other members of T" with respect to oy by
f(T) and the member which stands behind the other members of T" by (T), i.e.,

f(T) = argminer o9(i) and U(T) = argmax;er oo(i).

For every agent i € N and an order o € II(NV), the number of the batch that the job
of agent 7 is placed in with respect to o is denoted by b, (i), i.e., b,(i) = k if and only
if [@-‘ = k. Also we denote by (N, v,,) the batch sequencing game corresponding
to the batch sequencing situation (N, og, a, 2,t) for any S C N.

Lemma 2.1.1 Let I'(N) = (N, 09, a, 2,t) be a batch sequencing situation and T, S C
N such that S CT. Then,

u(T) =v(S) + ves(T).
Proof.

W(S) + g (T) =y qooz(ﬂ _ [Usz(z')D +

€8

. (Zai ([222] - [22]) + 3 a ([252] - VTZ(Z')D)

€S 1€T\S
_ A([e®] _ [er@)

Do ([=2] - [=2])
=u(T),

where the second equality follows from the fact that oo(i) = og(¢) for every i € T\ S.
O

We will also make use of the following lemma, proved by Borm et al. (2002),
which explicitly describes the coefficients in the unique linear decomposition of a

oop-component additive game into unanimity games.
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Lemma 2.1.2 (Borm et al., 2002, Proposition 1) Let (N,v) be a og-component
additive game and let ) ¢ Asus be the linear decomposition of (N,v) into unanimity

games. Then, for every coalition S C N

s = { v(S) = v(S\{F(5)}) = v(S\{U(S)}) + v(S\{[(5),L(S)}), i S € con(ov),

0, otherwise.

In the following proposition, we show that in case of batch sequencing games the
formula provided by Lemma 2.1.2 boils down to an expression in terms of the differ-
ences between certain players’ waiting cost parameters. More specifically, Proposition
2.1.2 reveals that the coefficient of a connected coalition S is equal to the sum of dif-
ferences between the weight of the last player of a batch with respect to og and the
weight of the first player of the subsequent batch with respect to og over all batches
that are crossed by both the first and the last players of S with respect to o9 when

the order changes from og to og.

Proposition 2.1.2 Let I'(N) = (N, 00, , z,t) be a batch sequencing situation. Let
(N,v) be the corresponding batch sequencing game and let ) ¢y Asug be the linear

decomposition of (N, v) into unanimity games. Then, for every S € con(oy)

3 (@t — Qo) 1 o (1(S)) < by (F(S)),

As = kibog(I(8))<k<bog (f(S))
0, otherwise.

Proof. Let S C N be a connected coalition with respect to 0. Let us denote f(5)
by i, [(S) by j and S\{f(5),{(S)} by S". By using Lemmas 2.1.1 and 2.1.2, we obtain

As = 0(S) —v(S\{i}) — v(S\{j}) + v(S"),
= (Vog iy (9) + v(S\{2})) = v(S\{i}) = (voy, (S\{5}) + v(S) + 0(57),
= Yo\ 13y (S) — UOS/<S\{j}>‘

Moreover, since S\{7} is already ordered optimally in og\ (4,

Voo () = Z t (aag\l{i}(kz+1) — ).
kibag (1) <k <beg (i)

Similarly,

Vog (S\{j}) = Z t (ao';ll(kz+]_) - ai)-

k:bg() (i)§k<baS\{j} (4)
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Hence,

As = 2 Elag (en) ~ ) = > t (@t (pzpry — @) (2:2)

kibag (1) <k <bo g (i) Kibog (1) <k<bog, (3 ()

Observe also that a,-1 .11 = a,-14,y for every k such that b, (i) < k <
S/

(
S\
(7). So, equation (2.2) can be rewritten as

)\S == Z t (agg\l{i}(kz+1) - az) - Z t (adg,l(k’z+l) — CKZ) (23)

kibo g (7)<k<bog (4) kibo g () <k<b

b

as

75\ {5} ®

First assume that b,4(j) > byg(i). Clearly, bog(i) = bog, (1) and «,,
L(kst1) for all k£ such that by, (j) < k < by4 (7). But, then Ag = 0.

Assume now that byg(j) < bog(i). Observe that by (i) is either equal to by, . (7)

or equal to by, (i) + 1. Assume first that byg (i) = oy, (4). Then, (2.3) can be

rewritten as

As = Z t (O‘ag\l{i}(kzﬂ) - aa;,l(kz+1))>
kibo g () <k<bog (i)

= Z t (ao'gl(kz) - aagl(szrl))?

kibog () <k<bog (i)

S\{ iy (kz+1) =

o,

where the second equality follows from the fact that o osln(hetl) = Qogiia) and
oS (ko) = Qg (ko) for every k such that b,,(7) < k < by (7). )
Assume lastly that b,4(i) = bgs\{j}( i) + 1. Let’s denote bas\m(i) by k. Then,

obviously, a; = a, 15,1y By equation (2.3)

As = Z 7t (Oéag\l{i}(szrl) - aa;,l(kz+1)) +1 (O‘ag\l{i}(
kibog () <k<k

= Z t (aagl(kz) - ao'gl(szrl)) +1 (aagl(fcz) - Oéagl(lgz+l)>7

k:bo g (5)<k<k

= Z t (O‘/agl(kz) - aogl(szrl))’

kibo g () <k<bog (i)

kz+1) — ai)7

O

We illustrate the expression provided by Proposition 2.1.2 in the following exam-

ple.

Example 2.1.2 Take the batch sequencing situation I'(N) considered in Example
2.1.1. Let (N,v) be the batch sequencing game corresponding to I'(N) and consider
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[1]2] [3]4] [5]6] [7] oo
[615] [4[3] [2]1] [7]os

Figure 2.2: The orders oy and og in Example 2.1.2

the coalition S = {1, 2, ...,6}. We will calculate \g, the coefficient corresponding to S
in the decomposition of (N, v) into unanimity games. Obviously, f(S) =1, (S) =6
and o5 = (6,5,4,3,2,1,7) (See Figure 2.2).

Observe that the job of agent 1 is processed in the third batch and the job of
agent 6 is processed in the first batch with respect to og. That is by, (I(5)) =
1 and by, (f(S)) = 3. Since by, (1(S)) < bys(f(S)), by Proposition 2.1.2

As = (A1) = Qi) + (@g10) = Apgis)

:(CY5—O[4)+((I3—CY2) = (8—6)+(4—3) = 3.
The whole decomposition of (N, v) into unanimity games is provided below:

v = U{273} + QU{475} + SU{677} + 2U{17273} + QU{27374} + QU{37475} + U{47576} + U{5,677}
tug234) T 3uf2345) + 2U3456) + dUfase7y T dumn (6,7) + SUN\{1,7}
+3UN\{172} + 3UN\{7} + 6U,N\{1} + 5UN.

Proposition 2.1.2 reveals that batch sequencing games are nonnegative combinations
of unanimity games. Since unanimity games are convex, this establishes the convexity
of the batch sequencing games. As a side result, we also obtain an expression of the

Shapley value of batch sequencing games.

Theorem 2.1.1 Let I'(N) = (N, 00, q, z,t) be a batch sequencing situation and let

(N,v) be the corresponding batch sequencing game. Then,
(i) (N,v) is convex.

(ii) For alli € N

tlo,—1,) — Q-1 )
og (kz) og (kz+1)
P, (v) = g E s = .

Secon(00),i€S  kibog (I(S))<k<bog (f(S)) |S‘
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In the remainder of this section, we introduce and characterize a non-aggregated
equal gain splitting (£GS) solution and a non-aggregated split core (SPC) for batch
sequencing situations. Non-aggregated solutions, which are first introduced by Suijs
et al. (1997) for classical sequencing situations, can be considered as a specification of
all components of the total reward an agent obtains. In our setting, a non-aggregated
solution W is a map assigning to each batch sequencing situation I'(N) a matrix
W e Rf *N " where an element w;; of W represents the nonnegative gain assigned
to agent ¢ for cooperating with agent j. The aggregated solution corresponding to
W € ¥(T'(N)) can be found by multiplying W with the vector eV of all ones in RY.

Let T'(N) = (N, 09, «v, z,t) be a batch sequencing situation and (N,v) be the cor-
responding batch sequencing game. Also let )« Agug be the linear decomposition
of (N, v) into unanimity games. For any i,7 € N, let [i, j] be the set of all players in

between ¢ and 7 with respect to oy, i.e.,

[0, 5] = {k € Nfmin{oo (i), 00(j)} < oo(k) < max{oo(i), 00(j)}} -

The non-aggregated equal gain splitting solution £GS assigns to each batch sequenc-
ing situation I'(V) a solution EGS(I'(N)) € RY*Y such that
i
EGS(D(N));; = 2
for every 7,7 € N.

Example 2.1.3 Consider the batch sequencing situation of Example 2.1.1. Recall
that the decomposition of the corresponding batch sequencing game into unanimity
games is provided in Example 2.1.2. By making use of this decomposition, the equal
gain splitting solution EGS(I'(N)) equals to

0013233
1 3 3
003132 23
13001132
EGS(C(N))=|4+ 100 1 & 3
2 21100
13145003
EEREREREK]

<

The non-aggregated split core SPC assigns to each batch sequencing situation
['(N) a nonempty subset SPC(I'(N)) C RY*Y such that

GS(T(N))ij + GS(T(N))ji = Aty
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for each gain splitting matrix GS(I'(IV)) € SPC(I'(N)) and every i,j € N.

Now we introduce the notions of dummy agents and reduced batch sequencing
situations that will be used for the axiomatizations of the £GS solution and the SPC
for batch sequencing situations.

Let T'(N) = (N, 09, , z,t) be a batch sequencing situation. An agent i € N is
called a dummy agent in I'(N) if b(i) = b, (i) for every S C N with i € S, i.e., job of
agent ¢ stays in its initial batch no matter which coalition of agents ¢ cooperates with.
Roughly speaking, a batch sequencing situation reduced to a connected coalition
S € con(oy) is a batch sequencing situation obtained when the agents outside S are
replaced with dummy agents. Formally, a reduced batch sequencing situation with
respect to S is described by T'|s(N) = (N, 09, 8,2, t) where 3 = (5;);en € RY is such
that §; = «; for every i € S and

6. o max;en 2041'7 lfj < f(S)7
I minieN %, 1f] > Z(S)a

for every agent j € N\S.
Let ¥ be a non-aggregated solution for batch sequencing situations. We consider

the following three properties of W.

e Efficiency: V is efficient if

> YT =) ai(Cloo,i) = Clon,i)),

ijEN ieN
for all batch sequencing situations I'( V).

e Symmetry: VU is symmetric if W(I'()V)) is a symmetric matrix for all batch

sequencing situations I'(V).

e Consistency: VU is consistent if for all batch sequencing situations I'(N) and

all S € con(oy) the following is satisfied:

\I](F(N))U = \D(F‘S(N))l] for every Z,j €S.

The efficiency axiom states that the total amount allocated to the agents is equal
to the maximal total cost savings that the agents can jointly obtain. Symmetry
states that the (extra) gain two agents can obtain is equally divided among the two
agents. Consistency states that connected coalitions obtain the same division if they
renegotiate on the basis of the same solution concept to the reduced situation with

outside dummies.
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In Theorem 2.1.2 we will characterize the £GS solution with the three properties
mentioned above. For the proof, we need the following lemma which states that, for
non-aggregate solutions that satisfy both efficiency and consistency, the total amount
allocated to connected coalitions must be equal to the maximal total cost savings

that these coalitions can achieve.

Lemma 2.1.3 Let I'(N) = (N, 09, a, 2,t) be a batch sequencing situation and let W
be a non-aggregated solution for batch sequencing situations. If U is both efficient and

Z z] —Zaz 007 (037i))7

3,j€S €S

consistent, then

for every S € con(oy).

Proof. Suppose first that there exists S € con(og) such that
Z z] > Zaz 007 (037i))'
1,jES €S

Now on the one hand efficiency of ¥ implies that
Z F\S Z] - Z a’L 007 (037 Z)) )
i,JEN i€S

since all agents outside S are dummy agents in I'|s(/N'). On the other hand, consis-
tency of ¥ implies that

D U(Ts(N))y = Y U(T(N))y

1,j€S 3,J€S
> Zaz (00,7) = C(os,4)) = D> W(T|s(N))ij.

A contradiction, because
D UTs(N))i = Y W(Ts(N))i
ijEN ijes
since W(I'\g(N));; > 0 for every i,j € N.
Now suppose that there exists S € con(op) such that
Z 'Lj < Zaz 007 (057i))'
ijes ies

Clearly, S # N and there exists S1,Ss € con(og) U {00} such that S; NSy, = 0 and
N\S = 51U S,. Observe that

E 2] = Zaz (707 (UNyi))

,JEN €N

> ) ) ai(Cloo,i) = Clor, i),

TE{S,Sl,SQ} €T
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where the equality follows from ¥ being efficient and the inequality follows from the
fact that N =SUS;USy and SNS; =5NS,=5NSy =0.
Then, since 3, ;g V(I'(V))ij < Xieg @i (Clog,i) — C(os, i), we have either

Z 7,] > Z az 007 C(USni))

1,j€ST €51
or
E )ij > Z a; (C(og,1) — C(os,,1)) .
1,JES2 €S2

However, as we have already shown, the existence of a coalition S € con(og) with

Yijes WI(N))ij > D ics i (Cloo, 1) — C(os, 1)) leads to a contradiction. O

Theorem 2.1.2 The £GS solution is the unique non-aggregated solution satisfying

efficiency, symmetry and consistency.

Proof. Obviously, £GS satisfies efficiency, symmetry and consistency.

Now let W be a nonempty solution which satisfies efficiency, symmetry and con-
sistency. Pick a batch sequencing situation I'(N) = (N, 0¢, «, z,t). We will show that
U(I'(N));j is uniquely determined for every 7,7 € N with induction to the number
|00(j) — o0(9)]-

Pick 4, j € N. Assume first that |0o(j) — oo(¢)| = 0. Then, i = j and ¥(I'(N));; =
0=EGS(I'(N));; by Lemma 2.1.3. Now, assume that ¥(I'(N));; = EGS(I'(N));; for
every i,j € N with |og(j) — 00(7)| < k for some k € {0,...,n — 2}. Pick i,j € N such
that |og(j) — oo(i)] = k + 1. Let S = [i, j]. Then,

Y(IT(N))ig + W(I(N))ji = Zaz (00,4) — Clos,1)) — Z Y(T(N))pr,
€S (p,T‘)GSXS\{(i,j),(j,i)}
=" 0i (Clo0,i) — C(os,1)) — > EGS(T(N))pr,
i€S (pr)eSxS\{(4,5),(5:1)}

where the first equality follows from Lemma 2.1.3 and the second equality follows
from the fact that |oo(p) — oo(r)| < k for every (p,r) € S x S\{(4,J), (j,7)} and the
induction assumption.

Then ¥(I'(N));; +¥(I(N)),; is determined uniquely. Consequently, by symmetry,
U is uniquely determined and hence W(I'(N)) = EGS(I'(N)). O

We show in the following proposition that, for every batch sequencing situation
[(N) = (N, 00, q, z,t), the aggregated EGS solution EGS(T'(N)) - eV is equal to the
average of the two marginal vectors of the batch sequencing game corresponding to
['(N), the one belonging to the initial order oy and the one belonging to the inverse

order of oy.
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Proposition 2.1.3 Let I'(N) = (N, 00, , z,t) be a batch sequencing situation and
let (N, v) be the corresponding batch sequencing game. Then,
1 _
EGS(T(N)) -V = 3 (m”“(v) + m?o 1(11)) :

Proof. Let ) ¢y Asug be the linear decomposition of (NV,v) into unanimity games
and ¢ € N. Then,

1 o a'_l ]. — . — .
3 (miO(v) +m;° (v)> =3 (U(P(J(),’L)> —v(P(09,1)) + v(S(00,1 O’(),Z)))
( Z Alij] + Z Al J]) Z Ali,j)
JEP(d0,i) J€S(d0,i) ]EN

= EGS(T(N))i - €™,

where the second equality follows from the fact that Ay = 0 for every T' C N which

is not connected with respect to oy. O

Comparing the aggregated version of the £GS rule with the Shapley value of
batch sequencing games, we see that while the Shapley value takes the average of
all the marginal vectors of the game, the aggregated version of the £GS rule takes
the average of only two marginals. Since batch sequencing games are convex, each
marginal of these games belongs to the core. Hence, as we highlight in the following

theorem, EGS(T'(N)) - eV belongs to the core of batch sequencing games.

Theorem 2.1.3 Let I'(N) = (N, 09,0, z,t) be a batch sequencing situation and let
(N,v) be the corresponding batch sequencing game. Then, EGS(T'(N))-e™ belongs to
the core of (N,v).

Now we turn to a characterization of the non-aggregated split core SPC. Let
D(T'(N)) be the set of dummy players in a batch sequencing situation I'(/V). Let W
be a non-aggregated solution concept that assigns to each batch sequencing situation

['(N) a non-empty subset of Rf *N " Consider the following three axioms for .

e Efficiency: V is efficient if

> Wiy = ai(Cloo,i) — Clon, 1)),

i,jEN ieEN

for all batch sequencing situations I'(N) and all W € U(I'(V)).

e Consistency: V is consistent if for all batch sequencing situations I'(N), all
W e U(I'(N)) and all S € con(oy) the following is satisfied:

There exists W' € W(I'\g(N)) such that W;; = W}, for every i,j € S.
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e Converse consistency: VU is converse consistent if for all batch sequencing

situations ['(NV) and all W € RY*Y with Z Wi = Z a; (C(og,i) — C(on,1))
ijeEN iEN
the following statement is true:

If for every S € con(og)\N with D(I'(N)) € D(I'\s(IN)) there exists
W' € ¥(T's(N)) such that Wi; = W, for every i,j € S, then W €
Y(T(N)).

The efficiency and the consistency properties are the extensions of their previous
definitions to the case of a correspondence. Converse consistency means that if each
restriction of a feasible gain splitting matrix (a matrix which allocates the maximal
cost savings to the agents) to a connected coalition of agents coincides with an element
of the solution of the corresponding reduced situation, then this gain splitting matrix
must also be an element of the solution of the original situation. Note that for the
converse consistency property only reductions to connected coalitions that enlarge
the set of dummy players are allowed.

In the following we will characterize the SPC solution with the properties men-

tioned above. For this aim, we first need the following lemma.

Lemma 2.1.4 Let I'(N) be a batch sequencing situation and V¥ be a multi-valued non-
aggregate solution for batch sequencing situations. If W is both efficient and consistent,
then it satisfies the following for every W € W(I'(N)) and for every S € con(oy):

Z Wi; = Zozl (00,1) — C(0g,1)) .

1,JES i€S

The proof runs similar with the proof of Lemma 2.1.3 and hence it is omitted.

Theorem 2.1.4 The non-aggregated split core SPC is the unique non-empty solution

satisfying efficiency, consistency and converse consistency.

Proof. Obviously, SPC satisfies efficiency and consistency. For converse consis-
tency, take a batch sequencing situation I'(N). Let (IV,v) be the batch sequenc-
ing game corresponding to I'(/V) and ) ¢y Asus be the linear decomposition of
(N,v) to unanimity games. Pick a matrix W € RY*" such that >ijen Wi
Y ien @i (C(oo,1) — C(on,i)) and there exists W' € SPC(I'|g(/V)) such that VVU =
Wi, for every i,j € S for every S € con(ap)\N with D(I'(N)) & D(T'|s(N)).

Let i = argmin;en\pr(ny)oo(i) and i = argmazi;en\pr(ny)oo(i). Let S = [i, il,
Sp = S\{i} and Sy = S\{i}. Firstly, by Lemma 2.1.4, W;; = W;; = 0 for every i ¢ S
and every j € N. Now, consider the reduced batching situations I'ig, (V) and I'g, (V).
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Observe that both D(I'(N)) € D(I'\s,(N)) and D(I'(N) € D(I'\s,(IN). Then, there
exists W' € SPC(I'g,(N)) and W? € SPC(I'js,(N)) such that W;; = W for every
i,7 €S and Wy = WZ for every 7,7 € Sy. By consistency of SPC we know that

Wi+ Wy = { Wéj - Wél = idl %f ZJ .
Wij + Vij = )\[i,j}a if 7,7 € 9.

Hence, for all pairs (i, ) except (i,7) and (¢,4), Wi; + Wj; = A ;. Then, Lemma
2.1.4 implies that W;; +W;,; = ;3. Hence, W € SPC(I'(N)).

Now let ¥ be a nonempty solution which satisfies efficiency, consistency and con-
verse consistency. Pick W € U(I'(N)). We will show that W € SPC(I'(N)).

Pick i,j € N such that ||og(j) — 0¢(7)]| = 0. Then, ¢ = j and by Lemma 2.1.4
Wi; = Wi = 0 and hence Wy; + Wj; = A 5. Now, assume that Wy; + Wj; = Aj; 5 for
every 1,5 € N with ||og(j) — 00(7)|| < k for some k € {0,....,.n —2}. Pick i,5 € N
such that ||og(j) — 00(7)|| = k+ 1. Let S = [i,j]. Then,

Wi+ Wi =Y a; (C(og, i) — Clos, i) — > W,
ieS (p,T)ESXS\{(iJ’)’(jvi)}
= a;(Cop,i) = Clos,i)) = > Ar=As,
€S TCS:Tecon(oo)

where the first equality follows from Lemma 2.1.4; the second equality follows from
the fact that ||og(p) — oo(r)|| < k for every (p,r) € S x S\{(4,7),(4,7)} and the
induction assumption. Therefore W € SPC(I'(N)). This establishes that U(I'(N)) C
SPC(I'(N)).

Now we show that SPC(I'(N)) C ¥(I'(V)). Pick a batch sequencing situation
['(N) and W € SPC(I'(N)). Since SPC is consistent, for every S € con(oy), there
exists Y* € SPC(I|g(N)) such that YZ]S = W,; for every ¢,7 € S. We are going
to show that Y9 € W(I'\¢(N)) by induction on |S|. Assume first that |S| = 1, i.e.,
S = {i} for some i € N. Then, U(I's(N)) = [0] = Y since both SPC and ¥ are
efficient.

Now assume that Y5 € U(I's(N)) for every S € con(og) with |S| < k and pick S €
con(oy) with |S| = k. Then, pick T € con(oy). We denote a reduction of I'ig(N) to T
by T'jgr(&V). Assume that T € con(0oy) is such that D(I'\s(N)) € D(I'js2(N)). First
consider the case T'NS # 0. Then, firstly, T % S since D(I'\s(N)) € D(I'js,r(N)).
Since all agents in N\S are dummy agents in I'\g7(N), there exists I'irng(V) a
reduction of I'(V) to 7'M S which is equal to I'jg (V). But, then, since [T'N S| <k,
Y15 € U(Tirns(N)) = U(Cisr(N)).

Now consider the case T' C N\S. Again since SPC is consistent, for every T' €
con(og) there exists Z° € SPC(Tjgr(N)) such that Z7 = Y3 for every 4, j € T. Then,
since all agents in N\S are dummy agents in I'|g7(N), Z% = [0] = ¥ (D57 (N)).
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=

U(T|s,r(N)) such that Y = Z;; for every i,j € T. Then, since ¥ satisfies converse
consistency, Y € U(T|s(N)).

So, we proved that for every S € con(og) such that D(I'(V)) € D(I'\s(V)),
Y® € U(I'\g(N)). Then, W € U(I'(N)) since ¥ satisfies converse consistency. So we
can conclude that SPC(I'(N)) C U(I'(N)). O

Then for every T € con(oy) with D(I'\g(N)) € D(I'jsr(N)), there exists Z €

2.1.3 Relaxed Batch Sequencing Games

In Section 2.1.2, we associated with a one machine batch sequencing situation a
cooperative game. The value of a coalition S was defined as the maximal cost savings
which the coalition can obtain by admissible rearrangements; i.e., the rearrangements
which reorder the jobs in each component (with respect to the initial order) of S.
In this section, we introduce and analyze relaxed batch sequencing games, a class
of games arising from batch sequencing situations where a coalition can also obtain
savings by switching positions of agents that belong to different components of the
coalition. We show that relaxed batch sequencing games are equal to the sum of
specific assignment games (cf. Shapley and Shubik, 1972). Hence, these games are
balanced. However, it is shown that relaxed batch sequencing games are not convex
in general.

Let I'(N) = (N, 00,0, z,t) be a batch sequencing situation. While defining the
associated batch sequencing game in the previous section, we adapted the common
assumption in the sequencing games literature and defined the value of a coalition
S as the maximal cost savings that it can obtain by switching places within og-
components. The rationale behind this assumption is that a player not in S has the
right to object to jobs in S jumping over him. In classical sequencing situations where
the machine can process only one job at a time and the agents may require different
processing times, a player not in S will certainly object to jobs in .S jumping over him
if he will end up with jobs in front of him that have a longer processing time than he
had in the initial order. In batch sequencing situations however, the completion time
of a player outside S is not affected if two players in different og-components of S
switch places since the completion time of a batch is independent of the jobs placed
in the batch. Hence, the players outside S may not object to such rearrangements by
S.

In this section, we follow this “optimistic” assumption and introduce relaxed batch
sequencing games which allow for rearrangements in which players that belong to
different og-components of a disconnected coalition can switch places. Formally, an
order o € II(N) is called R-admissible for coalition S if 0(j) = o¢(j) for all j € N\S.
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We denote the set of R-admissible reorderings for a coalition S by Az (S). Obviously,
A(S) C Ag(S).

By defining the value of a coalition S as the maximum cost savings coalition S can
achieve by means of an R-admissible reordering, we define the relazed batch sequencing
game (N, vr) corresponding to the batch sequencing situation I'(N) = (N, 09, @, 2, t)
as follows:

VR(S) = Maxscan (s {Zaz (00,1 C’(J,i))}, (2.4)

€S

for every S C N.

Example 2.1.4 Consider the batch sequencing situation given in Example 2.1.1 and
the coalition S = {2,3,5,6,7}. It can easily be observed that o = (1,7,6,4,5,3,2)
is an optimal rearrangement for S in Ag(S). The orders oy and of are depicted in
Figure 2.3.

[112] [314] [5]6] [7] oo
[1]7] [6]4] [513] [2] %

Figure 2.3: The orders oy and % in Example 2.1.4

Then, vg(S) can easily be calculated as

Zaz (00,7) — C(0g,1))

= &2(1 — 4) + 063(2 — 3) + 065(3 — 3) + 066(3 — 2) + Oé7(4 — 1) = 32.

Clearly, (N,vg) is monotonic and superadditive. Also observe that, for every
coalition S C N, an order in which the players in S are arranged in order of non-
increasing «y; is an optimal admissible order for S. We denote such an order by o%.
That is, for every S C N, 0§ € [I(V) is such that o5 € Ag(S) and o%(i) < o%(j) for
every 4,j € S such that a; > a;.

In the following, we show that every relaxed batch sequencing game can be written
as a sum of specific assignment games. First, we provide a brief review of assignment

games.
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Assignment games arise from bipartitite matching situations and are introduced
by Shapley and Shubik (1972) to model two sided markets with transferable utility.
Let the player set N be the union of two nonempty disjoint sets M; and M,. For
each i € M and j € My, the value (the joint profit) of a matched pair (7, j) is defined
by a;; > 0. From this situation, an assignment game (M; U M,,w) is defined in the
following way. The worth of a coalition S C N is defined to be the maximum value
that S can obtain by making suitable pairs from its members and pooling the profit.
If SNM; =0 or SN M,=(, no suitable pairs can be made and hence the worth in

this situation is zero. Formally, an assignment game (M; U My, w) is defined by

w(S) =max{ > aylw € M(S N M, SN M) (2.5)
(ij)€En
for all S C N, where M (SN M, SN M) denotes the set of matchings between SN M,
and S N M,. Also, a matching is called optimal for S if it maximizes the gain of the
coalition S.
Shapley and Shubik (1972) proved that the core of an assignment game (M; U
My, w) is nonempty.
Theorem 2.1.5 (Shapley and Shubik, 1972, Theorem 2) Let (M; U Ms, w) be

an assignment game. Then Core(w) # .

Let (N, 09, a, z,t) be a batch sequencing situation. For any coalition S C N and
batch number k € {1, ..., E-‘ — 1}, we denote by L(S, k) the set of players in S which
are placed in batch k or in the batches in front of batch £ with respect to the initial
order oy, i.e., L(S, k) = {i € S|bs, (i) < k}. We denote by U(S, k) the set of players in
S which are placed in batches behind batch k, i.e., U(S, k) = {i € S|b,, (i) > k}. Also
let a;; = max{0, a;—cy} for every i € L(N, k) and every j € U(N, k). For every batch
number k € {1, ..., [2] — 1}, we call the assignment game (L(N, k) UU(N, k), w*) the
Kt assignment game associated with the batch sequencing situation (N, oy, a, 2,t).

It can readily be observed that for each assignment game (L(N, k) UU (N, k), wk)
associated with the batch sequencing situation (N, og, «, z, t), the characteristic func-

k can be expressed as follows:

wk(S) = > o — > o, (2.6)

1€S:by (1)>k and bag )<k 1€S:by (1) <k and bag (3)>k

tion w

for every S € N and k € {1, ..., [2] — 1}

In the following theorem, we show that the relaxed batch sequencing game (N, vg)
corresponding to a batch sequencing situation I'( V) is equal to the sum of the assign-
ment games associated with ['(/V). Since assignment games are balanced, this result

also establihes the balancedness of relaxed batch sequencing games.
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Theorem 2.1.6 Let (N, 00, ,z,t) be a batch sequencing situation and let (N,vg)
be the corresponding relazed batch sequencing game. Also let (L(N,k)UU(N, k), w*)
be the k™" assignment game obtained from (N, oq,, 2,t) for every batch number k €
{1,...,[2] = 1}. Then,

k=

for every S C N and hence (N,vg) is balanced.

—_

Proof. Let S C N. Then, by using equation (2.6)

His His
wk(S) = Z Z o — Z a; |,

k=1 k=1 1€S5:bs (1) >k and b(,g () <k 1€8S:bo (1) <k and b(,g (i)>k
= ) ilboy (i) = bey () = vr(S).
€8

O

However, a relaxed batch sequencing game need not be convex in general. This is

illustrated in the following example.

Example 2.1.5 Consider the following batch sequencing situation (N, o, a, 2z, t) where
N={1,2,34}, « =(1,3,6,9), 2 =2, ¢t =1 and 0((i) = i for every i € N. It can easily
be observed that vg(N) = 11, vg({1,2,3}) = 5, vr({1,2,4}) = 8 and vg({1,2}) = 0.

So, (N, vr) is not convex:

vr(N) — vr({1,2,3}) < vr({1,2,4}) — vr({1,2}).

2.1.4 Flow-Shop Batch Sequencing Games

Flow-shop batch sequencing (FSBS) situations consist of a sequence of finitely many
batch machines By, Bs, ..., B, and a finite number of agents N = {1,2,...,n} each
having one job to be processed in the order By, Bs, ..., B,,. Each batch machine By,
has a batch size of z, and processes a batch in ¢, time units independent of the
number of jobs placed in the batch. As it is the case in batch sequencing situations
on a single batch machine, we assume that there is an initial order oy on the jobs
before the processing of the jobs on the flow-shop begins. That is if agent ¢ is in

front of agent j in the queue, then at all machines in the flow-shop, the job of agent
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1 has to be processed before the job of agent j is processed or together with the job
of agent 7 in the same batch. An FSBS situation as described above is denoted by
['(N,M) = (N, M, o09,a,z,t) where M = {1,2,...,m} and m € Z,, is the number
of batch machines in the flow-shop, oy € II(N), @ = (a;)ien € RY,, 2 € Z2 and
teRY. .

For every FSBS situation, a production schedule T fixes for every agent ¢ and
for every machine k a starting time T;x(7) of the job of agent i at machine k. A
production schedule is feasible if it conforms to the batch capacity constraints of the
machines, to the order of the flow-shop and to the order on the jobs. Formally, we
call a production schedule feasible with respect to the order o € TI(N) if it satisfies
the following;:

(i) Tix(1) > 0for alli € N and all k € M.
(i) Tip(7) +tp < Tigsa(7) foralli € N and all k € M.
(ili) If o(2) < o(j), then T; (1) < T;x(7) for all i, j € N and all k € M.
(iv) Hi € N|Tix(7) = s}| < 2 for all k € M and s > 0.
(v) If T; (1) # T x(7), then |T; (1) — Tjx(7)| > tx for all ¢, 5 € N and all k € M.

We denote by F; . (7) the time at which machine k& finishes the processing of the
batch in which job i is placed, i.e., F;x(7) = T; x(7) + tx. Then, the completion time
C;(7) of job i under production schedule 7 is F; ,,(7). The total costs of all agents if

the jobs are processed according to the production schedule 7 equal ).\ i Fj (7).

Example 2.1.6 Consider the following FSBS I'(N, M) = (N, M, 09, «, z,t) where
N ={1,..,5}, M ={1,2}, og(i) =i foreveryi € N,a = (1,7,1,1,1), z = (1,2) and
t = (1,5). In Figure 2.4, we depict two feasible production schedules with respect to
the initial order og: 79 and 7.

It can easily be observed that with respect to both schedules, every job is immedi-
ately processed by B; as soon as B is available. If the jobs are processed with respect
to production schedule 7y, then Fy1(79) = T12(79) = 1. That is job 1’s processing at
B, starts as soon as its processing at By ends. If the jobs are processed with respect
to production schedule 7, then Fy 1(71) = 1 and 71 2(71) = To2(71) = 2. That is, with
respect to production schedule 7y, although job 1 is available for processing at B, at
time one, it waits for one time unit for job 2 to become available for By and at time

two their processing by By starts together in the same batch. o
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Figure 2.4: Two feasible schedules for the flow-shop situation in Example 2.1.6

Finding an optimal schedule for a general FSBS situation is still an open problems?.
However, as we establish in the following proposition, there always exists an optimal
schedule which processes the jobs according to the HWCF-sequence oy and runs full
batches in the first batch machine.

Proposition 2.1.4 For every FSBS situation I'(N, M) = (N, M, 0q,«, z,t), there

exists an optimal schedule T such that
(i) T is a feasible schedule with respect to oy.

(ii) T runs full batches of size zy in the first batch machine.

We note that Proposition 2.1.4 can easily be proved by using a simple interchange
argument.

Observe that there can be more than one production schedule which is feasible
with respect to the initial order in an FSBS situation. We assume in this section that,
in the initial case, i.e., when the agents do not cooperate, the corresponding initial
production schedule is the one in which no agent waits for another because waiting
for other jobs, without any further compensation, to get processed together in the
same batch will only increase the costs of the agent. That is the initial production
schedule is the one which is feasible with respect to oy and satisfies the condition
that every job which is ready to be processed at a machine is processed as soon as

the machine is also available. We denote the initial production schedule in flow-shop

3For an FSBS situation with two machines and equal waiting time parameters, Ahmadi et al.
(1992) showed that the problem of finding the optimal schedule can be solved within O(N?3) opera-

tions.



38 Chapter 2. Sequencing Situations and Cooperation

batch sequencing situations by 7y (Note that the production schedule 7 in Example
2.1.6 indeed fits this description.).

Next, for a coalition of cooperating agents, we must decide on which production
schedule rearrangements are admissible. We assume that a coalition S can choose
any production schedule which is feasible with respect to an order o € A(S) as long
as they do not harm the players outside S. Formally, a production schedule 7 is

admissible for coalition S if it satisfies the following two conditions:

(i) 7 is a feasible production schedule with respect to an order in A(S).
(ii) F; (7)) < Fim(7o) for all i € N\S.4

The set of admissible production schedules for S is denoted by APS(S).
We define the value of a coalition S as the maximum cost savings coalition S
can achieve by means of an admissible production schedule. Formally, a flow-shop

batch sequencing game (N, w) corresponding to a flow-shop batch sequencing situa-
tion ['(IV, M) is defined by

w(S) = a3 eu(Funl) = Fin(r) )
for every S C N.

Using a simple interchange argument, it can be shown that there exists an optimal
admissible production schedule for S which is feasible with respect to og. Recall that
og is an ordering which is attained from og by reordering the members in each og-
component of a coalition S with respect to the HWCF rule.

Clearly, FSBS games are monotonic and superadditive. However, as illustrated
by the following example, FSBS games are neither op-component additive nor convex

in general.

Example 2.1.7 Consider the flow-shop batch sequencing situation I'(/V, M) given in
Example 2.1.6 and the coalition S = {1,3,4,5}. The initial production schedule, 7y is

also given in Example 2.1.6. Notice that S can not create savings just by reordering

4Condition (ii) enables agents to wait for other agents’ jobs in order to get processed together
in the same batch. That is agents can create savings both by reordering their jobs and also by
waiting for some other jobs. Another option for admissibility of a rearrangement could be to require
that F; (1) = Fjm(10) for all ¢ € N\S. Under this more restrictive condition, waiting would no
longer be possible in a flow-shop batch sequencing situation, i.e., the agents could create savings
only by reordering their jobs. We want to remark that, under this more restrictive condition, the
results obtained for single machine batch sequencing games can easily be extended to corresponding

flow-shop batch sequencing games.
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the jobs since a; = «; for every ¢,7 € S. However, observe that 7; in Example 2.1.6
is an admissible production schedule for S (since Fya(71) < Fb2(7)) and the cost

savings obtained if S uses 7y is:

> ailFia(m) = Fia(m)) = Y (Fia(r) — Fia(m))

€S €S

=(6-7)+ (11 —-12) + (16 — 12) + (16 — 17) = 1.

So, when agent 1 waits for agent 2, the only agent outside S, agent 2 profits from
an earlier completion time, agents 3 and 5 are harmed indirectly but agent 4 profits.
As a result, S could obtain cost savings of 1. Actually, 71 is the optimal production
schedule for S, i.e., w(S) = 1.

For T € 2M\{S} one finds that: w(T) = 30 for every T' D {1,2} and w(T) = 0
otherwise.

Observe that this FSBS game is not convex:

(N, w) is not op-component additive either: {1} and {3, 4,5} are the op-components
of {1,3,4,5}, but

1= w({1,3,4,5}) £ w({1}) + w({3,4,5}) = 0.

o

In the following, we will examine two particular FSBS situations: situations where
all batch machines have the same batch size and situations where all batch machines
have the same batch processing time. First, it is shown that, in both of these situa-
tions, an optimal order for a coalition of agents can be obtained by reordering the jobs
of the agents. That is although waiting for other jobs to produce savings is allowed
in our model, in these FSBS situations it need not be employed by the coalitions to
obtain maximal cost savings. Second, it is shown that the FSBS games arising from
these situations are equal to the game arising from the “bottleneck” machine in the
flow-shop: the machine with the highest batch processing time when all machines
have the same batch capacity and the machine with the minimum batch capacity
when all machines have the same batch processing time.

We need the following notation in order to present our results. Consider an F'SBS
situation T'(N, M) = (N, M, 09, , z,t). We denote by P the sum of the first k
machines’ batch processing times, by ¢ the maximum batch processing time and by z
the minimum batch size, i.e., P, = Z’;Zl tp, t = max{t;|k € M} and z = min{z|k €
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M}, Lastly, we denote by 7, the production schedule which is obtained from 7, only
by reordering the agents with respect to 0. That is

Td‘l(p),k(Ta) = Tao_l(p),k<7—0)
for every p € {1,2,...,n} and k € M.

Proposition 2.1.5 LetT'(N, M) = (N, M, 09, a, z,t) be an FSBS situation. If zx, = z
for every k € M or if ty, =t for every k € M, then 7,, is an optimal production
schedule for every S C N.

Proof. First assume that 2z, = z for every k € M and consider the initial production
schedule 7y. Observe that with respect to 7y first z jobs in the initial order oy are
processed together in the first batch in each machine; the second z jobs in oy are
processed together in the second batch in each machine and so on. Since the initial
production schedule 7y runs full batches in each machine in the flow-shop, waiting
for other jobs is not an option for the players. We know that there exists an optimal
production schedule for every coalition S which is feasible with respect to og. Then,
clearly, 7, is an optimal production schedule for any coalition S C N.

Now assume that t, = t for every & € M and consider the initial production
schedule 75. Observe that 7y may run batches with less jobs than full capacity and
the jobs in these batches have the option to wait for other jobs to get processed to-
gether in the same batch. However, observe that it is not possible to decrease the
completion times of the other jobs by waiting for them, because the batch processing
time of each machine is the same. That is the coalitions can not produce savings
through waiting for other jobs. We know that there exists an optimal production
schedule which is feasible with respect to og for every coalition S. Then, since wait-

ing is not profitable, 7, is an optimal production schedule for any coalition S C N. [

In Theorem 2.1.7 we show that in both of these FSBS situations the corresponding
FSBS games are equal to the batch sequencing game corresponding to the bottleneck
machine in the flow-shop. For the proof, we need the following lemma which states
that in both of these FSBS situations the completion time of a job is determined up

to a constant by the bottleneck machine.

Lemma 2.1.5 Let I'(N, M) = (N, M, 09, v, z,t) be an FSBS situation.

(1) If z, = z for every k € M, then F;,,(7,) = Py, + ({@1 — 1)t for everyi € N
and every o € II(N).
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(i1) If ty, =t for every k € M, then F,,(7,) = mt + ({@-‘ — 1)t for everyi € N
and every o € II(N).

Proof. (i). Let 0 € II(N) and let i € N be such that [@W = 1. Clearly, ¢ is
processed in the first batch by each machine and Fjy(7,) = Py for every k € M.
Now, pick j € N with {@W = 2, i.e., j is processed in the second batch by each

z

machine. Let Zf; 5 be the maximum batch processing time among the first £ machines,
ie., t g = max{t|l € {1,2,...,k}}. We will show, by induction on k, that

Fip(7a) = Fin(ro) + ([ Z2] = 1) fugg = P+ T g

When k£ = 1, the assertion holds trivially. So, assume that the assertion holds for
every k < l. Then, Fj;_1(7,) = Pi—1 + {11
Now, if t; < 7?[171_1}, then 2?[175] = 7?[171_1} and

Fii1(16) = Py +tpg—1 > P+t = P = Fy(15),

i.e., the second batch’s processing at machine [ — 1 finishes after the first batch’s
processing finishes at machine /. Hence, the second batch immediately starts to be
processed by machine [ at time F};_(7,). So,

Fji(1) = Fju-1(10) +t1 = Py + tpg_q + ti = P+t
If t; > tp-1), then fn ) = ;. Also we have that
Fii1(10) = Py + gy < P+t = Fiy(7,).

That is the second batch’s processing at machine [ —1 finishes before the first batch’s
processing finishes at machine [. Hence, the second batch starts to be processed by
machine [ at time Fj;(7,). So, Fj(7,) = Fi (7,) +ti = P +t, = P+ tpy).

Now, one can repeat the whole argument given above for a job which is processed
in the third batch by each machine, then for the fourth batch and so on to prove that
Fim(15) = P + ({@-‘ — 1)t for every i € N.

(77) can be proven similarly. O

Theorem 2.1.7 Let I'(N, M) = (N, M, 09, a, z,t) be an FSBS situation and (N, w)

be the corresponding flow-shop batch sequencing game.

(i) Let z, = z for every k € M. Define T'(N) = (N, 00,0, z,t) to be the batch
sequencing situation corresponding to the bottleneck batch machine and let (N, v)

be the corresponding batch sequencing game. Then, v = w.



42 Chapter 2. Sequencing Situations and Cooperation

(ii) Let t,, =t for every k € M. Define '(N) = (N,09,,Z2,t) to be the batch
sequencing situation corresponding to the bottleneck batch machine and let (N, v)

be the corresponding batch sequencing game. Then, v = w.

Proof. (i). We know by Lemma 2.1.5 that
F;m(10) = P + ({UOT(Z)—‘ — 1t and Fj 1 (755) = P + (FST(Z)W — 1),

for every S C N and every ¢ € N. Moreover, we know by Proposition 2.1.5 that in
I'(N,M) 7,, is an optimal schedule for every S C N. Then,

w(S) =Y i(Fim(70) = Fim(7og))

€S

= > o (P + ([ 2] = D) = (P + ([222] - 1))
i€S

= Yo ([] - [=2]) = o).
ies

for every S C N.

(74) can be proven similarly. O

2.2 Family Sequencing and Cooperation

In this section, we consider cost allocation problems arising from family sequencing
situations. In a family sequencing situation, the jobs can be partitioned into distinct
families. No set-up is required between the jobs of the same family. However, the
family set-up time is required when a job is preceded by a job of a different family
or if there is no preceding job. Section 2.2.1 formally describes family sequencing
situations. Section 2.2.2 introduces and analyzes the corresponding family sequencing
games. We prove that family sequencing games are balanced by showing that a specific
marginal vector belongs to the core of these games. It is also seen that these games

need not be convex even under specific restrictions of the model considered.

2.2.1 Family Sequencing Situations

In this section, we consider a one machine sequencing situation in which a finite num-
ber of agents, each having one job, are queued in front of a machine, waiting for their
jobs to be processed. The machine in the situation is of classical type which can

handle at most one job at a time. The set of agents is denoted by N = {1,2,...,n}.
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The jobs can be partitioned into f families with respect to their production require-
ments. Let I = {1,2,..., f} be the set of families. A family function ¥ : N — F
associates to each agent i € N the family F (i) that his job belongs to. We denote
with n; the number of agents whose jobs are in family k. It is assumed that there
is an initial processing order oy on the agents before the processing of the machine
starts. If a job in family k follows a job of the same family, then it does not require
a set-up. However, the family set-up time s; is required if it is preceded by a job of
a different family or if there is no preceding job. Observe that the set-up times are
sequence independent, i.e., they are independent of the family of the preceding job.
We assume that each job of the same family requires the same processing time which
is denoted by py for every family k£ € F'. For each agent ¢ € N, the costs of spending
time in the system is assumed to be linear in the completion time of the job and
the corresponding cost function ¢; : Ry — R is defined by ¢;(t) = «;t with a; > 0.
Lastly, we assume that the agents having jobs of the same family have the same cost
parameter, i.e., if (i) = F(j), then a; = «; for every i,j € N.

A one machine sequencing situation as described above is called a family sequenc-
ing situation and is denoted by X(N) = (N, F, F, 09, s, p,«) where oy € II(N) and
S, p, 0 € Ri 4

In a family sequencing situation X(N) = (N, F, F, 09, s, p, @), the completion time
C(o,1) of the job of agent ¢ when the jobs are processed according to the order o is
given by

Cloyi) = Y (wossry) +0r0) s
jeP(oyi)
where z,; equals 1 if the job j will require a set-up when jobs are processed with
respect to o and 0 otherwise. Observe that C(o,14) is the sum of processing times for

the first o(7) jobs plus any set-ups that occurred.

The total costs of all agents if the jobs are processed according to the order o
equal ) .y oz C(0,4). By reordering the jobs with respect to oy the total costs can
be reduced. We call an order optimal if it minimizes the total costs. It was proven
by Santos and Magazine (1985) and, independently, by Dobson et al. (1987) that a
highest urgency comes first (HUCF) order, an order which processes the jobs of the
same family together as a group (consecutively) and processes these family groups in

NEgQk

nonincreasing order of the family-specific urgency index wu; defined by u, = PR

is optimal for family sequencing situations.

Theorem 2.2.1 For every family sequencing situation an HUCF order is optimal.
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2.2.2 Family Sequencing Games

For a family sequencing situation X(N) = (N, F, F, 0y, s, p, &), the costs of a coalition
T with respect to a processing order o equal ), ., ar;C(0,i). We want to determine
the maximal cost savings of a coalition 7" when its members decide to cooperate. For
this aim, we have to define which reorderings of the jobs of coalition T" are admissible
with respect to the initial order. We assume that an order o € II(N) is admissible

for a coalition 1" with respect to oy if it satisfies the following two conditions:
(i) P(o,j) = P(0o,j) for all j € N\T.
(ii) C(o,i) < C(0o,1) for all i € N\T.

Condition (i) is the standard admissibility requirement that a coalition 7" can pro-
duce cost savings only by changing positions within og-components. However, in a
family sequencing situation, a coalition may hurt the players outside the coalition
by reordering its players in a way that increases the total time required for set-ups.
Hence, we also adopt condition (ii) which guarantees that 7' cannot not harm the
players outside T'. The set of admissible reorderings of a coalition 71" is denoted by
A(T).

The value of a coalition T is defined as the maximum cost savings coalition 7" can
achieve by means of an admissible reordering. Formally, the family sequencing game
(N,v) corresponding to a family sequencing situation X(N) = (N, F, F, 09, s, p, ) is
defined by

v(T) = ma ari (Clog, 1) — C(o,1 , 2.8
() UGA(%{; #0) (Clov, i) = Clo >>} 2.9
for every T'C N.

The family sequencing games are illustrated in the following example.

Example 2.2.1 Consider the family sequencing situation (N, F,F, 0y, s, p, a) with
N = {1,2,3,4,5} and F = {1,2}. Assume that F(1) = F(4) = F(5) = 1 and
F(2) = F(3) = 2. Assume also that oy is given by o¢(i) = i for every i € N,
s =(1,5), p=(4,2) and a = (1,1). Then the urgencies for the families are u; = %
%, respectively. Hence, an HUCF order processes first the jobs in family

1 and then the jobs in family 2. In Figure 2.5, we depict the production schedules

and uy =

corresponding to an HUCF order oy and oy.

Consider now the coalition T = {1, 2, 3}. Observe that the order op = (2,3,1,4,5)
is an admissible order for 7" with respect to oo: P(o7,j) = P(09,j) for all j € N\T
and both C(or,4) < C(09,4) and C(or,5) < C(09,5). Figure 2.5 also depicts the
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0(00,2)
C(O’(), 1) 0(0'073) 0(0'0,4) 0(00,5)
0p: 51 P1 S2 P2 —e—P2 —e—51 p1 p1
0 5 10 12 14 15 19 23
0(0'073)
0(007 1) 0(0014) C(JOa5) 0(0—072)
ON © &5 p1 p1 p1 52 p2 D2 —e
0 . 5 9 13 18 20 22
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or . S2 P2 —e—P2—e-51 p1 p1 p1
0 5 7 9 10 14 18 22

Figure 2.5: The production schedules corresponding to the orders oy, on and o7 in
Example 2.2.1

production schedule corresponding to order op. The cost savings obtained if T" uses

or is:

> oz (Cloo,9) — Clor,i)) = Y _(Clov,i) — Clor,i))

€T €T

=(G-14)+(12-7)+(14-9) =1.

Actually, o7 is the optimal processing order for 7', i.e., (1)) = 1. Notice that or
processes the jobs in family 2 first although with respect to the optimal order for the
grand coalition jobs in family 1 are processed first.

Consider now the coalition @ = {1,2,3,5}. Clearly, o7 is an admissible order for

(). The cost savings obtained if () uses o is:

Za}-(i)(C(O‘o,i) - C(UT,i)) = Z(C(U(),Z) - C(O-Tai))
i€Q 1€Q
= o(T) + (23 — 22) = 2.

That is when the agents 1,2 and 3 reorder themselves from oy to o, agent 5
profits from an earlier completion time. Actually, o7 is also an optimal processing
order for (). Hence v(Q) = 2. The complete family sequencing game (N, v) is given
by: v(N) = v({2,3,4,5}) = 4, v({1,2,3,4}) = v({1,2,3,5}) = v({2,3,4}) = 2,
v({1,2,3}) =1 and v(T") = 0 for every remaining coalition 7" € 2V.

Observe that this game is not convex:
U(N) - U({27 3,4, 5}) =0<1= 'U({la 2, 3}) - U({Za 3})

(N, v) is not og-component additive either: {1,2,3} and {5} are the op-components
of {1,2,3,5}, but v({1,2,3,5}) = 2 # 1 = v({1,2,3}) + v({5}). o
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Example 2.2.1 illustrated that family sequencing games need not be convex in
general. The following example shows that a family sequencing game need not be
convex even when the set-up times and the processing times are equal and the jobs

of the same family are consequtive in the initial order.

Example 2.2.2 Let X(N) = (N, F,F,00,$,p,«) be a family sequencing situation
with N ={1,2,...,9} and F = {1,2,3,4}. Assume that F(1) =1, F(2) = F(3) =2,
F(4) =..=F(@8) =3 and F(9) = 4. Assume also that o is given by o¢(i) = ¢ for
every i € N, s = (1,1,1,1), p = (1,1,1,1) and a = (100, 2,4,1). Finally, let (N,v)
be the family sequencing game corresponding to X(V).

Let @ = {1,3,4,5,6,7,8}, R = QU {9}. It can be observed that v(Q) = 0,
v(R) =5 and v(Q U {2}) = v(RU{2}). Then, (N,v) is not convex since

v(QU{2}) —v(Q) > v(RU{2}) —v(R).

As illustrated in Example 2.2.1, family sequencing games are in general not og-
component additive in spite of the fact that a coalition can only change the posi-
tions of its members who belong to the same og-component of the coalition. The
reason that we lose op-component additivity although we use a similar admissibility
requirement to Curiel et al. (1989) is that the members of a coalition can affect
the completion times of the members (and also the non-members) behind them by
changing the total set-up time required to process the jobs. This property of family
sequencing situations is in line with sequencing situations with controllable processing
times (cf. van Velzen, 2006) where the players can affect the completion times of the
players behind them by employing additional resources to reduce the time required
to process their jobs.

In the following we will prove balancedness of family sequencing games by showing
that the marginal corresponding to the initial order belongs to the core of these games.

Let T'C N and o € II(N). We will denote the member of 7" which stands in front
of the other members of 7" in the order o by f(¢,T) and the member which stands
behind the other members of T' by I(o,T), i.e.,

flo,T) = arg min o(i) and [(o,T) = Arg max o(i).

We will call f(o,T) (I(c,T')) the first player of T (the last player of T') with respect
to 0. We will denote by P(o,T) (S(o,T)) the set of players which stand in front of

(behind) every member of T" in the order o, i.e.,

P(o,T) ={i € Nlo(i) < Ijréi%la(j)} and S(0,T) = {i € Nl|o(i) > ?eaTXJ(j)}.
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Let X(N) = (N, F,F,00,s,p,a) be a family sequencing situation. For every
T C N and o € II(IN), we denote by g(o,T') the cost savings obtained by 7" when the

production order is changed from oy to o, i.e.,

9(0.T) = aza ( Cloo, i) — Co,i)).
ieT

Let o € II(N). We call a set of jobs R that are processed between two set-ups
when the jobs are processed with respect to o, a run of o. Naturally, all jobs in the
same run are of the same family. A run which consists of jobs of family k is called a
run of family k. Given a connected coalition 7" € con(co), a run R of ¢ is said to start
in T (end in T) if f(o,R) € T (if (o, R) € T). Run R is said to start in front of T’
(end behind 7)) if f(o,R) € P(0,T) (I(o,R) € S(0,T)). We call a run R of o which
starts in 7" the last run that starts in 7" with respect to o if it includes (0, T"). With
o' € II(N), o’ is said to split a run R of o if there does not exist a run R’ of ¢’ with
RCR.

Since a op-component of a coalition can affect the completion times of the mem-
bers of another op-component behind it, it is generally not easy to find an optimal
admissible processing order for coalitions. Nevertheless, there are useful properties
regarding the structure of the optimal admissible orders. In the following proposition
we show that, in every family sequencing situation, there exist optimal admissible
orders for coalitions that process the jobs of the same family consecutively like the

optimal order for the grand coalition.

Proposition 2.2.1 Let (N, F,F,00,$,p,«) be a family sequencing situation and let
T € 2N\{0}. Then, there exists an optimal admissible order for T which processes

all jobs of the same family within a og-component of T consecutively.

Proof. Let T\oy = {11,T3,...,T;} be such that T, C P(0y,T,+1) for every y €
{1,..,1—1}. Let 0 € A(T') be optimal for 7T'.

Assume that with respect to o, family & jobs in T, (y € {1, 2, ...,1}) are processed
in different runs. Let K; (K3) be the set of family £ jobs in T, that belong to the
first run (second run). Let M be the set of jobs (of other families) that are placed
in between K, and K, with respect to 0. Also let 7= 3.,/ (%5574 + pr)). That
is, 7 is the time to process and set-up all jobs in M when they are processed with
respect to 0. Let iy = f(0, K3), ia = f(0, Ky) and m = f(o, M).

Now consider the processing order ¢’ € II(/V) which is obtained from ¢ by moving
all jobs in K3 to the head of K,. Figure 2.6 depicts the orders o and o’. We will
show that ¢’ is an optimal admissible order for T. Notice that we are done when we

show that ¢’ is an optimal admissible order for 7', since this proves that we can join
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two job groups of the same family that belong to the same oy-component of T" but

are processed in separate runs without decreasing the the total cost savings achieved
by T.

Ty

o [ m |
ot —— [ wm [

v [ Tw T§2|M\%

Figure 2.6: The orders o, ¢’ and ¢” in the proof of Proposition 2.2.1

Let us first show that ¢’ is an admissible order for T'. Clearly, P(o’,j) = P(0,j) =
P(0g,7) for all j € N\T. So, we need to show that C(o’,i) < C(0p,i) for every
i € N\T'. Since o is an admissible order, it is sufficient to show that C'(¢’,7) < C(0o,1)
for every ¢ € N\T. Observe that z, ; = z,; for every j € N\{iy,i2,m}. Hence,
C(o’,i) = C(o,1) for every i € P(o, K1) and

Cl(o,i) — C(o',i) = Z (Sj.‘(j)l'O—J’ +p}'(]’)) - Z (Sf(i)ﬂfa/,i +p.7-'(i)) )
jEP(a,i) JEP(a’,i)

= Y (@5 — T y)sFG),
je{ir,iz,m}
for every i € S(o, M).
Obviously, Tom = 5, = 1, o745, = 1, T4, = 0. Observe that z,,, and z, ,, can
either be 0 or 1. Assume first that z,;, =0, i.e., I(0, P(0, K;)) is of family k. Then,
clearly, z,/ ,, = 1 and therefore

Clo,i) = C(o',i) = (0 = V)sz(iy) + (1 = 1)sz(m) + (1 = 0)s£i,) =0,

for every ¢ € S(o, M).

Assume now that z,;, =1, i.e., [(0, P(0, K1)) is of a different family than k. Now,
if i(o, P(0, K1)) is in the same family with m then z,/,, = 0. But, if i(0, P(0, K1))
belongs to a different family than the one m belongs to, then z,/,, = 1. Therefore,

C(o,1) = C(a',i) > (1 = D)szgy) + (1= Dsppny + (1= 0)sz3,) = st

for every i € S(o, M). Hence, o’ € A(T).

Now consider the cost savings g(o’,T) obtained by T' by switching from ¢ to o’
and suppose that g(o’, T') is strictly less than v(7"). We will show that this contradicts
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with the optimality of 0. Observe that

O>g(a T —U Zaﬂl 00, ZO&]:Z) J(), C(U,Z))
€T i€T
- Za}—(l) (C(U7Z) - C(U/7i)) > Z Qr(i) (C(U7Z> - C(U,a Z)) )
€T €K1 UM
(2.9)

where the last inequality follows from the fact that C(¢’,i) = C(o,i) for every
i € P(o,K;) and C(0,1) — C(0’,i) > 0 for every i € S(o, M).

It can also be observed that
Clovi) = C(0',0) = Y (@oysr) + PrG) + (Toum = Totm)sEm)
JEK1
= |K1|px + To,iy Sk T (xa,m - xa’,m)sf(m)
= |K1|pr + Toiy sk + (1 — Tor m)S5m) = K1 |pks (2.10)

for every i € M and
C(o,i) —C(o',i) = — Z (To jSF(G) T PFG)) — (Toriy — Toiy)sk = —(T +s1), (2.11)
JEM

for every ¢ € K; since

T, if x5 =1,
(e i+ ns) = | £ =1
jent T = 85Fm), i Zgrm =0

Then, by inequalities (2.9)-(2.11), we have that

0> Y azp (Cloi) - C(o',i) > |Ki (pk: D g — (T + Sk)ak) :

€KUM ieM

Hence,

Dk Z ar@) — (7 + sk <0. (2.12)

ieM
Next consider the processing order ¢” € II(IN) which is obtained from ¢ by moving
all jobs in K5 to the tail of K;. Figure 2.6 also depicts ¢”. Let us first show that
o” is an admissible order for 7. Obviously, P(¢”,i) = P(0g,i) for every i € N\T.
Since o is an admissible order, it is sufficient to show that C'(¢”,i) < C(o, 1) for every
i € N\T. Let h = f(0,5(0,Ks)). It can be observed that z,; = x,,; for every

i € N\{iz, h}. Hence, C(0”,i) = C(0,1) for every i € P(o, M) and
Clo,i)=C(o" i) = > (sriymos+prG) — D (570)Tomi+Dpr@)
jEP(0,i) JEP(a" i)

= Z (xa,j - xa”,j)sf(j)a

jE{iQ,h}
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for every ¢ € S(o, Ks).
Clearly, z,;, = 1 and z,7;, = 0. However, z,; can either be 0 or 1. Assume
first that z,;, = 0, i.e., h is of family k. Then, it can be observed that z,~;, =1 and

hence,
D (@oi = Tor )5z = (1= 0)s 7, + (0= Dszgy = (1= 0)sg + (0 — 1), = 0.
’iE{iQ,h}
Assume now that x,; = 1. Then,
Z (Toi — Toni)s7@y > (1 —0)sp + (1 — 1)s5n) = si
ie{iz,h}

and we can conclude that o” € A(T).
Observe now that
C(o,i) — C(a",i) = {

T+ s, if 1 € Ko,
—‘K2|pk, if i € M.

Then,
g(0”,T) = o(T) = aFu) (C(oo,4) ) =Y arg (Cloo,i) — Clo,i))
€T €T
= azu (Clo,i) = C0”, i) = D aru (Clo,i) = C(o',1))
€T 1€ KoUM
= |K2| ((T + Sk)ak — Dk Z af(i)) > 0, (2.13)
ieM

where the first inequality follows from the fact that C(0”,i) = C(o,i) for every
i € P(o,M) and C(0,i)—C(0c”,i) > 0 for every i € S(o, K5) while the last inequality
is implied by inequality (2.12). However, this establishes a contradiction with the
optimality of o. O

Next we focus on the structure of the optimal admissible orders for specific coali-
tions that are connected with respect to the initial order.
Let X(N) = (N, F,F,00,s,p,a) be a family sequencing situation. For every
T C con(op) and k € F, the family urgency index ury for T is defined as
nr Qg
Sk + NrEDE

where np, is the number of family £ jobs in 7.

Utk =

Assume now that F(I(09,T)) = k. The tail-adjusted family urgency index u/,
for T' is defined as

_— UTk,u if k € F\{ff},
Utk = minﬂ, if k= k.
keF 2

Then an order o € II(N) is called an HUCF order for T if
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(i) P(o,i) = P(0y,1) for every i € N\T and

(i) it processes all jobs of T that belong to the same family consecutively and
processes these family groups in non-increasing order of the family urgency

index ur.
Then an order o € II(N) is called a tail-adjusted HUCF order for T if
(i) P(o,i) = P(09,1) for every i € N\T and

(ii) it processes all jobs of T that belong to the same family consecutively and
processes these family groups in non-increasing order of the tail-adjusted family

urgency index u/. .

Notice that a tail-adjusted HUCF order for T' can be obtained from an HUCF order
for T by taking the family & jobs behind all other family groups.

In the following proposition, we show that for coalitions that are connected with
respect to oy and contain the first player in the order o, either an HUCF order or a
tail-adjusted HUCF order is optimal.

Proposition 2.2.2 Let X(N) = (N, F, F, 00, s,p, @) be a family sequencing situation
and T € con(og) with o5 (1) € T. Then,

(i) If an HUCF order for T is admissible, then it is optimal for T

(ii) If an HUCF order for T is not admissible, then a tail-adjusted HUCF order for
T is optimal for T.

It can easily be observed that (i) immediately follows from Theorem 2.2.1 and
Proposition 2.2.1. If an HUCF order ¢ is not admissible for T', then, by switching
from o to o, T must increase the total set-up time required to process the jobs. In
other words, ¢ must split some runs of gy. It can be observed that the only run that
can be splitted by switching from o to o is the last run that starts in T" with respect
to og. Moreover, since this run is splitted, it must end behind 7" with respect to oy.
Then, a tail-adjusted HUCF order for T" is an admissible order for 7', since it does not
split any runs of oy. The optimality of the tail-adjusted HUCF order is also implied
by Theorem 2.2.1 and Proposition 2.2.1.

The following example illustrates the optimality of HUCF orders for coalitions

that are connected with respect to oy and contain the first player in the order oy.
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Example 2.2.3 Consider the family sequencing situation (N, F, F,0q, s, p, a) with
N = {1,2,3,4,5} and F = {1,2}. Assume that F(1) = F(4) = F(5) = 1 and
F(2) = F(3) = 2. Assume also that g is given by o¢(i) = i for every i € N,
s =(1,5), p=(4,2) and a = (1,2). Consider first the coalition 7" = {1,2,3}. The
family urgency indices for this coalition can be calculated as ur; = é and ury = g.
Then, an HUCF order for T is given by or = (2,3,1,4,5). or is an admissible
order for T with respect to oy since P(or,i) = P(09,i) for every i € N\T and
both C(o7,4) < C(0¢,4) and C(o7,5) < C(0¢,5). Then, by Proposition 2.2.2, or is
optimal for T

Consider now the coalition 7" = {1,2}. The family urgency indices for 7" are
Uprg = é and ugr o = % Then, o = (2,1, 3,4,5) is the HUCF order for 7”. However,
o is not admissible for T": It splits the run of o that consists of jobs 2 and 3 and as
a result C(opr,i) = C(09,1) + 5 for every i € {3,4,5}. Observe that the initial order
oo = (1,2,3,4,5) is the tail-adjusted HUCF order for 7" and by Proposition 2.2.2, it

is optimal for 7". o

Now we are ready to prove that the marginal vector of a family sequencing game

that corresponds to the initial order belongs to the core of the game.

Theorem 2.2.2 Let X(N) = (N, F,F,00,8,p,a) be a family sequencing situation

and (N, v) be the corresponding sequencing game. Then, m?°(v) € Core(v).

Proof. Let T\oy = {T1,T,....,I;} be such that T, C P(og,Ty+1) for every y €
{1,...,1—1}. Let 0 € A(T') be optimal for T
We want to show that )., m{°(v) > v(T). Since

o(T) =) azu (Clooi) = Cloi)) = Y g(0,T)

i€T ye{1,2,...,01}

and

YomPw)y= Y Y mPw),

ieT ye{l,2,...1} i€Ty

it is sufficient to show that } ;.. m7*(v) = g(0,T,) for every y € {1,2, ..., I}.
Pick y € {1,2,...,1}. Let D = P(0y,T,) and E = DUT,. Notice that o, (1) € D
and } ;.. m7°(v) = v(E) — v(D). It remains to show that
o(E) — v(D) - 9(0,T,) > 0.

We denote by 0|7, and by ¢’ the orders defined by

o () — { o(i), ifieT,,

oo(i), otherwise,
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Yy
oi), ifielJT,
=1

o' (i) =
oo(i), otherwise.

Notice that ¢’ is an admissible order for E.

Let 7 be an optimal admissible order for D. Since oy '(1) € D, we can assume
that 7 is either an HUCF order for D or a tail-adjusted HUCF order for D. Let
w € II(N) be the order defined by

r(),  ifie D,
pw(i) =9 oy, (i), ifieTy,
oo(1), otherwise.

Observe that P(og,i) = P(u,i) for every i € N\E.
It can be observed that

g(:ua E) - U(D) - 9(07 Ty) = Za}'(i) ( UO? Zaf UO? C(sz))

€E €D

=3 ag ( Cloo,i) — C(o,1))

i€Ty

=3 ~ (1), (2.14)

i€Ty

where the last equality follows from the fact that C'(o,7) = C(0’,%) for every i € T},
and C(m,i) = C(p,1) for every i € D.

Let i, be the first player of T, with respect to o|7,. Assume that 7, is of family .
Observe that for every ¢ € S(og, D)

Clo'i) = Clui) = D (srpyzerj+prg) — Y (Sr()Twi +PrG))

JEP(o" i) JEP (i)
- Z sF() (Torj — Tug) + Sk(Toriy, — Tug,)
jeD
> sk(Tot iy, — Ty )s (2.15)

where the second equality follows from the fact that P(o’,i) = P(u,i) for every
i € S(00,D) and x,; = x,,; for every i € S(og, D)\{i,} and the inequality follows
from the fact that, with respect to p, the members of D are processed with respect
to m which is an HUCF or a tail-adjusted HUCF order for D and these orders require
the minimum total set-up time to process the jobs in D.

Then by equation (2.14) and inequality (2.15),

g(qu)_v(D)_g(0—7T)>sk Lo iy x,u,zy Za}' (216)
1€y



54 Chapter 2. Sequencing Situations and Cooperation

If 2414, — x4, > 0, then by inequality (2.15) and admissibility of o', C(oy,7) >
C(o',i) > C(u,i) for every i € S(og, D). Hence, p is an admissible order for E.
Moreover, by inequality (2.16),

o(B) = v(D) — 9(0,T,) > g(1, B) — v(D) — g(0,T,) > 0.

So, we can assume in the following that z,;, = 0 and x,;, = 1.
First, by inequalities (2.15) and (2.16)

C(o',i) — C(p,i) > —sy,  for every i € S(op,D)  and (2.17)
9(p, B) = v(D) = g(0,Ty) > —sx > _ arp). (2.18)
(€T,

Since x,;, = 0, F(iy) = F(l(0o',D)) = k. Observe that I(¢’, D) = (09, D).
Moreover, since x,;, = 1, F(l(p, D)) = F(l(m,D)) # k. Then 7 can not be a
tail-adjusted HUCF order for D because the last player of D with respect to a tail-
adjusted HUCF order for D must be of family k, the family of {(0g, D). So, 7 is an
HUCF order for D which splits the last run of D with respect to oz, .

Let K; (K3) be the set of family k jobs in D (T),) that belong to the last run of
D with respect to o|r,. Since 7 splits the last run of D with respect to o7, K1 and
K, are processed in two different runs of . Let R; (R2) be the run of p that K
(K3) belongs to. Also let M be the set of jobs (of other families) that are placed in
between R; and Ky with respect to pu. Figure 2.7 depicts the order pu. Let 7 be the

time to process and set-up all jobs in M when they are processed with respect to p,

e, 7= e (@uisra) + pra))-

P

v Lo [elw]

Figure 2.7: The orders 7, 7/, u and g’ in the proof of Theorem 2.2.2

Claim 1: 7oy — pe e ri) = 0.
Proof of Claim 1. Consider 7’ the tail-adjusted HUCF order for D obtained
from 7 by taking R; the group of family k jobs in D behind M. Figure 2.7 also
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depicts orders m and 7. Since 7’ is a tail-adjusted HUCF order for D, it is admissible

for D.
Observe that

0, if i € D\(M U R)),
Ol i) — Clmi) =4 ifichR,
—(sk + |Rilpr), ifie M.

Therefore,

v(D) = g(x', D) = azq (C(,i) = C(mi)) = Y arg (C,i) = C(r,i))

i€D i€ERUM
= |R1|Tag — (sg + |Ri|pk) Z QF (i)
€M
= ‘R1| ('rak — Dk Z Ck]:(i)) — Sk Z 04.7-'(2') > 0,
ieM €M

where the last inequality follows from the fact that 7 is an optimal admissible order
for D and 7’ is admissible for D. But then
Sk 2ie M OF ()

TOk — Dk Z Qr() = T > 0.
ieM 1

Now consider the order p/ which is obtained from p by moving all jobs in K5 to

the tail of R;. Figure 2.7 also depicts the order p/'.

Claim 2: p/ is an admissible order for £ and

gt E) = (1, B) > s ) axg).

i€Ty
Observe that if Claim 2 is true, then we are done:

v(E) —v(D) = g(0,Ty) = g(i', E) — v(D) — g(0,T})

> sk Y agpe +9(u E) — (D) = g(o,Ty) > 0,
i€Ty

where the first inequality follows from the admissibility of p' and the last inequality

follows from inequality (2.18) and Claim 2.

Proof of Claim 2. Let j, be the job which is preceded by I(u, K3) in the order
p. Observe that z,; = x,, for every i € N\{iy,j,}. Hence, C(u,i) = C(/, 1) for
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every i € P(u, M) and

Clwi) = CG' i) = > (srGy@ug +prm) — D (SFG)Twj +Pr())s

JEP(p,1) JEP(W i)

= D (wug— 2w g)sFg), (2.19)

Je{iy.dy}
for every i € S(u, K3).

Obviously, z,;, =1, z,s;, = 0. Observe that x, ; can either be 0 or 1.

Case 1: z,;, = 1. Then,

C(n,i) = C(p',3) = (1= 0)szq,) + (1= 1)szg,) = sk,

for every i € S(u, Ks). Moreover, we know by inequality (2.17) that C(o’,i) —
C(u,i) > —sy for every i € S(', F) and ¢’ is an admissible order for E. Hence, p/' is
also an admissible order for £ since

0(007 Z) - C(,LL/,Z) > C(U/7i) - C(,u/v Z) > C(O—/:i) - C(M>Z) + 5k 20,

for every i € S(og, F).
Observe also that

Cps1) — C(M,7 i) =

{ T4, ific Ky, (2.20)

\Ko|pe, ifi€ M.

Therefore,

9 BE) — g1, B) = azq (Clu,d) — Cu, 1) = > arp (Clu,i) — C, 1))

ik i€ MUT,
i€ KaUM €T\ K
> | Ko <(T +sk)ok —pr Y a]—'(z’)) tse > g
iEM €T\ K2
> |Kolskok + 56 > app =Sk D Qg (2.21)
1€Ty\ K2 €Ty

where the second equality follows from the fact that C(u,i) = C(i/',4) for every
i € P(u, M); the last but one inequality follows from equation (2.20) and the fact
that C(u, 1) —C(i/,1) is at least sy, for every ¢ € T,\ K and the last inequality follows
by Claim 1.

Case 2: Ty, = 0.
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Observe first that x,, ;, = 0 only when R; ends behind 7,. We know that the first
job of Ry with respect to u is i,, the first job of T}, with respect to o|7,. Since R
ends behind T} with respect to u, every job in T, must belong to R, i.e., each job in
T, is of family k and Ky = T,. Moreover, then j, is the first player of S(oy,T}).

Observe also that since each job in Ty, is of family k, C(w,1) = C(u,1) for every
i € S(og, £) and hence C(u,i) = C(m,i) < C(0y,1), i.e., 1 is also an admissible order
for E.

Consider now the order . We know that Tpg, = 1, 2, = 0 and x5, = 0.
Observe that x,,; = 1 since the last job of M with respect to p’ belongs to a
different family than k. Then by equation (2.19)

Clu,i) = C(W i) = > (2 — zw )57 =0, (2.22)
jE{iy,jy}
for every i € S(u, E). And hence 1/ is also an admissible order for E.
Moreover,

g E) =g E) = Y az@ (Clui) — C(W,4)) = |T) ((T +sp)ak —pr Y O‘]—'(i))

1€EMUT), €M
> Sk Z 04.7—'(1’)7 (2.23)

i€Ty

where the equality follows by equation (2.20) and the inequality follows by Claim 1. [J

As mentioned before, sequencing situations with controllable processing times (cf.
van Velzen, 2006) are in the same spirit with family sequencing situations, because,
in both types of sequencing situations, admissible reorderings of connected coalitions
can affect the completion times of the players behind them. van Velzen (2006) ana-
lyzed the sequencing games corresponding to sequencing situations with controllable
processing times and proved that many marginal vectors of these games are core ele-
ments. This result was obtained by showing that the sequencing games corresponding
to sequencing situations with controllable processing times are permutationally con-
ver with respect to many orders on the set of players. Permutational convexity (cf.
Granot and Huberman, 1982) with respect to an order o € II(V) is a well-known
sufficient condition for the marginal vector of a cooperative game that corresponds
to o to be a core element. Formally, a TU-game (N, v) is said to be permutationally

convex with respect to o € II(N) if
v(P(o,i) UT) = v(P(0,1)) < v(P(e,j) UT) = v(P(0, ),

for every i,7 € N with o(i) < o(j) and T C S(o, j).
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In the following example, we show that family sequencing games need not be
permutationally convex with respect to the initial order although the corresponding

marginal is an element of the core.

Example 2.2.4 Consider the family sequencing situation (N, F,F, 0y, s, p, a) with
N ={1,2,3,4,5,6} and F = {1,2,3,4}. Assume that F(1) = F(3) = 1, F(2) = 2,
F(4) = F(5) =3 and F(6) = 4. Assume also that oy is given by o¢(i) = i for every
ie€N,s=(2,2,1,5),p=1(1,2,2,5) and a = (10, 10, 10, 1). Finally, let (N, v) be the
family sequencing game corresponding to 3(N).

Consider the coalitions @ = {1,2,3}, Q" = {1,2,3,6}, R = {1,2,3,4} and R’ =
20

{1,2,3,4,6}. The urgency indices for @ are ug; = 5 and ugy = %. Hence, g =

(1,3,2,4,5,6) is an HUCF order for (). It can easily be observed that o is admissible

for Q). Then, by Proposition 2.2.2, o is optimal for Q).

273, UR2 = % and ups = %. Hence,

or = (1,3,4,2,5,6) is an HUCF order for R. It can easily be observed that o is
admissible for R. Then, by Proposition 2.2.2, oy is optimal for R.

The urgency indices for R are up; =

Observe also that o¢ is an optimal admissible order for @' and op is an optimal
admissible order for R’. Then, (N,v) is not permutationally convex with respect to
0o since

2=0(Q") —v(Q) >v(R)—v(R)=1.
o

In several sequencing games considered in the literature, both the marginal vector
corresponding to the initial order oy and the marginal vector corresponding to the
inverse order of oj are core elements (e.g., Curiel et al., 1989; Ciftgi et al., 2008;
Curiel et al., 1993). In the following example, we show that the marginal vector
corresponding to the inverse order of oy need not belong to the core of a family

sequencing game.

Example 2.2.5 Consider the family sequencing situation (N, F, F,0q, s, p, a) with
N ={1,2,3,4} and F = {1,2}. Assume that F(1) = F(3) = 1 and F(2) = F(4) = 2.
Assume also that o is given by oy(i) = i for every i € N, s = (2,1), p = (55, 4)
and a = (1,10). Finally, let (N,v) be the family sequencing game corresponding to
Y(N).

The complete family sequencing game (N, v) is given by v(N) = 62, v({1,2,3}) =
18, v({1,2,4}) = 36, v({1,3,4}) = v({2,3,4}) = v({3,4}) = 27, v({1,2}) = 16 and
v(T) = 0 for every remaining coalition T C N. Then, m® (v) & Core(v) since

35= 3 ml (v) < v({1,2,4}) = 36.

1€{1,2,4}



Chapter 3

Connection Situations and

Cooperation

Networks play an important role in modern economic life. Transportation networks
(airlines, railroads, shipping services, postal services) provide us the means to com-
mute and to deliver products. Communication networks (internet, telephone, broad-
cast television, radio) allow us to conduct the necessary transactions required for
daily economic activities and energy networks (electric power transmission and dis-
tribution, water, natural gas and petroleum pipelines) help to provide the energy
and resources required to maintain all of these activities. In this chapter, which is
based on Cift¢i and Tijs (2009) and Ciftci et al. (2007), we consider the problem of
allocating the construction costs of networks in an interactive cooperative setting.

In Section 3.2, we focus on the problem of allocating the construction costs of
networks arising in minimum cost spanning tree (mcst) problems. These problems
consider a group of agents, each of whom has to be connected to a source, either
directly or via other agents. One example would be a situation where villagers have
to construct and pay pipelines from their respective houses to a water supplier. This
type of cost allocation problems was first introduced in the economics literature by
Claus and Kleitman (1973). The seminal paper by Bird (1976) provided the first
game theoretical treatment of this problem by associating a coalitional game with
transferable utility to mecst problems. Then, solution concepts of cooperative game
theory were implemented and subsequently proposed as appropriate cost allocations
for mcst problems by several studies: Granot and Huberman (1981, 1984) analyzed
the core and the nucleolus; Kar (2002) studied the Shapley value.

Cost allocation rules for mest problems can also be defined directly without con-
sidering the underlying cost game. In particular, one can make use of an algorithm

to construct an mest and allocate the cost of each edge constructed by the algorithm
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among the agents by following an appropriate method. Cost allocation rules which
follow such a procedure are baptized construct and charge rules in Moretti et al.
(2005). Construct and charge rules proposed in the literature mainly focus on the
two well-known algorithms, Kruskal’s algorithm (Kruskal, 1956) and Prim’s algorithm
(Prim, 1957), for constructing an mest. In particular, the Bird rule (Bird, 1976) and
the extended Bird rule (Dutta and Kar, 2004) rely on Prim’s algorithm while the
equal remaining obligations rule (ERO) (Feltkamp et al., 1994) and obligation rules
(Tijs et al., 2006) rely on Kruskal’s algorithm.

Recent contributions to the literature on cost allocation in mest situations revealed
the fact that ERO satisfies many appealing properties: Branzei et al. (2004) and
Bergantifios and Vidal-Puga (2005a) obtained axiomatic characterizations of ERO
which are based on properties such as additivity and equal treatment. Tijs et al.
(2006) showed that obligation rules (and hence ERO) satisfy appealing population
monotonicity and cost monotonicity properties. Norde et al. (2004) showed that
an allocation scheme which is obtained by using ERO as an allocation vector is
population monotonic. Moreover, Bergantifios and Vidal-Puga (2007a) showed that
other rules in the literature fail to satisfy some properties that are satisfied by ERO.
They also provided an axiomatic characterization of ERO based on monotonicity

properties.

The original definition of ERO by Feltkamp et al. (1994) consists of a step-by-step
procedure: Kruskal’s algorithm is employed to construct an mcst and at each step
of the algorithm the cost of the constructed edge is divided among agents who make
use of the edge with respect to a prespecified scheme. Bergantinos and Vidal-Puga
(2005b) provided two different approaches to obtain ERO. They showed that ERO
can be obtained as the average of cost allocations provided by a procedure associated
with the irreducible matrix of the mcst situation and also with a procedure which
computes the part of the cost of edges in an mcst that every agent has to pay.
Moreover, Bergantinos and Vidal-Puga (2005b, 2007a) showed that Shapley values of
the so-called optimistic game associated with an mcst situation and of the coalitional

game associated with the irreducible matrix are both equal to ERO.

In Section 3.2 we present a new approach to obtain ERO and hence provide yet
another support for this important rule. For this aim, we consider a construct and
charge procedure, which we call the vertex oriented construct and charge procedure
(vocep). This procedure leads to an mest and a cost sharing allocation where each
agent pays the edge which she chose to construct in the procedure. Postponing a
precise definition to the following sections, voccp can be explained as follows. Vocep

works in steps. At each step of the procedure one agent constructs one edge and the
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agent who is going to construct an edge is determined by making use of an order
on the set of agents. That is, at each step of the procedure, the first agent in the
order who has not yet constructed an edge constructs and pays the cheapest edge
which connects the component that the agent belongs to with another component.
The main result of our study is that ERO can be obtained as the average of the cost

allocations provided by voccp over all orders on the set of agents.

The vertex oriented approach differs from the original approach to obtain ERO
in the following ways. First, while at each step of voccp an agent constructs the
cheapest allowed edge, Kruskal’s algorithm selects and adds edges to the spanning
tree in increasing order of their costs. That is Kruskal’s algorithm is an edge oriented
algorithm. Second, ERO distributes the cost of an edge constructed by Kruskal’s
algorithm via a prespecified scheme. However, with our approach, the cost assigned
to an agent is determined as the average of her own choices in each run of the voccp.
Our new approach thus provides a new interpretation for ERO. Now ERO can be
interpreted as an expected value of the cost allocations provided by voccp for each
order on the set of agents and where the orders on the set of agents have equal
probability.

In Section 3.3 we investigate extensions of the results obtained in Section 3.2 for
mcst situations on a multisource extension of mcst situations, minimum cost spanning
forest situations (cf. Rosenthal, 1987). A minimum cost spanning forest situation
allows for more than one source, each source providing identical services. The users’
objective is still to build a minimum-cost network (which is a forest in this case)
which connects each of them to at least one source and to allocate its cost fairly. The
availability of different identical sources may be interpreted as the existence of several
suppliers which compete according to the costs of links connecting them to the users.
We first show that both Kruskal’s algorithm and voccp can be defined for minimum
cost spanning forest situations in a way that they yield efficient algorithms. Second,
we extend the definition of ERO to this multisource situation and prove that ERO

can again be obtained as the average of the cost allocations provided by voccp.

Section 3.4 investigates the extensions of the results obtained in Section 3.2 for
mcst situations with two sources. In a minimum cost spanning tree problem with
two sources, there exist exactly two sources which may provide identical or different
services and the users have to build a minimum-cost network which connects each of
them to both of the sources. The optimal network in this multisource situation is
again an mcst. Hence, Kruskal’s algorithm is also an efficient algorithm for these mcst
situations. We first propose an equal remaining obligations rule for mcst situations

with two sources. Then we extend voccp to these multisource situations and prove
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that ERO can again be obtained as the average of the cost allocations provided by

vocep.

In Section 3.5 we consider Highway Problems and the corresponding cooperative
cost games called highway games which were introduced by Mosquera and Zarzuelo
(2006) to address the problem of fair allocation of the construction costs of a highway
network. In a highway problem, the possibilities regarding the construction of a high-
way network are determined by a connected graph. The set of vertices of the graph
represents the potential entry and exit points and edges in the graph represent the
possible highway connections that can be constructed. Each edge in the graph has an
associated cost which in general will depend on its length or the geographical proper-
ties that may affect the construction costs of the highway. Each player in a highway
problem has to establish a connection between two given vertices in the graph, i.e.,
between his entry and exit point. Given a highway problem, a corresponding highway
game is defined as a cooperative cost game which associates to each coalition of play-
ers the total cost of the cheapest selection of edges in the graph which connects the
entry and exit point of every member of the coalition. Mosquera and Zarzuelo (2006)
restricted attention to highway problems in which the underlying graph is a tree. For
complete graphs, highway problems are a special type of minimum cost forest (mcf)
problems as introduced by Kuipers (1997). Mcf problems are generalizations of mcst
problems which allow for more than one source, where each source offers a different
type of service and each customer has to be connected with a given nonempty subset

of the available sources.

In this study, we analyze highway problems in which the underlying graphs are
weakly cyclic. A graph is called weakly cyclic if it is connected and every edge
in the graph is contained in at most one cycle. In particular, these graphs may
contain cycles and hence, there will exist multiple paths between some entry and exit
points. Note that, in this setting, a coalition of players can further reduce the joint
construction costs by an optimal coordination of paths to construct. That is, the
joint minimal cost of a coalition is now obtained as a result of solving a combinatorial
optimization problem. Hence highway games induced by weakly cyclic graphs belong
to the research area of operations research games which focuses on the interplay
between the optimization of costs of a project and the allocation of costs among
the participants of the project. From among the numerous studies on this topic, we
mention minimum cost spanning tree games (Granot and Huberman, 1981), traveling
salesman games (Potters et al., 1992), Chinese postman games (Granot et al., 1999),
sequencing games (Curiel et al., 1989) and project games (Estevez-Fernandez et al.,

2007). An overview of operations research games can be found in Borm et al. (2001).



3.1. Preliminaries 63

We start our analysis of highway games that are induced by weakly cyclic graphs
by investigating their concavity properties in Section 3.5.2. We proceed as Herer and
Penn (1995) in the setting of traveling salesman problems and Granot et al. (1999)
for Chinese postman problems, and focus on the question for which class of graphs
the corresponding games are always concave. We define a graph to be highway game-
concave (HG-concave), if for every player set, for every choice of entry and exit points
for the players and for every cost specification, the corresponding highway game is
concave. The main result of this section is that a graph is HG-concave if and only if
it is weakly triangular. Here, a graph is called weakly triangular if it is weakly cyclic
and, moreover, if every cycle is a triangle, i.e., every cycle is composed of precisely
three edges.

In Section 3.5.3 we investigate the core of the highway games. Highway games
induced by trees are always balanced. For general highway games induced by graphs
which allow for multiple paths between vertices, the core can be empty. We prove

that highway games induced by weakly cyclic graphs are balanced.

3.1 Preliminaries

This section recalls basic notions from graph theory which will be used throughout
this chapter.

A graph G is a pair (V, E), where V is a nonempty and finite set of vertices and
E C By = {{u,v}|lu,v € V,u # v} is a set of edges. (V, Ey) is called the complete
graph on V. An edge {u,v} € Ey is said to connect vertices u and v and u, v are
called the end vertices of the edge {u,v}. Also we say that an edge is incident with
its end vertices (and vice versa).

A subgraph of G = (V, E) is a graph G’ = (V' E') with ) # V' C V and E' C
Eyv: N E. If G'is a subgraph of G, then we say that G contains G'. If a subgraph
G' = (V',E") of G = (V, E) is such that £’ = Ey, N E, then we say that V' induces
G’ in G and write G’ = G[V].

A path P of length k > 1 is a graph (V| F) with

V=Avy,..,vp1}, |V =k+1and E = {{v1, v}, {ve,v3}, ..., {vg, vgs1}},

and is often abbreviated by P = vyvs...v41; it is also referred as a path from vy to

Vk+41-
A cycle C of length k > 3 is a graph (V, E) with

V =Av,...,uu},|V| =k and E = {{vy, v}, {ve,v3}, ..., {ve—1, v }, {vk, v1 } }
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and is often abbreviated by C' = v vs...0,01.

Two vertices u,v € V are called connected in G if u = v or if G contains a path
between u and v as a subgraph. A graph G is called connected if every pair of distinct
vertices of G is connected in G. If G = (V| E) is connected, an edge e € E is called
a bridge in G if the graph (V, E\{e}) is not connected. The notion of connectedness
induces an equivalence relation on the vertex set V. Thus there is a partition of V" into
nonempty subsets Vi, V5, ..., Vi such that two vertices v and v are connected if and
only if both u and v belong to the same set V;. The subgraphs G[Vi], G[V4], ..., G[Vj]
are called components of G. We denote by GG, the component of G to which vertex u
belongs.

An acyclic graph, i.e., a graph which does not contain cycles is called a forest. A
connected forest is called a tree. Notice that the components of a forest are all trees,
i.e., a forest is a disjoint union of trees. A subgraph G' = (V' E') of G = (V, E) is
called a spanning tree of G if it is a tree with V/ = V. A connected graph is called
weakly cyclic if every edge in the graph is contained in at most one cycle !. A weakly
cyclic graph is called weakly triangular if every cycle in G has length 3.

Given a graph G = (V, E), an edge e € Ey\E and an edge €' € E, we denote by
G + e the graph (V, E U {e}) and by G — ¢’ the graph (V, E\{€e'}).

In the following we do not always distinguish strictly between a graph and its
vertex or its edge set. For example, we may write v € G (rather thanv € V) ore € G
(rather than e € F).

3.1.1 Minimum cost spanning tree situations

Mecst situations involve a group of agents who have to be connected to a supplier
of a service (source). Every mcst situation can be represented by a triple (V, 0, w),
where N = {1,...,n} is the agent set and 0 represents the source. In the following,
we denote by N’ the set N U {0}. The function w : Enx» — R is called a weight
function and associates with each edge e € Ens the weight w(e) which represents the
cost of constructing e. If w(e) € {0, 1} for every e € Eyv, then the weight function w
is called a simple weight function and the mest situation (N,0,w) is called a simple
mest situation. Obviously, the minimum cost network that would connect all agents
to the source has to form a spanning tree of (N’, E/). Therefore, given an mecst
problem (N, 0, w), we are interested in finding a minimum cost spanning tree (mest) of

(N, 0,w). Formally, the cost of a spanning tree, I'is given by w(l') = >~ - w(e) and

'The name “weakly cyclic” graph is not a standard graph theoretical term. It was first introduced
in the context of Chinese postman games in Granot et al. (1999) and was maintained in subsequent

related papers. Weakly cyclic graphs are also called cactus graphs.
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[ is called an mest if it satisfies w(T") = min{w(I")|T” is a spanning tree of (N', En/)}.
Observe that an mest situation with agent set N, (N,0,w), can be identified with
the weight function, w. Hence, we will denote the set of mcst situations with agent
set N as WV = ]REN'.

Example 3.1.1 Assume that three villages have to be connected to a water supplier
directly or via the other villages. The cost of constructing water pipelines between
the villages and between the villages and the water supplier are given in Figure 3.1.

Here the villages are denoted by 1, 2 and 3 and the water supplier by 0.

) 40 9 1 ®
%0 15979
60\@/70
\1ho/

©
100

& 5

Figure 3.1: An mcst situation (left side) and a related mcst (right side)

An mest in this mest situation is the tree with edges {1, 2}, {1,3}, {0, 1} with cost
190.

We will use the following well-known results in graph theory:

Property 3.1.1 Let (N,0,w) be an mcst situation and let T be a subgraph of (N', Eny).
Then,

(1) T is a spanning tree of (N', En/) if and only if I has n edges and does not
contain cycles.

(2) A spanning tree I' of (N', En+) is an mest of (N,0,w) if and only if w(e) >
w(e') for every e € Exy\E(I') and every €' € C, where C is the unique cycle in '+ e.

3.1.2 Algorithms for mcst situations

The first problem that arises in mcst situations is how to find an mcst. The operations
research literature on mcst problems has provided many algorithmic solutions to
the problem and has discussed the computational properties of these solutions. An
historic overview of the algorithms provided for the mcst problem can be found in
Graham and Hell (1985). In this section, we briefly introduce the two most famous
algorithms, Kruskal’s algorithm (Kruskal, 1956) and Prim’s algorithm (Prim, 1957).
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Let (N,0,w) be an mcst situation. A minimum cost spanning tree for (N, 0, w)

can be obtained in the following two ways.

Prim’s Algorithm: In the first iteration a cheapest edge which connects
the source with an agent is constructed. In every subsequent iteration
of Prim’s algorithm, a cheapest edge which connects an agent who is
not connected to the source yet with either the source or another agent
which is already connected to the source in the previous iterations of the
algorithm is constructed. In every step of the algorithm, precisely one
agent gets connected with the source. So, the algorithm results in an

mest after | N| steps.

Kruskal’s Algorithm: Kruskal’s algorithm selects and adds edges to
the spanning tree in increasing order of their costs such that an edge is

added only if it does not create a cycle with the previously added edges.

Example 3.1.2 Consider the mcst situation (N,0,w) with N = {1,2,3} and w as
depicted in Figure 3.1.

Prim’s algorithm first constructs the edge {0, 1} since it is the cheapest of all edges
that connect an agent with the source. Then the algorithm selects {1,2} and finally
{1, 3} resulting in the mecst with the set of edges {{0, 1}, {1,2},{1,3}}.

Kruskal’s algorithm first constructs the cheapest edge {1,2} and then the second
cheapest edge {1,3}. The third cheapest edge is {2,3}. However, this edge is not
constructed by the algorithm since it creates a cycle with the previously constructed
edges. At the third step of the algorithm, the edge {0, 1} is constructed resulting in
the mest with the set of edges {{0,1}, {1,2},{1,3}}. o

3.2 A Vertex Oriented Approach to ERO for MCST

Situations

In this section, we prove that ERO can be obtained as the average of the cost alloca-
tions provided by voccp for every order on the set of agents. Section 3.2.1 introduces
ERO formally. Section 3.2.2 introduces another class of construct and charge proce-
dures, the P7-rules (where o is an order on the set of agents) introduced by Branzei
et al. (2004). These procedures are also based on Kruskal’s algorithm and they will be
utilized while proving that ERO can be obtained as the average of the cost allocations
provided by voccp. Section 3.2.3 introduces voccp and also analyzes its algorithmic

properties. Section 3.2.4 proves our main results. Finally, Section 3.2.5 investigates
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the connections between voccp and the so-called optimistic game associated with an

mest situation (cf. Bergantinos and Vidal-Puga, 2007a).

3.2.1 ERO for cost sharing in mcst situations

Feltkamp et al. (1994) introduced ERO to solve the cost sharing problem related to
mcst situations. In the following, we will provide the notation and the definitions
required to introduce ERO.

Let II(En/) stand for the set of all bijections 7 : {1, ..., |En/|} — Ens. Obviously,
for each mest situation (N,0,w), there exists a bijection 7 € II(Eys) that orders
edges in increasing order with respect to their costs, i.e., w(r(1)) < w(w(2)) < ... <
w(m(|En|)). The column vector (w(w(1)),w(w(2)),...,w(w(|En])))" is denoted by
w™.

For any 7 € II(Ep), one can define the set K™ = {w € WN|w(r(1)) < w(m(2)) <
. <w(w(|En|))}, i.e., the set of weight functions which result in the same increasing
order on the set of edges with respect to their costs. It can easily be observed that
K™ is a cone in WY. Obviously, Urene, ) K™ = W . For each 7 € TI(Ey/), the set

of simple weight functions e™* € K™ defined by
(1)) =™ (n(2)) = ... =™ (7 (k — 1)) =0

eH (k) = H(w(k + 1)) = ... = K (n(|Ene)) = L,

for every k € {1,2,...,|En/|} forms a basis of K. That is each weight function w € K™

can be written as a unique linear combination of these simple weight functions as

[E

|
w = w(r(1))e™ + Z ((w(m(k)) — w(r(k — 1)))e™). (3.1)

We introduce ERO in two steps. First a rule FROT™ is defined on each cone K™
and then it is proved that these ERO™ rules can be extended to the whole cone of
mest situations.

Let (N,0,w) be an mcst situation and 7 € II(Ey/) be such that w € K™. In
order to define ERO™ on K™, we will consider Kruskal’s algorithm when it selects
edges with respect to order w. The EFROT-rule distributes the cost of edges that
are constructed by Kruskal’s algorithm among the agents whose connectivity, i.e.,
the number of nodes in N that an agent is connected to, increases with the con-
struction of the edge. To do so, we will consider a sequence of |Ey/|+1 graphs:
(N, F™0) (N', F™Y), ..., (N, F™E~1) such that F™° = () and F™* = F™F=1y {n(k)}
for every k € {1,...,|En/|}. In the following, for the sake of simplicity, we will denote
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the graphs (N’, F™F) shortly by F™F i.e., by their edge sets. The connectivity of an
agent ¢ in graph F™* is denoted by n;(F™F). Note that n;(F™") = 1 when i is not
connected to any other agent in N in F™*. The connection vectors b™* € RY are
defined for each k € {0,1, ..., |En/|} by

(3.2)

ok 0 if 7 is connected to 0 in F™F
b otherwise

1

ni(F™k)

for each i € N. EFRO™ will distribute the cost of a Kruskal edge proportionally to

the change in the connection vectors resulting from the introduction of the edge by
the algorithm.

The contribution matriz with respect to m € II(Eyv) is the matrix M™ € RV*Ew

where rows correspond to agents and columns to edges. It lists the change in the

connectivity of the agents, i.e., the k-th column of M™ equals
Mﬂek — b7r,k:—1 _ bﬂ,k (33)

for each k € {1,...,|En|}. Here e* stands for the column vector defined as ef = 1 if
i =k and ef =0 for each i € {1, ..., |Enx|}\{k}.

Observe that the zero columns in M7™ correspond to edges which are not con-
structed by Kruskal’s algorithm. Moreover, each column M7™e* with (M™e*); # 0
for some i € N corresponds to the edge m(k) constructed at stage k in the Kruskal
algorithm. Notice that the sum of the elements of such a column equals 1. Then,
(M™e*); (i € N), the difference between i’s connectivity resulting from the construc-
tion of m(k), represents the fraction of the cost of the edge 7(k) to be paid by agent
1. Notice also that the sum of elements of each row of M™ equals 1.

We are now ready to define the rule FRO™ on K7.

Definition 3.2.1 For each w € II(En/), EROT is defined as the map ERO™ : K™ —

RN, where ERO™(w) = M™w™ for each mcst situation w in the cone K™.

If in an mest (N, 0,w), some edges have the same cost then we know that there
exist multiple orders that are compatible with w, i.e., there exist w, 7" € II(Ey/) such
that w € K™ N K™ . Then, for all orders compatible with edges, the corresponding
EROT rule can be utilized to distribute the cost of the mcst obtained. So, the impor-
tant question that arises at this point is whether different £ RO™ rules corresponding
to different orders that are compatible with an mcst situation lead to the same cost
allocation or not. The following lemma shows that although the allocation of the
cost of a single edge by different £ RO™ rules may change with respect to the order
of edges under consideration, the allocation of the total cost of all edges with same

cost is the same regardless of the order considered.
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Lemma 3.2.1 (Branzei et al., 2004, Lemma 1) Let m € II(En/), w € K™. Assume
that w] = wi | for somet € {1,...,|Enx/|—1}. Then for the ordering n’ € II(En+) such
that ' (t) = w(t+1), 7' (t+1) = 7(t) and 7' (i) = 7 (i) for everyi € {1,...,|En/|}\{t, t+
1}, we have that w € K™ and ERO™(w) = ERO™ (w).

Hence, for every order 7 that a weight function w is compatible with, ERO™(w)

results in the same allocation.

Proposition 3.2.1 (Branzei et al., 2004, Proposition 1) Let (N,0,w) be an mecst
situation. Then, ERO™(w) = ERO™ (w) for every m, 7' € II(Ey:) withw € K"NK™ .

Proposition 3.2.1 implies that ERO™ rules can be extended to the whole cone of
mcst situations as one K RO rule.
Definition 3.2.2 ERO is defined as the map ERO : WY — RN, where
ERO(w) = FERO™(w) = M™w™ (3.4)

for every w € WY and m € II(Ey/) such that w € K.

Example 3.2.1 Consider the mcst situation (N,0,w) with N = {1,2,3} and w as
depicted in Figure 3.1. Then w € K7, with (1) = {1,2}, n(2) = {1,3}, 7(3) =
{2,3}, 7(4) = {0, 1}, w(5) = {0,3} and 7(6) = {0, 2}.

The sequence of the graphs F™* formed by Kruskal’s algorithm and the corre-

sponding connection vectors are given in Table 3.1.

Fﬂ-,k bﬂ',k‘

0 (1,1,1)
{{1,2}} (3,3, 1)
{{1,2},{1,3}} (33 3)
{{1,2},{1,3},{2,3}} (3 5:3)
{{1,2},{1,3},{2,3},{0,1}} (0,0,0)"
{{1,2},{1,3},{2,3},{0,1},{0,3}} (0,0,0)
{{1.2},{1,3},{2,3},{0,1},{0,3},{0,2}} | (0,0,0)"

Table 3.1: Graphs formed in each step of Kruskal’s algorithm and the corresponding con-

nection vectors in Example 3.2.1.

Then the contribution matrix M™ is given by

1 1 1

2 5 0300
~_ | 1 1 1
MT=|1 191 90

2 1

020400

Finally, w™ = (40, 60, 70,90, 100, 150)*. Hence, ERO(w) = M™w™ = (60, 60, 70)"*. o
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It follows by the definition of ERO that it satisfies the Cone-wise Positive Lin-
earity property (cf. Branzei et al., 2004). That is

ERO(aw + o'w') = aERO(w) + o/ ERO(w'),

for every 7 € II(Ey), for every w,w’ € K™ and for every «, o/ > 0. Hence ERO(w)
can also be calculated by making use of the linear decomposition of w into simple
weight functions as given in Equation 3.1. That is
Bl
ERO(w) = w(m(1))ERO(e™) + Z ((w(n(k)) — w(n(k —1)))ERO(e™)), (3.5)
k=2
for every w € WY and 7 € II(Ey/) such that w € K™.

3.2.2 P?-rules for mcst situations

In this section we present a class of construct and charge rules, the P?-rules which
are introduced by Branzei et al. (2004).

Let (N,0,w) be an mest situation with w € K™. We denote by II(/V) the set of all
orders o : {1,2,...,n} — N, where o(k) = i means that agent ¢ is in the k-th position
with respect to 0. Moreover, for every o € II(IV), we say that ¢ € N is the last agent
in F™" with respect to o, if ¢~ 1(i) > o~(j) for every agent j € F{"". Recall here that
F™ denotes the graph obtained after adding the ¢ cheapest edges (with respect to )
during Kruskal’s algorithm and Fi”’t is the component of F™ which contains agent 1.

P?-rules (o € TI(N)) are closely related with ERO and to present this rule we
follow the same plan used for ERO. Analogously to Definition 3.2.1, for each m €
[I(EN), we first define a rule P on cone K™ by P%"(w) = M?™w™ for each mcst
situation w € K7™. Similarly to the definition of the contribution matrix M™ for
ERO™, M°™ € RV*En' is defined as M7l = b7 (F™*~1) — b7 (F™*), where

b7 (F™) = {

for every k € {0,1,...,|En|} and every i € N.
A variant of Lemma 3.2.1 holds also for rules P™. Hence, similarly to ERO™-

rules, for every order 7 that a weight function w is compatible with, P>"(w) also

1 if i is the last agent in F/"* with respect to o and 0 ¢ F™*,

0 otherwise,

results in the same allocation. This enables us to define a P?-rule over all mcst

situations.

Definition 3.2.3 P° is defined as the map P° : WY — RY | where
P?(w) = P7"(w) = M7™w" (3.6)

for every o € I(N), w € WY and 7 € II(Ex) such that w € K™.
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Example 3.2.2 Consider the mcst situation (N,0,w) with N = {1,2,3} and w as
depicted in Figure 3.1. Let o € II(IV) be such that o(i) = i for every i € N. Example
3.2.1 provides an order m € II(Ey+) such that w € K™ and in Table 3.1 we already
provided the sequence of graphs F™* formed by Kruskal’s algorithm. In Table 3.2,
we provide the corresponding b (F™*) vectors. Then the corresponding matrix M7

Fmk bo (F™F)
0 (1,1,1)¢
{{1,2}} (0,1,1)f
{{1,2},{1,3}} (0,0,1)"
{{1,2},{1,3},{2,3}} (0,0,1)"
{{1,2},{1,3},{2,3}, {0, 1}} (0,0,0)"
{{1,2},{1,3},{2,3},{0,1},{0, 3}} (0,0,0)’
{{1,2},{1,3},{2,3},{0,1},{0,3}, {0, 2}} | (0,0,0)°

Table 3.2: Graphs formed in each step of Kruskal’s algorithm and the corresponding
b7 (F™*) vectors in Example 3.2.2.

is given by
1 00
MPT=1 01 0
0

0 0
0 0
0 10

o o O

0
Recall that w™ = (40, 60, 70,90, 100, 150)*. Hence, P?(w) = M%™w™ = (40, 60, 90)". ©

There is an important connection between £ERO and P?-rules. Tijs et al. (2006)
proved that FRO is the average of the P?-rules over all possible orderings of agents.

Proposition 3.2.2 (Tijs et al., 2006, Proposition 7) Let w € W~ . Then

ERO(w)= Y PZ?»

o€ll(N)

In the following proposition we prove that if P? is utilized in an mcst situation,

then every agent pays for one edge of the mcst constructed by Kruskal’s algorithm.

Proposition 3.2.3 Let (N,0,w) be an mest situation, m € II[(Ey/) withw € K™ and
o € II(N). Then P°(w) assigns each agent the cost of one of the edges of the mcst

constructed by Kruskal’s algorithm.

Proof. First let us show that P? does not assign any cost for the edges not con-

structed by the algorithm. For this aim consider a column M%7 e* that correspond to
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an edge m(k) which is not constructed by Kruskal’s algorithm. Since (k) is not con-
structed it must create a cycle with the previously constructed edges in F™* and hence
does not affect vectors b7 (F™F), i.e., b7 (F™k~1) = b7 (F™F) and hence M7 ek = 0. So,
P? does not allocate any cost for the edges not constructed by Kruskal’s algorithm.

Now consider a column M7 e¥ that corresponds to an edge (k) constructed by
Kruskal’s algorithm. Since it is constructed it must connect two disjoint components
in F™F=1 let’s say I and F,. Let us denote the last agent in Fy with respect to o
by i and the one in F, by j. Assume without loss of generality that o=1(i) > o71(j),
i.e., 7 precedes ¢ with respect to order o.

Now assume that the source does not belong to these components. Then we have
that b7 (F™F=1), = b (F™*1); = 1 and b7 (F™"1), = 0 for every other agent r in
Fy U F,. Observe now that ¢ is the last agent in F} U Fy with respect to ¢ and
0 ¢ Fy UF,. Hence, b°(F™*); = 1 and b°(F™*), = 0 for every other agent r in
Fy U Fy. Hence, (M?7e*); =1 and (M™e"), = 0 for every other agent r € N\{j}.
That is the cost of edge 7(k) is assigned totally to agent j. Observe that b7 (F™); =1
for every | < k — 1 and b7 (F™'); = 0 for every | > k . So, agent j is not allocated
any other cost, i.e., P7(w); = w(n(k)).

Now assume that I} contains the source. Then b°(F™k~1), = 0 for every agent
r € Fy UF, except j. b7(F™*1); = 1 since j is the last agent in Fy and 0 ¢ F.
Moreover, b (F™*), = 0 for every agent r € Fy U F} since 0 € Fy U Fy. So, the cost
of edge 7(k) is assigned totally to agent j. As discussed above, j is not allocated any
other cost, so P?(w); = w(w(k)).

One can use the arguments given above to show that if F5 contains the source,
then the cost of edge m(k) is assigned totally to agent ¢ and i is not allocated any

other cost. So, P?(w); = w(w(k)) and hence we are done. O

In the following proposition we consider simple mcst situations and show which
agents are assigned edges that cost zero and which agents are assigned edges that
cost one by P?(w).

Proposition 3.2.4 Let (N,0,w) be a simple mest situation, m € I(Exn:) with w €
K™ and o € TI(N). Assume that the number of edges in Ex: that cost zero ist. Then

P (w) { 1 ifi is the last agent in F]"" with respect to o and 0 ¢ F{™",
w); =

0 otherwise,

for every ¢ € N.

We omit the proof of Proposition 3.2.4 since it is straightforward.
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It follows by the definition of P? that it satisfies the cone-wise positive linearity
property. Hence P?(w) can also be calculated by making use of the linear decompo-

sition of w into simple weight functions as given in Equation 3.1. Hence

N

|
P?(w) = w(r()P7(¢™) + Y ((wln(k)) = w(x(k = 1)) P7 (™)), (3.7)

for every o € TI(N), w € WY and 7 € [I(Ey-) such that w € K™.

3.2.3 The vertex oriented construct and charge procedure

In this section we introduce voccp and also analyze its algorithmic properties.

Let G = (N', E) be a graph on N'. Recall that the component of G which contains
agent ¢ is denoted by G,;. Then the set of edges which connect a vertex of this
component with a vertex of another component is given by {{u,v}{u € G; and v €
N'\G;}. We call this set the set of component reducing edges for agent i in G and
denote it by A;(G).

Just like Kruskal’s algorithm and Prim’s algorithm, voccp is a greedy algorithm
which works on the principle of gradual merging several trees in a forest in the cheapest
possible way until an mcst is achieved. The procedure makes use of a predetermined
order on the set of agents to determine the agent who is going to construct an edge.
At each step of the procedure, the first agent in the order who has not yet constructed
an edge constructs and pays the cheapest allowed edge, i.e., the cheapest edge which
connects the tree to which he belongs to another tree of the forest obtained in the
previous iterations of the procedure.

Let (N,0,w) be an mest situation. Then vocep for mest situations is defined

formally as follows:

(Step 1) Pick o € II(N) .
(Step 2) Set G = (N',0) and v™° =0 (¢ RY).
(Step 3) For k =1 to n:

Let o(k) = i. Choose an edge e7 such that
g = argmin{w(e)|e € A;(G7* )}
Set G7F = Go*F~1 1 €7 and v7*F = v7F 1 L w(eg)eli).

(Step 4) Set I'" = G2™ and v7 = vo™,
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Example 3.2.3 Consider the mcst situation (N,0,w) with N = {1,2,3} and w as
depicted in Figure 3.1.

Let 0 € TI(N) be such that o(i) = i for every i € N. The related voccp is
described as follows:
(Step 1) Let 0 € II(N) be such that o(i) =i for every i € N.
(Step 2) Set G = (N, ) and v*¥ = 0.
(Step 3) Step 3 consists of the following three iterations:

e ik =1: o(1) = 1. Obviously A;(G"°) = {{1,0},{1,2},{1,3}}. Then, ¢ =
{1,2}, G = (N, {{1,2}}) and v™! = (40,0, 0).

e . =2: 0(2) = 2. Note that 2 and 1 are in the same component of G°! but 3 and
0 belong to different components. So A,(Go') = {{1,0},{1,3},{2,0},{2,3}}.
Then, €5 = {1,3}, G7? = (N, {{1,2}, {1,3}}) and v*' = (40, 60,0).

e k=3: 0(3) = 3. Note that 3 is connected with 1 and 2 in G”? and hence these
vertices belong to the same component. So A3(G”?) = {{1,0},{2,0},{3,0}}.
Then, e = {1,0}, G = (N, {{1,2}, {1, 3},{1,0}}) and v™* = (40, 60, 90).

(Step 4) I' = (N',{{1,2},{1,3},{1,0}}) and v” = (40, 60, 90).
In Figure 3.2, we depict graphs G?* obtained in step 3 of voccp related to o. Here,

for each of these graphs, the agent who is going to construct an edge is indicated with

a shaded vertex and edges that are allowed for the agent are indicated with dotted

edges.
Ga,O Ge° 1 GU,B
S 2 G——@
\\ AN \\\\ ///I
\\ AN \\ N //
\\ @ \\ @ //
\ /
\ \ /
\\ \\ //
6) &)

Figure 3.2: Graphs obtained during vocep in Example 3.2.3

In Table 3.3 we give the construct and charge results provided by voccp for all

orderings of agents. o

It’s obvious that I'? as obtained in Step 4 of voccp related to order o has n edges
and does not contain any cycle. Hence, it immediately follows from result (1) of

Property 3.1.1 that I'? is a spanning tree. Observe that voccp can lead to different
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Constructed edges by | Costs for

o 1 2 3 1 2 3
(1,23) | (1,2) (1,3) (1,0) |40 60 90
(1,3,2) | (1,2) (1,00 (1,3) |40 90 60
(2,1,3) | (1,3) (1,2) (1,00 |60 40 90
(2,3,1) | (1,0) (1,2) (1,3) |90 40 60
(3,1,2) | (1,2) (1,0) (1,3) |40 90 60
(3,2,1) | (1,0) (1,2) (1,3) |90 40 60

Table 3.3: Construct and charge results for the mest situation in Figure 3.1

spanning trees. Because, at each iteration of the procedure in step 3, the agents are
allowed to choose any cheapest allowed edge. So, if a cheapest allowed edge is not
unique, the procedure may lead to different spanning trees depending on choices of
agents.

We establish in the following theorem that voccp is an efficient algorithm for mest

problems, i.e., any spanning tree provided by voccp is an mest of the mest situation.

Theorem 3.2.1 Let (N,0,w) be an mcst situation and o € II(N). Then, I'? is an
mest of (N,0,w).

Proof. For any spanning tree T of (N’, Ey/) other than I denote by f(T') the
smallest value of k such that ej is not in 7". Now suppose that I'” is not an mecst and
let T' be an mcst such that f(7") is as large as possible.

Suppose that f(T') =k, i.e., €],...,e7_; are in both T" and I'?, but that e is not
in T. Then, T + e contains a unique cycle C' and obviously, C' contains an edge €’
different than ef such that ¢’ € A, ) (G”*!). Now, on the one hand, w(ef) < w(e’),
since €’ is allowed for o(k) in G%*~1 and on the other hand, w(e') < w(eg) by result
(2) in Property 3.1.1. Hence, w(e’) = w(e}). Moreover, T" = (T + €7 ) — €’ is another
spanning tree of (N, Ey/) and w(T) = w(7T”"). So, T, too, is an mecst. However,
f(T") > f(T), contradicting with the choice of T". Therefore, I'’ is indeed an mest.[]

Remark 3.2.1 Tt can be shown that vocep solves the mest problem in O ((n + 1)3)
time and hence has a greater (time) complexity than the well-known algorithms
Prim’s algorithm and Kruskal’s algorithm which solve the problem in O ((n + 1)?)
and O ((n+ 1)log(n + 1)) time, respectively. The main reason behind the greater
time requirement is that voccp has to manipulate more information compared to
Kruskal’s algorithm and Prim’s algorithm, since it also provides a cost allocation

besides an mcst of the problem.
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We prove in Theorem 3.2.2 that every mcst in an mcst situation can be obtained

by voccp for any order of agents followed.

Theorem 3.2.2 Let (N,0,w) be an mest situation and let T be an mcst. Then T can
be the result of a vertex oriented construct and charge procedure for any permutation
o e II(N).

Proof. Suppose that the mcst T can not be constructed by voccp for a specific
o € II(N). Starting with o construct I' by using voccp as far as possible. Then, there
exists k € {1,...,n} such that ef,...,e7_; are in T, but that €7 is not in 7. Then,
T + €7 contains a unique cycle C' and obviously, C' contains an edge €’ different than
e? such that ¢’ € A, ) (G”*1). Since o(k) can not construct ¢’ although it is allowed
for o(k) in Go*=1 it follows that w(e]) < w(e’). But, then 77 = T +¢J — ¢ is a
spanning tree of (N', Ex/) with total weight less than that of T, a contradiction. [

Remark 3.2.2 Theorem 3.2.2 shows that every mcst can be the result of voccp.
Subsequently, the important question that arises is whether the cost allocation pro-
vided by vocep is independent of the mcst reached. In the next section, we will see
that this is indeed the case.

3.2.4 A new approach to obtain ERO

In this section we prove the coincidence of the cost allocation provided by ERO with
the average of the cost allocations provided by voccp over all orders of agents.
We show in the following lemma that, for simple mcst situations, the cost alloca-

tion v7 provided by vocep related to order o € II(V) is equal to P?(w).

Lemma 3.2.2 Let (N,0,w) be a simple mest situation. Then v° equals P°(w) for
every o € II(N).

Proof. Let w be a simple mcst situation. Let us denote the number of edges in Ey-
that cost zero with t. Let m € II(En/) be such that w € K™ and let o € II(N).

By Proposition 3.2.4, we have to show that the cost v{ assigned by voccp related
to o to an agent ¢ € N is equal to 1 if 7 is the last agent in Fi”’t with respect to o and
0 ¢ F' and is equal to 0 otherwise.

Pick an agent ¢ € N. Assume that 7 is the k' agent with respect to order o, i.e.,
o(k) = i. Naturally, agent ¢ constructs a zero-edge during voccp related to o if there
exist zero-edges that are component reducing for agent 7 in G~

Now, assume that 0 € F/™". Observe then that the number of edges of a tree

which connects the vertices of F[™" is equal to the number of agents in F/*. Hence,
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even if ¢ is the last agent in Ff’t and all agents in Ff’t that precede 7 constructed a
zero-edge in Ff’t, 1 will still not be connected to some agents in Ff’t, i.e., there will
exist component reducing edges for agent i in G®*~! that cost 0. Hence, v7 = 0.
Assume now that 0 ¢ F/. Then the number of edges of a tree which connects
the vertices of F/"" is one less than the number of agents in F{™*. If agent 7 is the last
agent in F" with respect to o, then all other agents in F[™" that precede i with re-
spect to o will construct a zero-edge, and hence all vertices of Fiﬂ’t will be connected in

G*~1. Hence, all component reducing edges for agent i in G7*~! cost 1, i.e., vy = 1.00

Lemma 3.2.2 also proves that v“ yields in a unique cost allocation independent of
the mcst reached for simple mcst situations. Hence, for every simple mcst situation
w, we can now denote by v7(w) the unique cost allocation provided by voccp related
to order o € II(N).

We show in the following proposition that v equals P?(w) for every mcst situation

by making use of the linear decomposition of w into simple weight functions.

Proposition 3.2.5 Let (N,0,w) be an mest situation. Then v equals P(w) for
every o € II(N).

Proof. Let m € TI(Ey/) be such that w € K™. We know that
Po(w) = w(w(L)P7(e™) + 7 ((w(r(k) — w(n(k —1)P7(e™))
= w(r(1)o” (™) + S ((w(r (k) = w(r(k — 1) (7)),

where the second equality follows by Lemma 3.2.2.

Now let I' be a minimum cost spanning tree of w. Then by Theorem 3.2.2 ' can
be constructed by voccp related to order o. Let v be the cost allocation provided
by vocep related to o when it results in I'.

It can be observed that I' is also an mcst of every simple mcst situation e™*
(k€{1,2,....|En/|}). Then again by Theorem 3.2.2, I' can be constructed by voocp

™k Now, consider voccp related to o

related to o in every simple mcst situation e
in w and in a simple mecst situation e™*. Assume that voccp resulted in I' in both
mcst situations. Then, obviously, for every iteration of the procedure k € {1,...,n},
the corresponding agent o(k) chooses to construct the same edge of I' in both mcst
situations w and e™*. But then voccp assigns the cost of the same edge to every agent

in both situations. Since this observation is true for every simple mcst situation e™*,

we can conclude that By
o7 = w(r())? (€™ + Y ((w(w(k)) — w(m(k — 1)))v0(emk)) :
k=2
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Since v yields in a unique cost allocation independent of the mecst reached for
any mest situations, we can now denote by v?(w) the unique cost allocation provided
by vocep related to order o € TI(N) for every mcst situation w € W¥.

We know by Proposition 3.2.2 that the average of P?-rules over all possible orders
of agents is equal to ERO. But, since v’(w) = P?(w) by Proposition 3.2.5, we
can now conclude that FRO can be obtained an an average of the cost allocations

provided by voccp over all possible orders of agents.

Theorem 3.2.3 Let w € WYN. Then

ERO(w) = ) _

o€ll(N)

3.2.5 Voccp and the optimistic game in mcst situations

In this section, we investigate the connections between voccp and the optimistic
transferable utility game for mest problems (cf. Bergantinos and Vidal-Puga, 2007b).
In an optimistic transferable utility game for mcst problems, the worth of a coalition
is defined as the cost of connection, assuming that the rest of agents are already
connected to the source. Bergantinos and Vidal-Puga (2005b) show that the Shapley
value of this game is equal to the cost allocation provided by ERO. It is well-known
that the Shapley value of a TU-game is equal to the average of its marginal vectors
over all orders on the set of players. We will prove in the following that for every
ordering o of the agents, the v value is equal to the marginal of the game for the
same ordering.

The optimistic game for mcst situations is defined as follows. Given an mecst situa-
tion (N, 0, w) and a nonempty coalition of agents S C N, we first obtain an optimistic
mcst situation for S assuming that when the agents in S have to be connected to
the source, the agents in N\S are already connected to the source and the agents
in S can connect to the source via agents in N\S. Formally, the optimistic mcst
situation for S is the mest situation (5,0, wg), where wg(e) = w(e) for every e € Eg
and wg({7,0}) = minjenngw({7,j}) for every i € S. That is the costs of edges that
connect agents in S are not changed in the optimistic mcst situation. However, the
cost of edges which connect an agent in S with the source are changed to be equal to
the cost of the cheapest edge which connects the agent in S with an agent outside S
or with the source in according with the assumptions of the optimistic setup.

Now the optimistic TU-game (N,v) associated with the mest situation (N, 0, w)
is defined as v(S) = wg(I') where I' is a mest for (5,0, wg) for every S C N with
v(D) = 0.
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Example 3.2.4 Consider the mcst situation (NV,0,w) with N = {1,2,3} and w
as depicted in Figure 3.1. Consider coalition {1,2}. In Figure 3.3 we provide the
optimistic mest situation for {1,2} and a related mcst. Hence the worth of coalition
{1,2} in the optimistic TU-game associated with (N,0,w) is 100. The complete

©
60 70

40%) 0, @

Figure 3.3: The optimistic mcst situation for {1,2} (left side) and a related mcst (right
side)

optimistic TU-game associated with (IV,0,w) is given in Table 3.4.

L s [ {20 {3) {12} {13} {23} N |
(v(S) ]| 40 40 60 100 100 100 190 |

Table 3.4: The optimistic TU-game in Example 3.2.4

&

We first consider in Lemma 3.2.3 the structure of graphs G7° G°!, ..., G"" that
are formed during step 3 of voccp. In particular, we focus on the tree to which the
agent that is going to construct an edge belongs and show that (i) the source 0 can
not belong to this component and (ii) all other agents in the component must have

constructed an edge in the previous iterations of the procedure.

Lemma 3.2.3 Let (N,0,w) be an mest, o € II(N), k € {1,2,...,n} and o(k) = i.
Then,

(i) 0 ¢ GT*.
(ii) o=(j) < o7(i) for every j € G;”kil‘

Proof. (i) Suppose 0 € GZ*'. We know that GZ* is a tree and hence the number

! is one more than its number of edges. Then, the number of

of vertices of G7F~
agents that belong to this tree is equal to the number of edges of this tree and hence
all agents that belong to this tree must have constructed an edge, a contradiction
since agent ¢ has not constructed an edge yet.

(ii) can be proven similarly. O
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In the following, we show that for every ordering of the agents, the cost allocation
provided by the related voccp and the related marginal vector of the optimistic game

are equal to each other.

Proposition 3.2.6 Let (N,0,w) be an mest. Then v7(w) = m?(v) for every o €
II(N).

Proof. Let o € TI(N). We denote by Sy the set of first k£ agents with respect to
order o, i.e., Sy = {o(1),0(2),...,0(k)} for every k € {1,2,...,n}. Also we denote an
mcst of the optimistic mest situation for Sy by I'y. We will show that the total cost
of the first k edges constructed in voccp related to o is equal to the cost of an mcst
of (Sk,0,ws,), i.e., w(G7*) = wg, (T},) for every k € {1,2,...,n}.

Pick k£ € {1,2,...,n}. First, we know by Lemma 3.2.3 that at least one end vertex
of every edge e € Go* belongs to Si. Second, if {u,v} € G”* is such that u € Sy and
v & Sk, then {u,v} is the cheapest edge which connects u with a vertex outside Sk,
ie., w({u,v}) = mingyenng, w({u, w}). Hence, w({u,v}) = wg, ({u,0}), i.e., the cost
of {u,v} equals to the cost of {u,0} the edge which connects u with the source in
(Sk,0,ws, ). Now, we construct an mest for (Sk,0,wg, ) by using the edges in G™" as
follows: For every {u,v} € Go*  if {u,v} C Si then construct {u,v} in (Sy,0,ws,);
if uw € S, and v ¢ Sk then construct {u,0} in (Sk,0,ws,). Let us denote the set
of edges we constructed in the mest situation (Sk,0,wg,) by I'. Observe first that
wg, (T') = w(G7*). Observe second that T' is a spanning tree because (i) it has k
edges and (ii) it does not contain cycles since G”* does not contain cycles and every
component of G”* contains exactly only one vertex outside S;. Observe lastly that
by construction of G”* by vocep T is an mest of (S, 0, ws, ).

So, we have that
1 (V)i = 0(Sk) — 0(Seor) = ws, (Ta) — ws,_,(Ter) = w(GF) — w(G*
= w(ey) = v7(W)ok),

for every k € {1,2,...,n}. Hence, we can conclude that m?(v) = v7(w). O

3.3 ERO and Voccp for Minimum Cost Spanning

Forest Situations

In this section we investigate extensions of the results obtained in Section 3.2 for
mest situations on minimum cost spanning forest situations (cf. Rosenthal, 1987).

We first show that both Kruskal’s algorithm and voccp can be defined for minimum
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cost spanning forest situations in a way that they yield efficient algorithms. Second,
we extend the definition of ERO to this multisource situation and prove that ERO
can again be obtained as the average of the cost allocations provided by voccp.

In an mcsf situation, there are finitely many identical sources and agents have to
be connected to only one of them. These situations can be represented by a tuple
(N, S,w) where N = {1,...,n} is the agent set, S = {01,02,...,05} (s € Ni;) is the
set of available identical sources. Let us denote N U S by N’. Then w : Exys — Ry,
is a weight function on Ey:. Given an mecsf situation (N, S, w), a spanning forest of
the graph (N', Env) is a set of trees that spans all vertices in N’, in which each tree
contains at least one source. A minimum cost spanning forest (mcsf) is a spanning
forest with the minimum sum of weights of edges. Similar to the mcst situations with
a unique source, mcsf situations can also be identified with their weight functions.
Hence, we will denote the set of mesf situations with agent set N by Wz = Rfﬁf.

In an mesf situation, the availability of multiple identical sources enables agents to
form several components which are connected to different sources. Hence, the optimal
network in an mecsf situation is an mcsf. Moreover, since we consider mcsf situations
where all edges have strictly positive weights, each tree in an mcsf contains exactly
one source.

Kruskal’s algorithm for mcst situations may not result in an optimal network if
it is applied directly to mcsf situation. However, it can still be used to obtain an
mesf by applying it to a related mest situation as follows. Let (N, S, w) be an mesf
situation. Now, add an additional vertex, denoted by 0, to N’; add edges {0,i} for
every i € V to Eys. Also, define the weight function wy on Enryqoy by

w(e), if e € By,
wo(e) = 0, if e = {0, s} for some s € S,
2max{w(e)le € Ex/}, if e ={0,i} for some i € N.

We call the mest situation (N';0,wq) the mcst situation associated with (N, S, w).
Since all edges in Exs have strictly positive costs, in any mest of (N',0,wy), the
sources 01, ..., 05 are connected to 0 through edges {0k, 0} that cost zero. Obviously
if one removes these edges from an mecst of (N/,0,wy), then the graph obtained will
be an mecsf for (N, S,w). Then one can obtain an mcsf for an mesf situation, first
by finding an mcst for the associated mcst situation and then by removing the edges

that connect the sources with 0.

Example 3.3.1 Consider the mcsf situation (N, S,w) with N = {1,2}, S = {04,092}
and w as depicted in Figure 3.4. The associated mcst situation (N’,0,w,) is also

depicted in Figure 3.4. By applying Kruskal’s algorithm to (/N/,0,wy), one obtains
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Figure 3.4: An mcsf situation with two agents and two sources (top-left); the associated
mest situation (top-right); the mest I' (bottom right) and the mesf F' (bottom left) consid-
ered in Example 3.3.1

the mest I' with E(I") = {{0,0:},{0,02},{1,0:},{2,02}}. Then, by removing edges
{0,0,} and {0,0,} from I', one obtains the mesf F' with E(F) = {{1,0,},{2,05}}.
The mcst I and the mcsf F' are also depicted in Figure 3.4. o

Now we can define the equal remaining obligations rule for mecsf situations by mak-
ing use of the cost allocations assigned by FRO to the associated mcst situations as
follows. Let (N, S, w) be an mesf situation and consider ERO(wy) the cost allocation
assigned by ERO to the associated mcst situation (N, 0,wg). Observe that sources
01, ..., 05 are treated as agents in the associated mest situation. Hence, ERO(wy) also
assigns costs to sources for the construction of the mcst. However, since sources are
connected to 0 with edges that cost zero, ERO(wg) does not assign any cost to the
sources, i.e, ERO(wg)s = 0 for every source s € S. In particular, the cost of the mest

in the associated mcst situation is allocated completely to the agents.

Definition 3.3.1 The equal remaining obligations rule for mesf situations EROx s
defined as the map EROx : W&~ — RN, where

ERO]:(U))l = ERO(wo)i,
for every i € N and w € Wx".

Example 3.3.2 Consider the mcsf situation (N, S,w) with N = {1,2}, S = {04,02}
and w as depicted in Figure 3.4.
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In order to calculate EROx(w), we simply have to calculate ERO for the related
mest situation (N', 0, wp). Observe that wy € K™, with 7(1) = {0,0,}, 7(2) = {0, 02},
7T(3) = {2702}7 7T(4) = {0172}7 7T<5) = {01702}7 7T<6) = {1701}7 7T(7) = {172}7
7(8) = {04,1}, w(9) = {0,1} and 7(10) = {0,2}. The sequence of the graphs F™k
formed by Kruskal’s algorithm when it follows the order 7= and the corresponding
connection vectors, where the first two indices correspond to 0; and 0, and the third
(fourth) index correspond agent 1 (2), are given in Table 3.5 below. Hence, the

Fmk prok

0 (1,1,1,1)¢
{{01,0}} (0,1,1,1)!
{{01,0},{02,0}} (0,0,1,1)t
{{01,0}, {02, 0}, {02,2}} (0,0,1,0)!
{{01,0},{02,0},{02,2},{01,2}} (0,0,I,O)t
{{017 0}7 {027 0}7 {027 2}) {017 2}) {017 02}} (07 07 17 O)t
{{01,0},{02,0},{02,2},{01,2},{01,02},{01,1}} | (0,0,0, O)t
Eniutoy (0,0,0,0)*

Table 3.5: Graphs formed in each step of Kruskal’s algorithm and the corresponding con-

nection vectors in Example 3.3.2

contribution matrix M™ is given by

1000 0O0O0O0OO0OU
uT - 01 0 0O0O0OO0OO0OTUO0OTO O
000 0OO0OT1TO0O0O0OTQO0
001 00O0O0OO0O0OTO O
Observe that w = (0,0,3,4,5,6,9,9,18,18). Hence, ERO(wy) = M™w] = (0,0, 6, 3)*

and FROz(w) = (6, 3)". o

In the following, we first define the vertex oriented construct and charge procedure
for mcsf situations. Then we show that voccp is an efficient algorithm for mcsf
situations. Finally, we prove that FRO for mcsf situations can be obtained as an
average of the cost allocations provided by voccp over all orders of agents.

Voccp for mesf situations is defined formally as follows:

Let (N, S,w) be an mesf situation.

(Step 1) Pick o € II(N) .

(Step 2) Set G0 = (N’,()) and v7" = 0 (€ RY).
(Step 3) For k =1 to n:
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Let o(k) = i. Choose an edge ef such that
¢ = argmin{w(e)le € A;(G7* 1)}
Set GoF = G741 4 e7 and 03 = 02 4 w(ef)el,
(Step 4) Set F7 = G7" and v} = v3".

Example 3.3.3 Consider the mcsf situation (N, S,w) with N = {1,2}, S = {01,04}
and w as depicted in Figure 3.4.

Let 0 € TI(N) be such that o(i) = i for every i € N. The related voccp is
described as follows:
(Step 1) Let 0 € II(N) be such that o(i) =i for every i € N.
(Step 2) Set G7° = (N, §) and v3" = 0.
(Step 3) Step 3 consists of the following two iterations:

e ik =1: o(1) = 1. Obviously each edge incident with 1 is allowed for 1 in G7°.
Then, ¢f = {1,0,}; G** = (W', {{1,0,}}) and vZ* = (6,0).

e k = 2: 0(2) = 2. Since 2 is not connected with any other vertex in G!,
the allowed edges for 2 in G%! are the ones that are incident with 2. Then,
es = {2,0o}. G7% = (N',{{1,0,},{2,02}}) and v;_’k = (6,3).

(Step 4) F'7 = (N’,{{1,0:},{2,02}}) and v% = (6, 3).

Observe lastly that vocep related to the reverse order results in the same construct

and charge result. o

Obviously F? as obtained in Step 4 of vocep related to order o does not contain
any cycles and hence is a forest. It is well known that a forest with p vertices and
k edges has p — k components. So, since F'? has n edges and n + s vertices, it must
contain s components which are trees. Recall here that s is the number of sources in
an mesf situation. One can also observe that each of these components must contain
exactly one source. Hence, F'? is a spanning forest. Similar to the mcst case, voccp for
mcsf situations can lead to different spanning forests depending on choices of agents.

In the following theorem we first show that voccp is an efficient algorithm for
mcsf problems, i.e., any spanning forest provided by voccp is an mecsf of the mcsf
situation. Second, we show that the cost assigned by voccp to an agent in the mcsf
situation is equal to the cost assigned by voccp to the same agent in the associated
mest situation. Let (N, S,w) be an mesf situation. We say that an order m € II(N')
is compatible with the order o € II(NV) if it satisfies the condition that (i) < o(j) if
and only if 7(i) < 7(j) for every i,j € N.
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Theorem 3.3.1 Let (N, S, w) be an mcesf situation, (N',0,wy) be the associated mcst
situation and m € II(N). Then

(i) F? is an mesf of (N, S,w) for every o € II(N);

(i4) v&; = v™(wo); for every order o € II(N), every m € II(N') that is compatible
with o and every i € N.

Proof. First recall that the sources 04, ..., 0, are treated as agents in the associated
mest situation (N',0,wg). Let o € II(IV) and let 7 € II(N') be compatible with o.
Consider the voccp related to order o in the mecsf situation and the voccp related to
7 in the associated mecst situation. Observe that during voccp related to 7 in the

associated mest situation (N, 0, wy)

e Each source s € S selects the edge {s,0} because {s,0} is always an allowed

edge for s, it costs zero and all other allowed edges have strictly positive costs.

e None of the agents selects an edge {i,0} (i € N) since these are the most

expensive edges with respect to wy.

That’s why in both procedures, voccp related to ¢ in mesf situation and vocep
related to 7 in the associated mcst situation, each agent ¢ € N is in the same situ-
ation: They have the same options and hence they can select to construct the same
edge in both procedures. And in this case the graph found by the voccp related to o
in the mcsf situation can also be obtained by first using voccp related to 7 to obtain
an mest for the associated mest situation and then removing the arcs (0, s), for ev-
ery s € S. So, voccp is an efficient algorithm for mcsf situations and moreover, since

agents can select the same edges in both procedures v ; = v™(wy); for every i € N. O

Theorem 3.3.1 also proves that the cost allocation provided by voccp for the mesf
situations is unique, i.e., is independent of the mcsf reached. Hence, we can now
denote the cost allocation provided by vocep related to o by v (w).

Finally, we prove that E ROz can be obtained as the average of the cost allocations

provided by voccp for every order of the agents.

Theorem 3.3.2 Let w € W', Then

EROs(w)= Y. vE(w)

o€ll(N)
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Proof. We know that FROx(w); = ERO;(wy). We also know by Theorem 3.3.1
that v%(w); = v™(wy); for every order o € II(N), = € II(IV) that is compatible with

o and ¢ € N. Observe that for every order o € II(IV), there exists W compatible
orders in II(N’). Then
EROz(w); = ERO(wy); = Z o™ (wo):
.7: 1 0)7 (n + S)‘
mell(N')
n+s)! o -
. g (w); 3 vE(w)i
! |
a€II(N) (n T 8)' a€II(N) n

for every ¢ € N. Hence, we can conclude that FROz(w) can be obtained as the

average of the cost allocations provided by voccp over all orders of agents. O

3.4 ERO and Voccp for Mcst Situations with Two

Sources

In this section we investigate the extensions of the results obtained in Section 3.2 for
mcst situations in which the agents have to be connected to two sources. Section 3.4.1
proposes an equal remaining obligations rule for mcst situations with two sources.
Then in Section 3.4.2 we extend voccp to these multisource situations in a way that it
yields an efficient algorithm and prove that ERO can again be obtained as the average
of the cost allocations provided by voccp. In Section 3.4.3 we define an optimistic
transferable utility game for mcst problems with two sources and show that for every
ordering of the agents, the cost allocation provided by the related voccp is equal to
the marginal of the optimistic game for the same ordering.

In this section we consider mcst situations with two sources. In this type of mecst
situations there exists a group of agents N = {1,2,...,n} that has to be connected to
two sources {01, 02}. These situations can be represented by a tuple (N, {01, 02}, w).
Let us denote {01,0o} UN by N’. Here, as before w : En — R, | is a weight function
on Ey/. Similar to mest situations with a unique source, mecst situations with two
sources can also be identified with their weight functions. Hence, we will denote the
set of mest situations with two sources with agent set N by Wz = Rfﬁ/.

The optimal network in an mest situation with two sources is obviously an mcst of
(N', Env). Hence, Kruskal’s algorithm is an efficient algorithm for these multisource
mcst situations. It can also easily be observed that any spanning tree of (N, En/)
has n + 1 edges. That is the agents have to construct n + 1 edges in order to be

connected to both sources.
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Example 3.4.1 Consider the mcst situation with two sources (IV,{0y, 0}, w) with
N ={1,2,3} and w as depicted in Figure 3.5.

Figure 3.5: An mcst situation with two sources (left side) and a related mest

Kruskal’s algorithm first constructs the cheapest edge {0,,3}. The algorithm
continues by constructing both of the two second cheapest edges {01,3} and {1,2}
since neither of these edges creates a cycle with the previously constructed edges.
Next the algorithm selects the edge {01,052} but it will not construct this edge since it
creates a cycle with the previously constructed edges {02,3} and {0;,3}. Finally, the

algorithm selects and constructs {0, 1} resulting in the mcst with the set of edges

{{0171}7{172}7{0173}7{0273}}' <&

3.4.1 ERO for cost sharing in mcst situations with two sources

In the following we will propose an equal remaining obligations rule for mecst situations
with two sources. In order to define this rule, we will follow a set-up analogous to the
set-up used for F RO in Section 3.2.1.

Let [I(En/), K™ and w™ (7w € II(Ey+)) be defined analogously to their counterparts
in Section 3.2.1. Let (N,{04,02},w) be an mecst situation with two sources and
7 € II(Ens) be such that w € K™. Let us first define a rule ERO% on cone K™. Similar
to ERO’s original definition in Section 3.2.1, we will again start with considering a
sequence of |En/| + 1 graphs that are formed during Kruskal’s algorithm when the
algorithm follows the order 7 on the set of edges Ey: F™0, F™ . F©IEx| But, this
time we will define two different connection vectors and accordingly two connection
matrices as follows. Connection vectors b;r’k € RY and b;“k € RY are defined for each
ke{0,1,..,|Ex|} as

ok 0 if 7 is connected with 0; or with 0y in F™* (3.8)
be m otherwise '
ok 0 if 0; and 0, are connected in F™*

b271 - 1 . (3.9)

~  otherwise
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for each i € N and w € W,
The contribution matrices with respect to m € II(En:) MF € RN*Ex and M7 €
RN*En' are defined as follows. MT is the matrix which lists the change in the con-

nectivity of the agents as given by b?’k, i.e., the k-th column of M equals
k— N
Meh = 07— b7

for each k € {1,...,|En/|}. Similarly, MJ lists the change in the connectivity of the

agents as given by b;“’“, i.e., the k-th column of MJ equals
Mzt = (03" =)

for each k € {1,..., |En/|}.

It can easily be observed that the connection vector b’f’k and the corresponding
contribution matrix M are straightforward extensions of their counterparts defined
for ERO (see equations 3.2 and 3.3). Similar to the contribution matrix for ERO, each
nonzero-column of M7 corresponds to an edge constructed by Kruskal’s algorithm and
represents the fraction of the cost of the edge paid by each player. However, in every
mcst situation with two sources there exists one edge which is constructed by Kruskal’s
algorithm but the corresponding column in M7 is a zero-column. To see this, let
F™F be the first graph in the sequence F™0 F™ _ FmIExl in which 0; and 0, are
connected. Observe that the corresponding edge 7(k) joins two separate components
in F™k~1 one including 0; and the other including 0y. Hence, m(k) is constructed by
Kruskal’s algorithm since it does not create a cycle with the previously constructed
edges. However, the column (M7 e*) is a zero column since b;rzk = bfzk ~1 =0 for every
agent i that belongs to the components of F™*~! joined by edge m(k). So, according
to contribution matrix M7 agents do not contribute for an edge which is constructed.
In order to be able to distribute the cost of edge 7(k) among agents, we introduced
connection vectors by and the corresponding contribution matrix MJ. Observe that
(MFek); = % and every other column of matrix MJ is a zero column. That is MJ
distributes the cost of edge 7(k) equally among agents.

We are now ready to define the £ RO%-value on K™.

Definition 3.4.1 For each m € II(En/), EROY is defined as the map ERO% : K™ —
RN, where EROY(w) = MFw™ + MJFw™ for each mest situation with two sources w

i the cone K™.

A variant of Lemma 3.2.1 holds also for rules ERO%. Hence, similarly to ERO"-
rules, for every order m that a weight function w is compatible with, EROZ also

results in the same allocation.
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Proposition 3.4.1 Let (N, {01,02},w) be an mest situation with two sources. Then,
MTw™ = M w™, Mjw™ = MJw™ and hence EROF(w) = EROF (w) for every
7,7 € (En) withw € KTN K™,

This enables us to define a ERO7r-rule over all mest situations with two sources.

Definition 3.4.2 The equal remaining obligations rule for mcst situations with two
sources is defined as the map EROr : Wi — RN, where

ERO7(w) = FROT(w) = M]w™ + Mjw™ (3.10)
for every w € W and m € II(Ey/) such that w € K™.

Remark 3.4.1 The method we followed to extend F RO to mcst situations with two
sources can be summarized as: First use M7 the straightforward extension of a con-
tribution matrix and then distribute the cost of the edge that M failed to handle
equally among the agents. In the following sections we consider straightforward ex-
tensions of voccp and the optimistic game associated with mcst situations and show
that (i) ERO7 can be obtained as an average of the cost allocations provided by
vocep over all orders of agents and (ii) the Shapley value of the extended optimistic
game is equal to ERO7. We believe that these two results provide strong support
to FRO7 as an appropriate extension of equal remaining obligations rule for mcst

situations with two sources.

Example 3.4.2 Consider the mcst situation with two sources (IV, {0y, 0}, w) with
N = {1,2,3} and w as depicted in Figure 3.5. Observe that w € K7, with 7(1) =
{02,3}, m(2) = {01,3}, m(3) = {1, 2}, m(4) = {01, 02} 7(5) = {0y, 1}, w(6) = {01,2},
w(7) ={2,3}, 7(8) = {1,3}, m(9) = {02, 1} and 7(10) = {0, 2}.

The sequence of graphs F™* formed by Kruskal’s algorithm when it follows the

order 7 on the set of edges En: and corresponding connection vectors are given in
Table 3.6.
Then the contribution matrices M and MJ are given by

003012200000
Mf=(o0oo0 30300000 ],
10000O0O0O0TO 0O

and
0200000000
My=]10 300000000
0200000000

Observe lastly that w™ = (3,4,4,5,6,7,7,9,9,10)". Hence, FROr(w) = MTw™ +
Mjw™ = (5+ 3,5+ 35,3+ 3)". o
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Frok by by "
0 (1L,L,1)Y | (3,3,3)
{{02,3}} (1,1,0), | (3.3.%)"
{{02,3},{01,3}} (1,1,0), | (0,0,0)"
{{02,3}, {01, 3}, {1,2}} (3:3.0)% | (0,0,0)
{{02,3},{01,3},{1,2},{01,02}} (33,00, | (0,0,0)
{{09,3},{01,3},{1,2},{01,02}, {01, 1}} (0,0,0)%, | (0,0,0)
{{02,3}, {01, 3}, {1, 2}, {01, 02}, {01, 1}, {01, 2}} | (0,0,0)%, | (0,0,0)!
Epn (0,0,0)t, | (0,0,0)"

Table 3.6: Graphs formed in each step of Kruskal’s algorithm and corresponding connection

vectors in Example 3.4.2

In the following we define for every mcst situation with two sources a related mcst
situation and show that there is a close relationship between the equal remaining
obligations rule of the mcst situation with two sources and the equal remaining obli-
gations rule of the related mest situation. Let (N, {0,02},w) be an mest situation
with two sources and let m € II(Ey/) such that w € K™. Remove the sources 0y, 0o

and add vertex 0. Define the weight function wg : Enyjoy—r+ by

wole) = { w(e), ifee Ey,
’ min{w({w,0,}), w({u,02})}, if e = {u,0} for some u € N.

The mest situation (N, 0, wy) as described above is called the mest situation associated
with (N, {01, 02}, 'LU)

Example 3.4.3 Consider the mcst situation with two sources (IV, {0y, 0}, w) with
N ={1,2,3} and w as depicted in Figure 3.5. The associated mcst situation (N, 0, wy)
is depicted in Figure 3.6. o

SO

Figure 3.6: An mcst situation with two sources (left side) and the associated mcst situation
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In the following lemma we show that the cost allocation provided by E'RO for the

associated mest situation wy is equal to M w™.

Lemma 3.4.1 Let w € W and 7 € II(Ey/) be such that w € K™. Then Mfw™ =
ERO(wy).

Proof. Let w(ty),m(t2),...,m(tnr1) be the n + 1 edges of the mest I' constructed
by Kruskal’s algorithm corresponding to 7 in w. Let m(t;) be the first edge among
them such that 0, and 0y are connected during Kruskal’s algorithm. Then the edges
in T\{n(tx)} = {n(t1),...,m(tg—1), 7(tgs1), ..., 7(tns1)} correspond to the non-zero
columns of MT.

Observe that the edge {01,02} and the more expensive of the edges {7, 04}, {7,042}
(1 € N) can be constructed by Kruskal’s algorithm only if it is the first edge that 0,
and 0y are connected. Then every edge e € I'\{m(#)} is either an edge that connects
two agents or is the cheaper of the two edges that connect an agent with the source.

Let us now associate with each edge 7(t,) € I'\{m(tx)} an edge e, € Enufoy. If
7(t,) C N, then e, = 7(t,); if m(¢,) is the cheaper of the two edges that connect
an agent ¢ with a source, then e, = {i,0}. Obviously, w(n(t,)) = wo(e,). Now let
I = {e1,..., €1, €kt1,---€n+1}. Obviously, IV contains n edges and does not contain
any cycles. Hence, I is a spanning tree of (N, Enyugoy). Moreover, it can easily be
shown that I" is a mcst of the associated mcst situation wy by using the fact that I’
is a mest for the mest situation w.

Now, since IV is a mest of the associated mest situation wy, there exists an order
7' € II(Enuqoy) such that wo € K ™ and such that the corresponding Kruskal’s algo-
rithm constructs first e1, then e,,... and lastly e, 1. Clearly, M™ equals the matrix ob-
tained from M7 by deleting its zero columns. Hence, ERO(wy) = M™ w] = MTw™.
OJ

3.4.2 The vertex oriented construct and charge procedure

for mcst situations with two sources

In this section we define voccp for mest situations with two sources.

We know that since each agent has to be connected to both of the available
sources, the mcst in an mcst situation with two sources has n + 1 edges. Then
the first n iterations of voccp for such an mcst problem will yield a forest which is
composed of two disjoint trees and hence one more edge has to be constructed to
connect these two disjoint trees. Therefore, we modify the voccp so that for any
order of the agents o € II(V), after the first n iterations, the last agent in the order,

o(n) is also responsible for the construction of the (n + 1) edge which connects the
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tree that he is involved in to the other one. In the following, abusing notation, o(n)
the last agent in the order will also be denoted by o(n + 1) for any o € II(N).
Voccep for mest situations with two sources is defined formally as follows:
Let (N, {01,02},w) be an mest situation with two sources.
(Step 1) Pick o € II(V) .
(Step 2) Set G0 = (N',()) and vJ” = 0 (€ RV).
(Step 3) For k=1ton+ 1:

Let o(k) = i. Choose an edge €7 such that
g = argmin{w(e)le € A;(G7* )}
Set GoF = G7*1 + 7 and vg’k = U?k_l + w(eg)elt.

(Step 4) Set ' = GOt and Vg = Lo+l

We illustrate vocep in mest situations with two sources in the following example.

Example 3.4.4 Consider the mcst situation with two sources (N, {01,029}, w) with
N ={1,2,3} and w as depicted in Figure 3.5. Let o € II(N) be such that o(i) =i
for every ¢ € N. The related voccp is described as follows:

(Step 1) Let o € II(N) be such that o(i) =i for every i € N.

(Step 2) Set G° = (N, ) and v°¥ = 0.

(Step 3) Step 3 consists of the following four iterations:

e ik =1: o(1) = 1. Obviously A;(G™°) = {{1,0:},{1,02},{1,2},{1,3}}. Then,
ef ={1,2}, G = (N’ {{1,2}}) and v*! = (4,0,0).

e k=2: 0(2) = 2. Note that 2 and 1 are in the same component of G”! but 3,
0, and 05 belong to different components. So,

A2(Gajl) = {{17 3}7 {17 01}’ {17 02}7 {27 3}7 {27 01}’ {27 02}} .
Obviously €3 = {1,0,}, G°? = (N, {{1,2},{1,0:}}) and v™! = (4,6,0).

e k=3: 0(3) = 3. Note that 1, 2 and 0; are in the same component of G”! but
3 and 02 belong to different components. Obviously

As(G7?) = {{3,1},{3,2},{3,0:}, {3, 02} } .

Then, e = {3,0.}, G7 = (N, {{1,2}, {1,0,:}, {3,0,}}) and v"3 = (4,6,3).
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e ik =4: o(4) = 3. Note that there are two components in G3: 1, 2 and 0, are

in one component and 3 and 0y belong to the other component. Then,

A3<G073) = {{37 1}7 {37 2}7 {37 01}7 {027 1}7 {027 2}7 {027 01}} :

So, ¢7 = {04,3}, G = (N', {{1,2}, {1, 01}, {3, 0.}, {01, 3}}) and v™? = (4,6, 3+
4).

(Step 4) I'” = (N',{{1,2},{1,0:},{3,02},{04,3}}) and v = (8,6,3). In Table 3.7
we give the construct and charge results provided by voccp for all orderings of agents.

<
Constructed edges by Costs for
o 1 2 3 1 2 3
(1,2,3) {1,2} {1,0:} {3,02},{04,3} | 4 6 7
(1,3,2) {1,2} {1,01},{04,3} {3,02} 4 10 3
(2,1,3) {1,01} {1,2} {3,02},{01,3} | 6 4 7
(2,3,1) | {1,01},{04,3} {1,2} {3,029} 10 4 3
(3,1,2) {1,2} {1,01},{04,3} {3,052} 4 10 3
(3,2,1) | {1,0:},{01, 3} {1,2} {3,092} 10 4 3

Table 3.7: Construct and charge results for the mcst situation in Figure 3.5

We establish in the following theorem that (i) voccp is an efficient algorithm for
mcst situations with two sources and (ii) that every mest in an mest situation with

two sources can be obtained by voccp for any order of agents followed.

Theorem 3.4.1 Let (N,{01,02},w) be an mcst situation with two sources and o €
II(N). Then,

(i) ' is an mest of (N,{01,05}, w).

(i)If T is an mest of (N,{01,02},w), then T can be the result of a vertex oriented

construct and charge procedure for any permutation o € II(N).

We omit the proof of Theorem 3.4.1 since it is similar to the proofs of theorems
3.2.1 and 3.2.2.
We consider in Lemma 3.2.3 the structure of graphs G°°, G%!, ..., G°"*! that are

formed during step 3 of voccp and prove one preliminary result.

Lemma 3.4.2 Let (N,{01,02},w) be an mcst situation with two sources, o € TI(N),
ke{1,2,..,n} and o(k) = i. Then, 0; and Oy can not belong to G,
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The proof Lemma 3.4.2 is similar to its counterpart in Lemma 3.2.3 and hence omit-
ted.

In the following lemma we consider voccp related to order o € TI(N) in a mest
situation with two sources (N, {0,02},w) and voccp related to same order in the
associated mest situation (N, 0,w). Let us denote the k' edge constructed by vocep
related to o in (N, {01,09},w) by €7 for every k € {1,2,....,n + 1} and the k™ edge
constructed by vocep related to o in (N, 0,wp) by f7 for every k € {1,2,...,n}. We
show that each of the first n edges constructed by the two algorithms cost the same,
ie., w(e]) = wo(f7) for every k € {1,2,...,n}.

Lemma 3.4.3 Let (N,{01,02},w) be an mest situation with two sources , (N, 0,wp)
be the associated mcst situation and o € II(N). Then, w(e]) = wo(f7) for every
ke{l,2,..,n}.

Proof. Let o € II(N). Consider first the voccp related to order o in the mest
situation with two sources. Pick k& € {1,2,....,.n} and let o(k) = i. We know by
Lemma 3.4.2 that neither 0; nor 0, belongs to Gf’k_l the component that agent @
belongs in G7*~1. So, both edges {i,0,} and {i,0,} are component reducing for i in
Go*=1. Naturally, the more expensive of the two edges will never be constructed by
i.

So, starting with the first step of both procedures, voccp related to o in w and
vocep related to o in the associated mcst situation wy, each agent can select to con-
struct the same edge in both procedures in the following sense: if agent ¢ chooses to
construct an edge e C N in voccp related to o in w, then e is also a cheapest com-
ponent reducing edge for agent ¢ in voccp related to o in wy and if agent ¢ chooses
to construct the cheaper of the two edges {i,0;} and {i,0,} in voccp related to o in
wp then the edge {i,0} is a cheapest component reducing edge for agent i in vocep
related to o in wy. Since agents can select the same edges in the first n steps of both

procedures w(e) = wo(f7). O

We know by Lemma 3.4.1 that ERO7(w) = ERO(wy). Hence, Lemma 3.4.3 en-
ables us to establish the relationship between the costs of the first n edges constructed
by voccp and EROz(w). In the following lemma, we will establish the relationship
between the cost of the last edge constructed by voccp and EROr(w).

Lemma 3.4.4 Let (N,{01,05},w) be an mest situation with two sources , o € II(N)
and 7 € Il(Enr) be such that w € K™. Then, w(e ;) = >, n e MIw™.
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Proof. Let T' be an mcst for the mest situation with two sources w and IV be an

mcst for the associated mcst situation wy. Now, on the one hand

wl) =w(eg )+ Y wef)=w(eg )+ > w(ff)

ke{1,2,...,n} ke{1,2,...,n}
= w(eq ) + wo(I") = wleq ;) + Z ERO(wo);
ieN
=w(e), ) +Ze{i}M{rw“, (3.11)
ieN

where the first equality follows from the efficiency of voccp in mest situations with

two sources, the second equality follows from Lemma 3.4.3, the third equality follows

from the efficiency of voccp in mcest situations, the fourth equality follows from the

efficiency of ERO in mcst situations and the last equality follows from Lemma 3.4.1.
On the other hand

= Z EROz(w); = Z (e{i}Mfuﬂr + e{i}Mgw”) . (3.12)
ieN ieN
Then by equations (3.11) and (3.12), w(e?, ) = >_,cy et MIw™. O

Finally, we prove that £ RO7 can be obtained as the average of the cost allocations

provided by voccp for every order of the agents.

Theorem 3.4.2 Let w € WY, Then

EROz(w Z %
ell(N

Proof. Let w be an mcst with two sources and wy be the associated mcst situation,
o €ll(N), ke {l,..,n} and o(k) =i. We know by Lemma 3.4.3 that if ¢ is not the
last agent with respect to o then

vz, = w(eg) = wo(ef) = v (wo),
L.e., the cost v ; assigned by voccp related to o to agent ¢ in w is equal to the cost
v? (wp) assigned by vocep related to o to agent i in wy.

We also know by lemmas 3.4.3 and 3.4.4 that if ¢ is the last agent with respect to

o then

vy, = w(ey) +wley, ) = wole Z e MIw™ = v (wg) + Ze{i}Mgrw”,

1EN 1EN
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Le., the cost v7; assigned by voccp related to o to agent ¢ in w is equal to the sum of
the cost vf (wp) assigned by voccp related to o to agent ¢ in wy and ), el MFw™.
Then

Z U%SIU)i - % Z v7 (wo); + Z v (wo)i + Ze{j}M;wﬂ ’

o€ll(N) ’ o€TI(N):i#o(n) o€M(N):i=o(n) JEN

1 o 1 j T, T
SE I DU IR SRR DI
c€II(N) c€Il(N):i=c(n) jEN
1 n! ,
- - Y pgmq ™
= ERO(wo)i + —— Ze FMFw™,
JEN
. 1 .
= e MW" + - Z e MFw™,
JEN
= B Mrw™ + W MIw™ = EROz(w);,

where the first equality follows from Lemmas 3.4.3 and 3.4.4, the third equality follows
from the equality of ERO and the average of the cost allocations provided by voccp
in mecst situations and the fact that there are %' orders at which ¢ is the last player,
the fourth equality follows from Lemma 3.4.1 and the last equality follows from the
fact that eV} MZw™ = eV MZw™ for every j,5' € N. O

3.4.3 Voccp and the optimistic game in mcst situations with

two sources

In this section, we define an optimistic transferable utility game for mcst problems
with two sources and show that for every ordering o of the agents, the v$ value is
equal to the marginal of the optimistic game for the same ordering.

The optimistic game for mcst situations with two sources is defined as follows.
Given an mecst situation with two sources (N, {01,02}, w) and a nonempty coalition
of agents S C N, we first obtain an optimistic mcst situation for S assuming that
when the agents in S have to be connected to both of the sources, the agents in
N\S are already connected to sources and the agents in S can connect to sources via
agents in N\S. Formally, for every S C N, the optimistic mest situation for S is the
mest situation (5,0, wg)7, where wg(e) = w(e) for every e € Eg and wg({i,0}) =
mineyns w({i,j}) for every i € S. Naturally, the optimistic mest situation for N is
the original mest situation with two sources (IV, {01, 02}, w).

Now the optimistic TU-game (N, v) associated with the mest situation with two
sources (N, {01, 02}, w) is defined as v(S) = wg(I") where I is a mest for the optimistic
game for S for every S C N with v(0)) = 0.
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Example 3.4.5 Consider the mcst situation with two sources (IV,{0y, 0}, w) with
N = {1,2,3} and w as depicted in Figure 3.5. Consider coalition {1,2}. In Figure
3.7 we provide the optimistic mest situation for {1,2} and a related mcst. Hence the
worth of coalition {1,2} in the optimistic TU-game associated with (N, {01, 02}, w) is
10. The complete optimistic TU-game associated with (N, {01, 05}, w) is given below:

/@\ Q)

@iﬁl&?) @ @

Figure 3.7: The optimistic mcst situation for {1,2} (left side) and a related mcst

s {1 {2} {3} {12} {13} {23} N|
w4 4 3 10 7 T 17|

&

In the following, we show that for every ordering of the agents, the cost allocation
provided by the related voccp and the related marginal vector of the optimistic game
are equal to each other. First, we consider in the following lemma two optimistic mecst
games, one derived from an mcst situation with two sources and the other derived
from the associated mcst situation. We show that for proper subsets of N they are

equal to each other

Lemma 3.4.5 Let w € Wr" and let wy € WY be the associated mest situation. Also
let (N,v) be the optimistic TU-game associated with w and (N,vy) be the optimistic
TU-game associated with wy. Then, v(S) = vo(S) for every S C N.

Proof. Let (5,0, ws)r be the optimistic mest situation for S derived from w and let
(S,0,wp ¢) be the optimistic mest situation for S derived from w,. We want to show
that wg(e) = wos(e) for every e € Egygoy. Obviously, wg(e) = wogs(e) = w(e)
for every e € Es. So consider an edge {i,0} for some i € S. We know that
wg({i,0}) = minjeyugo,,000\s w({i, j}) and wgp({7,0}) = minjeyuops wo({z,5}). We
also know that wo({7,0}) = min{{i,0:},{é,02}}. Hence, wg({i,0}) = wos({7,0}).
So, we can conclude that wg = wyg. But, since wg = wy g, the cost of an mcst of
(S,0,wg)r is equal to the cost of an mest of (5,0,wp s) and hence v(S) = vo(S). O

Proposition 3.4.2 Let w € Wi, Then v§(w) = m?(v) for every o € TI(N).
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Proof. Let w € W™, wy € WY be the associated mcst situation and (N, ¢) be the
optimistic TU-game associated with wg. Also let ¢ € II(N) and denote by Sy the
set of first k agents with respect to order o, i.e., Sy = {o(1),0(2),...,0(k)} for every
ke {1,2,...,n}. Lastly let Sy = 0.

Now let k € {1,...,n — 1} and o(k) = i. Then

m?(v); = v(Sk) — v(Sk—1) = ¢(Sk) — c(Sk—1) = V7 (wp); = vF(w);, (3.13)

where the second equality follows from Lemma 3.4.5, the third equality follows from
Proposition 3.2.6 and the last equality follows from Lemma 3.4.3.
Note that by (3.13),

o(Sk) =Y vgw)hi= Y w(e)
1€SE tE{l,Q ..... k,‘}
for every k € {1,2,...,n — 1}.

Now let & = n and consider o(k) = i the last agent with respect to o. Then,

m?(v); = o(N) = 0(Su-r) =0(N) =} w(ef) = w(eq) + wlef ) = vg(w)s,

te{1,2,..n—1}

where the second equality follows from the fact that v(S,_1) is equal to the total cost
of first n — 1 edges constructed by voccp related to ¢ and the third equality follows
from the fact that v(IN) is equal to the cost of an mest of the mest situation with two

sources w.

Hence, we can conclude that v (w) = m?(v). O

Since the Shapley value of a game is the average of its marginals, Proposition 3.4.2

implies that £ RO~ is equal to the Shapley value of the optimistic game.

Corollary 3.4.1 Let w € W;™. Then ERO7(w) is equal to the Shapley value of the

optimistic game associated with w.

3.5 Highway Games on Weakly Cyclic Graphs

In this section, we study the concavity and the balancedness of highway games on
weakly cyclic graphs. Section 3.5.1 formally introduces highway problems and highway
games. Section 3.5.2 presents the characterization of HG-concave graphs. Section

3.5.3 proves that highway games on weakly cyclic graphs are balanced.
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3.5.1 Highway problems and highway games

A highway problem is defined as a tuple I' = (N, G, {s; bien, {ti}ien, w). N ={1,...,n}
is a nonempty, finite set of players and G=(V, F) is a connected graph. The graph G
determines the possibilities regarding the construction of the highway network. That
is, any constructed highway network has to be a subgraph of G. Note that G need not
be the complete graph, since the construction of some edges may be infeasible due to
geographic or socioeconomic reasons. For each player ¢ € N, s; and t; are vertices in
G and they are called the connection vertices of i. The connection vertices of player
i represent the locations (think of entry and exit) that ¢ has to establish a connection
between. Finally, w : E — R, is a cost function and associates to each edge, e € F,
the nonnegative cost w(e) of constructing e. The total cost of constructing a set of
edges E' C E is abbreviated by w(£') = > .z w(e). In the following we do not
always distinguish strictly between a graph and its edge set. For example, given a
graph G = (V' E'), we may write w(G") rather than w(E’).

In a highway problem, a coalition S of cooperating players will construct a cheap-
est set of edges that connects the connection points of every member of S. Therefore,
given a highway problem I' = (N, G, {s; }ien, {ti }icn, w), the corresponding highway
game (N, cr) is defined by

cr(S) = ]gpé%{w(E’ﬂsl and t; are connected in (V, E') for every i € S} (3.14)

for all S C N. Clearly, (N, cr) is subadditive and monotonic.

Example 3.5.1 Consider the cycle C' = vjvv3v4v1. The construction costs of edges
are given by: w({vi,ve}) = w({ve,v3}) = 2 and w({vs,vs}) = w({vg,v1}) = 3.
Consider N = {1,2,3} with S§1 = Uy, tl = VU3, S9 = Vg, t2 = Vg, S3 = U4, t3 = V1. The

corresponding highway problem I' is depicted in Figure 3.8.

ty =0)=s1
3 2

" :@< >@252
3 2
t =03 =ts

Figure 3.8: A highway problem with three players

Consider player 1. There are two paths in C' between player 1’s connection vertices

v1 and v3: v1vv3 and vivgvz.  Since player 1 will not construct any superfluous
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edges, cr({1}) is the minimum of w({vy,v2}) + w({ve,v3}) = 4 and w({vy,v4}) +

w({vy,v3}) =6, ie., cr({1}) = 4.
Next, consider the coalition {1,3}. Clearly, players 1 and 3 will construct the set

of edges {{v1,v4},{vs,v4}}. Hence, cr({1,3}) = 6.
The complete corresponding highway game (N, cr) is given in Table 3.8 below.

s {1 {2 {38 {12} {13} {23} N|
lex(9) 4 2 3 4 6 57|

Table 3.8: The highway game (N, cr) in Example 3.5.1.

Observe that this highway game is not concave:

cr({1,2}) + er({1,3}) < er({1}) +er({1,2,3}).

The above example illustrates that if there are multiple paths between the con-
nection vertices of players in the underlying graph, then players can select different
paths in different coalitions and this may lead to the violation of concavity conditions
of the associated highway game. When the underlying graph is a tree as it is the case
for the highway problems considered by Mosquera and Zarzuelo (2006), the players
use the unique path between their connection vertices independent of the coalition
they belong to. From this, it can readily be derived that the highway games induced

by trees are concave.

3.5.2 HG-Concavity

In this section, we characterize HG-concave graphs. Here, a graph G is called HG-
concave if for every highway problem I' = (N, G, {s; }ien, {ti }ien, w), the correspond-
ing highway game (N, cr) is concave. Explicitly, we show that a graph is HG-concave
if and only if it is weakly triangular.

For this aim, we first show that every highway game on a cycle of length 3 is

concave.

Lemma 3.5.1 Let I' = (N, C, {s;}ien, {ti}ien, w) be a highway problem where C' is
a cycle of length 3. Then, the corresponding highway game (N, cr) is concave.

Proof. Without loss of generality, assume that s; # ¢; for all : € N. It can easily be
observed that
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(i) for every coalition, it is optimal to construct either one edge in C' or the two

cheaper edges in C

(ii) for a coalition S C N, if it is optimal to construct just one edge {u,v} in C,
then {s;,t;} = {u,v} for every i € S;

(iii) for a coalition S C N, if it is optimal to construct the two cheaper edges in C,

then constructing the two cheaper edges is optimal for any superset of S, too.

Now, we will show that cp(SUT)+cr(SNT) < cp(S)+er(T) for every S, T C N,
i.e., that the corresponding highway game (N, cr) is concave. Take S,T C N and
assume that S NT # (0. For, if SNT = (), then the inequality follows directly from
the subadditivity of (N, cr).

Firstly, (i) implies that, for any coalition K C N, cp(K) is either equal to the sum
of the costs of the two cheaper edges in C' or equal to the cost of one of the three
edges in C.

If both cr(S) and cr(T) are equal to the sum of the costs of the two cheaper edges
in C, then the inequality follows from the monotonicity of cr and (iii). If only one of
cr(S) and cp(T) is equal to the sum of the costs of the two cheaper edges in C' and
the other is equal to the cost of one edge, say e, in C, then (iii) implies that cp(SUT)
is equal to the sum of the costs of the two cheaper edges in C' and (ii) implies that
cr(SNT) is also equal to the cost of e. Hence, ep(SUT)+cr(SNT) = cr(S) +cer(T).

Lastly, assume that cr(S) and cp(T) are equal to the cost of an edge in C'. Then,
since SNT # (), (ii) implies that cr(S) and cr(T) have to be equal to the cost of the
same edge. Then, both ¢p(S UT) and ¢ (S NT) are equal to the cost of the same
edge, too. Hence, cp(SUT) 4+ cr(SNT) = cr(S) + cp(T). O

We now discuss some properties of weakly cyclic graphs. Let G=(V, E) be a weakly
cyclic graph. Clearly, each edge in G is either a bridge edge or belongs to exactly one
cycle in G. Let C(G) denote the set of cycles in G and BE(G) denote the set of bridge
edges in GG. Observe that every path in G which connects two vertices has to pass
through (has a common edge with) the same set of cycles and the same set of bridge
edges in GG. More specifically, every path that connects the same two vertices, passes
through the same cycles and the same bridge edges but the edges followed in cycles
may differ. Moreover, every path that connects the same two vertices in G' enter and
leave a cycle that they pass through at the same vertices.

Before presenting the main result of this section, we will show that for every

highway problem on a weakly cyclic graph, the corresponding highway game is equal
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to the sum of specific sub-highway games on each cycle and on each bridge edge in
the graph. These sub-highway games are formally defined as follows.

Consider a highway problem I' = (N, G, {s; }ien, {ti}ien, w) where G is a weakly
cyclic graph. Let C' = vjvy...05v; be a cycle in G. Now, the sub-highway problem
with respect to C' is defined by I'Y = (N, C, {s }ien, {t§ }ien, wic), where wic is the
restriction of the cost function w to the edges in C'. For each player ¢ € N, if the
paths connecting s; and t; pass through C, then s¢ and t¢ are the vertices in C' at
which the paths connecting s; and t; enter and leave C'. If the paths connecting s;
and t; do not pass through C, then we set s¢ = t{ = v;.

Next, let e = {u,v} be a bridge edge in G. Then, the sub-highway problem with
respect to e is defined by I'® = (N, ({u, v}, {e}), {s{ }ien, {t{ }iens wie). Set s§ = v and

t¢ = v if the paths connecting s; and ¢; pass through e. Otherwise, set s{ = t¢ = u.

Lemma 3.5.2 Let I' = (N, G, {s;}ien, {ti }ien, w) be a highway problem where G is

a weakly cyclic graph. Then, cr(S) = > ceeiq) cre(S) + D eepe(q) cre(S) for every
S CN.

We omit the proof of Lemma 3.5.2 since it is straightforward?.

We are now ready to present the main result of this section.
Theorem 3.5.1 A graph G is HG-concave if and only if it is weakly triangular.

Proof. We first show the if-part. Let G=(V, E) be a weakly triangular graph and
consider a highway problem I' = (N, G, {s;}ien, {ti }ien, w). We will show that the
corresponding highway game (IV, cr) is concave.

We know by Lemma 3.5.2 that cr(S) = > cce(q) cre (S)+2ceps(q) cre(S) for every
S C N. By Lemma 3.5.1, we have that cpe is concave for every triangle C' € C(G)
and we also know that highway games induced by trees are concave. In particular,
cre is concave for every e € BE(G). We may conclude that cp is concave, since it is a
non-negative linear combination of concave games.

For the only-if part of the proof, choose a graph G=(V, E) that is not weakly
triangular. Now, we construct a player set N, connection vertices s;,t; for each
player ¢ in N and a cost function w such that the highway game corresponding to the
highway problem (N, G, {s;}ien, {ti}ien, w) is not concave.

Since G is not weakly triangular, it contains a cycle C' = vyvs...05v; with length
k > 4. Let the player set be N = {1,2,3} and let s; = vy, t; = v3, S3 = vy, to = v3

2Lemma 3.5.2 can be extended to decompose a highway game induced by an arbitrary graph into
the sum of sub-highway games associated to the bridge edges and the components obtained after
deleting all bridge edges.
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and s3 = v, t3 = v1. Define the cost function w by:

2, if e € {{v1,va}, {ve,v3}},
0, if e € {{vs,va}, ..., {g—2, k_1}},
37 lf ec {{Ukavl}7 {Ukuvk—l}}v

100, ifegC.
@ O
3 2. 100

33—@@{-----100 ————— \@a =5
100
T e
@ 0 ...@—h—h

Figure 3.9: An auxiliary figure for the proof of Theorem 3.5.1

w(e) =

Figure 3.9 depicts a part of the highway problem I' = (N, G, {s; }ien, {t: }ien, w).
Now, it can easily be shown that the highway game corresponding to the highway
problem I' is equal to the highway game presented in Example 3.5.1, which is not

concave. [l

3.5.3 Balancedness of Highway Games
on Weakly Cyclic Graphs

In this section, we show that highway games induced by weakly cyclic graphs are
balanced. First we provide an example (cf. Kuipers, 1997) which shows that highway
games in which the underlying graphs allow for multiple paths between vertices need

not be balanced in general.

Example 3.5.2 Let G=(V, E) be the complete graph on V' = {vy,vs,...,v6}. The

construction costs of the edges are given by:

w(e) = { 5, if e € {{vr,va}, {v2, vs}, {vs, ve}, {va, vs}, {va, v6}, {vs, v6}},

3, otherwise.

Consider N = {1,2,3} with s; = vy, t1 = vy, S = V9, to = v5, S3 = v3, t3 = Ug.
A part of the corresponding highway problem I' = (N, G, {s;}ien, {t: }ien, w), where
only the edges of cost 3 are drawn, is depicted in Figure 3.10.

It can easily be observed that the cost of any two-player coalition is 9. For

example, the optimal collection of edges for the coalition {1,2} consists of edges
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S1
3 3 3 3
83_&3%_82
3 3

: t

Figure 3.10: An auxiliary figure for Example 3.5.2

{{vs,v1}, {v1,v2}, {va,v4}} with a total cost of 9. There are several possibilities for
the optimal collection of edges for the grand coalition. One of them can be obtained
by adding the edge {vs,vs} to the optimal collection of edges of the coalition {1,2}.
Hence, c¢p(N) = 14. Suppose that (z1,x9,23) is a core element of (N, cr). Then, it
can be shown by using the core conditions for coalitions {1, 2}, {1,3} and {2, 3} that

2([)31 + Ty + ZE3) S CF({LQ}) + CF({l,?)}) + CF({Q,?)}) =27 < 2CF(N),

a contradiction with the efficiency of a core allocation. Hence, (IV, cr) is not balanced.
o

In the following, we first focus on highway problems on cycles and prove that the
induced highway games are balanced.

Let (N, C,{s;}ien, {ti}ien,w) be a highway problem on a cycle C' = (V, E). Ob-
serve that each player has two alternative paths between his connection vertices in C'.
For player i, we denote an individually optimal path for ¢ by P; and the alternative
path by Q;. Note that P,NQ; = () and P,UQ; = FE for every playeri € N. Let S C N.
A collection of paths, {R;}ics with R; € {P;, Q;}, for all i € S is called a path profile
for S. The set of path profiles for S is denoted by R*. For each path profile R € R®,
the set of edges (J;cq R; is called the set of edges corresponding to R and is denoted
by E(R). E(R) is defined as the complement of F(R), i.e., E(R) = E\E(R). Let
T ={T;}ieny € RY. The restriction of T to S, Tis = {(T}s):}ies. is the path profile
for S defined by (T|s); = T; for every i € S.

Every set of edges which connects the connection vertices of every member of a
coalition of players has to contain either the individually optimal path or the alter-
native path of each member of the coalition. Moreover, since a coalition will not
construct any superfluous edges, a cheapest set of edges that connects the connection
vertices of every member of a coalition will be equal to a set of edges corresponding

to a path profile. Hence, the highway game (V,cr) corresponding to the highway
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problem (N, C, {s;}ien, {ti }ien,w) on a cycle C' = (V, E) can be reformulated as

cr(S) = min {w(E(R))}, (3.15)

ReRS

or equivalently as

er(S) = w(E) — max {w(E(R))}, (3.16)

for every S C N.

Lemma 3.5.3 Let I' = (N,C,{s;}ien, {ti}ien,w) be a highway problem such that
C = (V,E) is a cycle and let S C N.

(i) If R,R' € RS with R# R', then E(R) N E(R') = 0.

(i) | ) E(R)=E.

(iii) w(E) = 3 pers w(E(R)).
(iv) E(R) = U E(T) for every R € R®.
TERN T|s=R
(v) w(E(R)) = Z w(E(T)) for every R € RS,
TERN:Tjs=R

Proof. (i) Let R, R’ € R® with R # R'. Clearly, there exists i € S such that R; # R..
Assume without loss of generality that R; = P, and R, = ;. Then, E(R) C Q; and
E(R') C P;, and hence E(R)N E(R') = (.

(ii) Obviously, U E(R) C E. Now, pick e € E. Consider R € R® such that

ReRS
R, = P, if e € Q; and R; = Q; otherwise. Clearly, e ¢ R; for any ¢« € S and hence

e € E(R). So, E C U E(R).

ReRS

(iii) readily follows from (i) and (ii).

(iv) Let R € R®. Let T' € RY be such that Tjs = R. Then
E(T) = (E\ U T) c (E\ U:n-) = E(R),
ieN ieS

and hence E(R) D U E(T).

TERN:T|s=R
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Now pick e € E(R). Consider ' € RY with Tjg = R and for every i € N\S,
T, = P, if e € Q); and T; = Q; otherwise. Obviously, e & T; for any + € N and hence
ec E(T). So, E(R)c | ) E®).

TERN:T|s=R

(v) readily follows from (i) and (iv). O

Let us denote with R an optimal path profile for S, i.e., ep(S) = w(E)—w(E(R%))
(cf. (3.16)) for every S C N with S # 0. Let S = (51,9, ..., Syn) be a sequence® of
coalitions in V. For every path profile T" for N, we denote by (7, S) the number of

coalitions S' in sequence S such that the restriction of 71" to S is equal to Rg, i.e.,
a(T,8) = |{t € {1,2,...,m}Tis, = R%, }|.-
For every z € R, (z), is defined as (z); = max{z,0}.

Lemma 3.5.4 Let I' = (N, C,{s;}ien, {ti}ien,w) be a highway problem such that
C = (V,E) is a cycle. Let S = (51,53, ..., 5,) be a sequence of coalitions in N and
1e{1,2,...,m}.

If Z (T, S8) — (m —1)), >1 then there exists j € N such that

TeRN
H{t € {1,2,....,m}|j € S;}| <.

Proof. The proof will proceed by induction on /.

Let us first prove the assertion for an arbitrary m € {1,2,...} and [ = 1. Assume
that Y pepn (@(T,8) — (m — 1)), > 1. Then there exists R, R’ € R" with R # R’
such that o(R,S) = a(R',S) = m, ie., R, = Rl’st = Rg, for every t € {1,2,...,m}.
Since R # R/, there exists j € N such that R; # R;. Hence, j ¢ S; for every
te{l,2,..,m} ie, |[{t€{1,2,...m}j €S} =0<1.

Let us now prove the assertion for [ > 2 and an arbitrary m > [. Assume that the

assertion holds for every I’ < [ and arbitrary m’ > [’.

3What we need of the sequence S is the fact that the same coalition S can occur several times,

the precise order of the coalitions is not relevant.
4In Theorem 3.5.2, we will use Lemma 3.5.4 in order to prove the balancedness of highway games

induced by cycles. There [ will be taken as the smallest strictly positive integer such that [\g is an
integer for every coalition S in a balanced set B with balancing weights (Ag)sep and a sequence S
will be constructed by duplicating each S € B [Ag times. Hence, m will be equal to } g zl\s.
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Case 1: For all i € |J;", S; there exists R; € {P;,Q;} such that (R%); = R;
for every t € {1,2,...,m} such that i € S;. Fix such R; for every i € J", S;. For
i€ N\U;~, St, take R; = P,.

Consider the path profile R = {R;}icy. Then («(R,S) — (m —1)); = (m — (m —
1))+ = I. Assume that >, xn ((T,S) — (m —1)), > I. Then there exists R’ # R
such that a(R',8) > m — [. Since R’ # R, either there exists j € [ J;", S¢ such that
R # R; or there exists j € N\ L, S; such that R} # P;. If the latter is the case,
then we are automatically finished since |{t € {1,2,...,m}[j € S;}| = 0 < [. If the
former is the case, then for every S in sequence S such that R|/ ¢ = Rs j&S. But,
then

Hte{1,2,...m}je S} <m—alR,S)<m—(m—-1) =1L

Note that for this case we did not have to use the induction hypothesis.

Case 2: There exists i € |J;~, S; and S, S’ in the sequence S such that i € SN,
(R%); = P, and (R%); = Q;. Choose one such i. If [{t € {1,2,....m}[i € S;}| <,
then we are automatically finished. So assume that |{t € {1,2,....m}|i € S;}| > .

Reorder the coalitions in S so that
S = (51,85, Spt1s ey S15Si414 -y Sm), where [ > p > 1 and
o ;5 for every t <1,
o (Rg,); = P for every t € {1,2,...,p},
o (Ry)i=Q;foreveryte {p+1,p+2,..1}.

Define 8/ = (Sp+17 Sp+2, ceey Sl7 Sl+17 ceny Sm) and S” = (Sl, SQ, ceny Sp>Sl+17 ceny Sm)
Assume that ), pn ((T,S) — (m —1)), > 1.

Case 2.1: Y ;. cpn (a(T,S') — (m — 1)), > I—p. The induction hypothesis implies
that there exists j € N such that [{t € {p+1,....,[, 1+ 1,....m}j € Si}| <l—p. But
then

{te (1,2, omlj € SH <t {p+1, b+ T, om}lj € S} +p<(I—p)+p=1L

Case 2.2: ) ;. xn ((T,S") = (m —1)), <1 —p. Then
Yo @TS)—(m-D)y= Y (UTS)=(m=D)+ Y (aT,§)~(m 1),
TeERN TERN:T;,=P; TeRN:T;=Q;

= Y (nS) - (m-),

TERN:T;=Q;
= > (aT,8)—(m-1) <l-p. (3.17)
TeRN:T;=Q;
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Also
[< > (T.8) = (m=1),
TERN
= Y (@nS-m-0)+ > (TS~ (m—1),
TERN T;=P; TeERN:T;=Q;
and, hence,
> (T -(m-D),>1= Y (a(l.8) ~(m-1) 2l (I-p)=p, (3.18)
TeRN :T;=P; TeRN:T;=Q;

where the second inequality follows by (3.17).

Now we show that ) .o~ (a(T,8") — (m — 1)), > p. This follows from the fact
that

> (a(T,s")(mZ))+< > (T, 8"y = (m—1),

TeRN TeRN :T,=P;

+ > (a(T,S”)(ml))+)

TGRNSTi:Qi

= Y. (a8 = (m-1D),
TGRNT,L:PZ

= Y (T8~ (m—1D), >p,
TGRNT,L:PZ

where the inequality follows from (3.18).
Hence, by the induction hypothesis, there exists 7 € N such that

H{t e {1,2,....p,l+1,...m}|j € S} < p.
But then

Ht€{1,2,...m}j e S} <|{te{1,2,....,p,l +1,....,m}j€ S} + (I —p)
<p+(-p) =L

Theorem 3.5.2 Let I' = (N, C, {s; }ien, {ti}ien, w) be a highway problem such that
C = (V,E) is a cycle. Then the highway game (N, cr) is balanced.

Proof. Let B = {By, By, ..., B} be a balanced set with balancing weights (Ag)ses-
Since

D Aser(S) =) As (w(E) - w(E(Rg)))

SeB SeB
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and
cr(N) = w(E) —w(E(RY)),

it is sufficient to show that
w(EBE(RY)) > (1= As)w(E) + Y Asw(E(RE)). (3.19)
SeB SeB

Note that right hand side of (3.19) can be rewritten as follows:

(1= As)w(E) + Y Asw(E(R))

SeB SeB

=(1=) %) D wBED)+Y A Y wED)

SeB TeRN SeB TERN:ﬂS:Rg
=(1=> As) Y wBE@T)+ Y wET) Y, As
SeB TERN TERN SeB:Tig=R%
=) S A= A - 1) | w(E(T)),
TeRN \SeBT|s=R}§ SeB

where the first equality is obtained by using (iii) and (v) in Lemma 3.5.3.
Hence it is sufficient to prove that

w(B(Ry)) > Z( > AS<ZA31>) w(E(T)). (3.20)
TeRN \SeBT|s=R}% SeB

Let [ € {1,2,...} be such that [\g € {1,2,...} for all S € B and, if I’ < [, then
there exists S € B such that (As & {1,2,...}. Let > ¢ 5lAs = m and define a

sequence of (duplicated) coalitions S = (51, S, ..., Spm) by S1 = Sy = ... = SMBl = By,
Sz,\31+1=Sz,\Bl+2 =..= Sl/\31+l>\32 = Bs and so on. Observe that for every path profile
R e RV,
> Ds=a(RS).
SEB:R|s=R}

Then, it is sufficient to prove that

w(B(R)) = z( ) m(ZzASD) w(B(T))

TeRN \SeBT|s=R} SeB
or that
Ww(E(RY) > Y (a(T.S) — (m — 1)) w(E(T)). (3.21)
TeRN

Note that Lemma 3.5.4 implies that ), o~ (a(T,S) — (m —1)),. < [ If not,
there would exist a j € N such that |{t € {1,2,...,m}|j € S;}| < [. However, since B
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is a balanced collection, it holds that

I= > Dg=[{te{1,2,...,m}jecS}
SeB:jeSs

Then

lw(E(RY)) 2 Y (T, S) = (m 1)), w(E(RY))

TeRN

> Y (T.8) ~ (m—1)), w(B(T))
TeRN
TeRN

where the second inequality follows from the fact that w(E(R%y)) > w(E(T)) for ev-
ery T € RY™. Hence, we can conclude that (N, cr) is balanced. O

Finally, we show in Corollary 3.5.1 that the highway games induced by the weakly

cyclic graphs are balanced.

Corollary 3.5.1 Let I' = (N, G, {s;}ien, {ti tien, w) be a highway problem such that
G is a weakly cyclic graph. Then the highway game (N, cr) is balanced.

Proof. We know by Lemma 3.5.2 that a highway game on a weakly cyclic graph
is equal to the sum of the sub-highway games with respect to each of its cycles
and with respect to each bridge edge in the graph, ie., cr(S) = 3 cceiq) cre(S) +
Y oee Be(G) CTe (S) for every S C N. Moreover, we know by Theorem 3.5.2 that highway
games induced by cycles are balanced. Lastly, we know that highway games induced
by trees are balanced. Pick y© € Core(cpe) for each C € C(G) and y¢ € Core(cre)
for each e € BE(G). Set x =3 e y© + > cese( Yo+ Cleartly, z € Core(er). O



Chapter 4

Population Monotonic Path

Schemes for Simple Games

In this chapter, which is based on Cift¢i et al. (2009b), we consider the formation
of coalitions through binding bilateral agreements in voting/government formation
situations.

In many real life contexts, ranging from the formation of pre/post-electoral coali-
tions of parties to the formation of mergers and partnerships between firms, coalitions
form through a sequence of binding bilateral agreements. From among the numerous
examples of such coalition formation processes, we may single out the recent mergers
between the banks and between the consultancy firms that are observed in many
countries and the Oslo agreements between Israel and its neighbors. An important
characteristic of such coalition formation processes is the effect of the sequence of
agreements on the future potential agreements. For a coalition formed through bi-
lateral agreements may grow larger because the synergy/commitment obtained by a
coalition may create new agreement opportunities which are profitable both for the
members of the coalition and the agent which will join the coalition. Hence, the
determination of the sequences of binding bilateral agreements which will result in
the exploitation of the greatest possible amount of synergy is of both theoretical and
practical importance.

The coalition formation processes which end up with the formation of the grand
coalition deserve particular interest. Because, first of all, in many situations (e.g.,
situations of increasing returns to size), the grand coalition is the unique efficient
coalition structure. Secondly, the formation of the grand coalition among agents
which have common properties (e.g., the formation of the grand coalition among
leftist parties) has been the focal point of many branches of social sciences.

In this chapter, we will focus on the formation of the grand coalition through
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binding bilateral agreements in voting/government formation situations. We aim to
address two important questions in this context.

(i) Which voting situations allow for the formation of the grand coalition through
binding bilateral agreements?

(i) In these situations, which agreement sequences must be followed to form the
grand coalition?

We will address these questions by modeling voting situations by simple trans-
ferable utility cooperative games. In voting situations, the voters’ incentive to form
coalitions arises from their will to increase their power to affect the outcome of the
voting process. Modelling of these situations as simple transferable utility games al-
lows us to predict the voters’ power to affect the result of voting by using appropriate
values for transferable utility games. Many values have been offered for simple games
as appropriate measures of voting power and the two most widely used ones are the
Shapley and Shubik (1954) and Banzhaf (1965) power indices. If we assume that each
voter’s voting power is predicted by such an appropriate index, then the sequences
of binding bilateral agreements which result in the formation of the grand coalition
boils down to the notion of population monotonic path schemes. Postponing a precise
definition to the next section, a path scheme for a simple game is composed of a path,
i.e., a sequence of coalitions that is formed through a sequence of binding bilateral
agreements which result in the formation of the grand coalition and a scheme, i.e., a
power index vector for each coalition in the path based on the associated subgame. A
path scheme is called population monotonic if each player’s index does not decrease
as the path coalition grows. In this study, we focus on the Shapley-Shubik power
index as an appropriate measure of voting power. Hence, the two questions that we
address can be rephrased as

(i) Which simple games allow for population monotonic Shapley path schemes?

(ii) In these simple games, which Shapley path schemes are population monotonic?

It turns out that existence of veto players, i.e., a subgroup of voters whose unan-
imous agreement is necessary to pass a decision, is required for the existence of pop-
ulation monotonic Shapley path schemes and vice versa. Moreover, a Shapley path
scheme is population monotonic if and only if the first winning coalition that is formed
along the path contains every minimal winning coalition of the game. We also show
that each Shapley path scheme of a game is population monotonic if and only if
the set of veto players of the game is a winning coalition. We further show how to
extend these results to the probabilistic values, generalizations of the Shapley value
introduced by Weber (1988).

The notion of population monotonic (Shapley) path schemes is introduced by

Cruijssen et al. (2005). This study analyzes insinking (the antonym of outsourcing)
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situations in logistics and the transportation sector. In these sectors, shippers often
outsource their transportation activities to a logistics service provider of their choice.
Cruijssen et al. (2005) proposes an insinking procedure in which the logistics service
provider initiates the shift of logistics activities instead of waiting for the shippers
to outsource their activities. To obtain the greatest possible amount of gains, the
service provider has to find an effective way of proposing offers to shippers through
which it can acquire the involvement of each shipper. At this point, Cruijssen et al.
(2005) proposes a sequence of binding bilateral agreements arguing that compared
to the simultaneous comprehensive agreements, by following an appropriate sequence
of binding bilateral agreements, the service provider can attract new customers to
the project by using the level of synergy and commitment already attained in the

sequemnce.

Our study in particular provides an alternative prediction of what kind of coali-
tions form in voting situations which differs from the mainstream prediction of Riker
(1962). Riker (1962) predicts that only minimal winning coalitions will form in equi-
librium. This idea has been the conclusion of many studies in the general coalition
formation literature based on the seminal noncooperative bargaining approach of
Baron and Ferejohn (1989) and also the studies which analyze coalition formation in
voting situations that are modeled by simple TU-games like Shenoy (1979). However,
the empirical data on government /coalition formation shows that among all coalitions
formed after the second world war in European democracies only a third of them is
minimal winning (Laver and Schofield, 1990).  Our current study shows that a wide
spectrum of coalitions including the minimal winning ones can form as a result of
binding bilateral agreements providing an alternative point of view for the analysis

and the explanation of the data.

Population monotonic path schemes (PMPS) are in the same spirit as population
monotonic allocation schemes (PMAS) for cooperative games, introduced by Spru-
mont (1990) and further analyzed in e.g., Norde and Reijnierse (2002) and Slikker
et al. (2003).  An allocation scheme for a cooperative game specifies how to dis-
tribute the worth of every coalition among its members and it is called population
monotonic if the share of any player does not decrease as the coalition he belongs
to grows larger. Clearly, also a PMAS’s main concern is to ensure that no player is
worse off with additional cooperation between players. However, a PMAS compares
the allocations assigned to a coalition of players with every sub-coalition’s allocation
while a PMPS restricts the comparison to the allocations of path coalitions that are
formed previously. In fact, the existence of a PMPS is a weaker condition for a TU-

game than the existence of a PMAS since every path scheme induced by a PMAS
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is population monotonic. Another difference between the two notions is that each
allocation provided by a PMAS has to belong to the core of the associated subgame.
However, this may not be the case for a PMPS as we exemplify in our study.

The outline of the chapter is as follows. Section 4.1 recalls some well-known
concepts on simple TU-games. Section 4.2 introduces Shapley path schemes and
presents the main results regarding the characterization of population monotonic
Shapley path schemes of simple games. Section 4.3 discusses extensions of the results

to other probabilistic values.

4.1 Preliminaries

A TU-game v € GV is called simple if v is monotonic, v(S) € {0,1} for every S € 2V
and v(N) = 1. We denote the set of simple TU-games with player set N by SV.
Given v € 8V, a coalition S € 2% is called a winning coalition if v(S) = 1 and is
called a losing coalition if v(S) = 0. A winning coalition S is called minimal winning
if there does not exist a coalition T" C S which is winning. Every simple game v is
characterized by its set of minimal winning coalitions, MW C'(v). A player ¢ € N is a
veto player in v € SV if S C N, v(S) = 1 implies that i € S. The set of veto players
of v is denoted by veto(v). It is readily verified that a simple game v is balanced if
and only if veto(v) # 0.

Voting or decision making situations in committees like parliaments can easily
be modeled into the framework of simple games by representing the coalitions which
possesses the necessary power to pass a decision as the winning coalitions of the game.
This model enables the employment of values for simple games to measure the parties’
power to affect the outcome of the voting situations at hand. Many values have been
offered for simple games and studied in the literature as appropriate measures of
decisional power, i.e., as power indices. We will shortly review the Shapley and
Shubik (1954) power index that arises from the Shapley value.

Shapley and Shubik (1954) proposed to use the Shapley value as a power index
for voting situations in committees. For a simple game v € SV the Shapley-Shubik

index ® assigns to player ¢ € N

[SEAN] = |S] = 1)t
®;(v) = > L . (4.1)
{SCN\{i}|v(8)=0,0(SU{i})=1} ’

The value assigned to each voter can be interpreted by using the sequential prob-

abilistic interpretation of the Shapley value which stems from a procedure to form
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the grand coalition (which is described also by Shapley, 1953) that yields the Shap-
ley value of the game as an expected payoff of each player. In this procedure, the
grand coalition N is formed by introducing the players one by one and each player
is assigned the marginal contribution to the worth of the coalition formed when she
joins the set of her predecessors. Hence, the value assigned by Shapley-Shubik index
is the probability of turning the coalition of predecessors from losing to winning when
the order of arrival of players is random and all orders are equally likely. For further
discussion of the importance of the Shapley value as an estimator of political power
and several examples of its applications, the reader is referred to Straffin (1994) and
Winter (2002). Lastly, we know (for example by Derks and Haller (1999) that the
Shapley value satisfies the null player out property.

4.2 Population Monotonic Shapley Path Schemes

In this section we introduce and analyze the Shapley path schemes of simple games.

Let v € GN. A path consists of a sequence S = {S;, S, ..., Siny} of coalitions such
that |Sg| = k for all £ € {1,...,|N|} and S,, C S,,41 for all m € {1,....|N| — 1}.
A path scheme specifies how to distribute the worth of every coalition on the path
among its members. Formally, a path scheme (S, (z°)ges) for v consists of a path S

and a vector (2°)ges such that

>z =u(s)
icS
for every coalition S € S.
A path scheme (S, (2°)ges) for v € GV is called population monotonic if it satisfies

the following conditions:
o 77 >v({i}) forall S € Sand i € S. (individual rationality)
o 7 > 2T for every S,T € S such that T C S and i € T. (monotonicity)

A path scheme in which the Shapley value is used as an allocation vector is
called a Shapley path scheme. Clearly, the Shapley allocation scheme of a TU-game
is population monotonic if and only if all Shapley path schemes of the game are
population monotonic. We will illustrate the notion of Shapley path schemes and

their properties in the following example.

Example 4.2.1 Let N = {1,2,3} and consider the simple game v € SV with
MWC(v) = {{1,2},{2,3}}. The Shapley allocation scheme of v is provided in Table
4.1 below.
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‘ Coalition H Player 1 | Player 2 | Player 3

{1} 0 - -
{2} - 0 -
{3} - - 0
{172} % % -
{1,3} 0 - 0
{2’3} - % %
N ; 5 ;

Table 4.1: The Shapley allocation scheme of v in Example 4.2.1

It can easily be observed that the Shapley allocation scheme of v is not population
monotonic but that there are exactly two population monotonic Shapley path schemes
on the paths {{1},{1,3}, N} and {{3},{1,3}, N}, respectively.

Observe also that the game v has a unique core allocation, (0, 1,0) different from
the Shapley value of v. So, in particular, the allocation prescribed by a (Shapley)
PMPS may not belong to the core of the associated subgame.

o

We will begin with presenting a preliminary result which is useful in understanding

the structure of population monotonic Shapley path schemes of simple games.

Lemma 4.2.1 Given a simple game v € SV, let S = {51, Ss, ..., S\n} be a path of
coalitions such that S, = {i1,...,im} for every m € {1,...,|N|}. Assume that the
first winning coalition along the path S is Sy, i.e., v(S1) = ... = v(Sk-1) = 0 and
v(Sk) = 1. If the Shapley path scheme (S, (P(v|s))ses) is population monotonic, then
the following must hold:

(R1) ®;,.(vjs,) =0, for allm € {k+1,...,|N|} and for allp € {m,...,|N|}.
(R2) ®i(v)s,) = ®i(vys,), for allp € {k+1,...,|N|} and for all i € S.
(R3) MW C(vs,) = MWC(v).

Proof. (R1) and (R2). Ontheone hand } .y ®;,,(vjs,) = Lforallp € {k,...,[N|} by
the efficiency of the Shapley value. On the other hand, by the population monotonicity
of (S, (®(vs))ses), Pi(vys,) = Pi(vjs,) for every p € {k+1,...,|N|} and ®;,,(vs,) > 0,
for all m € {k+1,...,|N|} and for all p € {m,...,|N[}. Hence ®; (v|s,) = 0 for all
m € {k+1,...,[N|} and for all p € {m,...,|N|} and ®;(v5,) = Pi(v|g,) for all
pe{k+1,....|N|} and for all i € Sj.

(R3). Suppose on the contrary that MW C(vs,) # MW C(v). Then there exists
aT € MWC(v) such that T\S, # (. But then ®;(v) > 0 for every j € T\S, a
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contradiction with (R1). O

We now provide a characterization of the family of simple games which allow for

population monotonic Shapley path schemes.

Theorem 4.2.1 Let v € SY. Then v has a population monotonic Shapley path

scheme if and only if v is balanced.

Proof. Let v € SV have a population monotonic Shapley path scheme. Also let
(S, (®(v)s))ses) be a population monotonic Shapley path scheme for v such that
S = {51,52,..., 9} and S, = {i1, ..., 0} for every m € {1,...,|N|}. Assume that
the first winning coalition along the path S is S;. Obviously i € veto(v;s,) and hence
veto(vis,) # 0. Moreover, we know by (R3) in Lemma 4.2.1 that MW C(vs,) =
MWC(v). Hence, veto(vis,) = veto(v) and v is balanced.

Now, assume that v is balanced. Then, veto(v) # (. Let i € veto(v) and consider
a path S = {51,82, ...,S|N‘} with S|N‘_1 = N\{Z} We know that S|N|_1 = N\{Z}

is a losing coalition. Then v\ is a null game and hence ®;(v|g,) = 0 for all
te{l,...,|N|—1} and j € S;. Also, ®;(v) > 0 for all j € N, since v is monotonic.
So, the Shapley path scheme (S, (®(v|s))ses) is population monotonic. O

Theorem 4.2.1 reveals that, in the class of simple games, the existence of veto
players (or, equivalently, a nonempty core) is a must for the existence of population
monotonic Shapley path schemes and vice versa. We can interpret this result as fol-
lows. When a winning coalition is formed through a sequence of binding bilateral
agreements, we know that the restriction of the TU-game to this coalition has veto
players, that is, in this winning coalition, there is a subgroup of agents whose unan-
imous agreement/involvement is necessary to pass a decision. We also know that
the formation of the grand coalition starting from this winning coalition via binding
bilateral agreements requires the remaining players to be null players. But, this in
turn implies that the veto players of the winning coalition are in fact the veto players
of the whole game, i.e., the game is balanced.

Next we turn to our second question of which Shapley path schemes are population
monotonic. We will show in the following theorem that the requirement that the
first winning coalition along a path has to include all minimum winning coalitions
of the game is both necessary and sufficient for the population monotonicity of the
corresponding Shapley path scheme.

Theorem 4.2.2 Let v € SV be balanced. A Shapley path scheme (S, (®(v|s))ses) is
population monotonic if and only if the first winning coalition along S contains every

minimal winning coalition of v.
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Proof. Let (S, (®(vs))ses) be a population monotonic Shapley path scheme for v
and assume that the first winning coalition along the path S is S;. We already know
by (R3) in Lemma 4.2.1 that MW C(vis,) = MWC(v). Then, clearly, Si contains
every minimal winning coalition of v.

Let S be a path of coalitions with S, = {iy,..., i} for every m € {1,...,|N|}.
Assume that the first winning coalition along the path S is Sy (k € {1,...,|N|})
and S;, contains every minimal winning coalition of v. Now, ®;(v|,) = 0 for all
te{l,...,k—1} and j € S, since Si_; is a losing coalition. Also, ®;(v|g,) > 0 for all
i € Sy since v is monotonic. We know that each player i,, (m € {k+1,...,|N[}) is a

null player in vjg, (p € {m,...,|N|}) since S contains every minimal winning coalition
of v. Then, firstly, ®;  (v5,) = 0 for allm € {k+1,...,|N|} and for all p € {m, ..., N[}
and secondly, one can easily show that ®;(vs,) = ®i(vs,,,) = ... = ®;(v) for alli € Sy,

by applying the null player out property recursively. So, we conclude that the Shapley
path scheme (S, (®(vs))ses) is population monotonic. O

In the light of Theorem 4.2.2, we can answer one other important question in this
context: For which simple games all Shapley path schemes are population monotonic,

i.e., which simple games have a population monotonic Shapley allocation scheme?

Theorem 4.2.3 Let v € SV be a simple game. Then the following statements are

equivalent:
(i) All Shapley path schemes of v are population monotonic.
(ii) The set of veto players of v is a winning coalition.

(iii) The game v is convex.

(iv) The Shapley allocation scheme of v is population monotonic.

Proof. (i) — (i) Assume that all Shapley path schemes of v are population
monotonic. Suppose that veto(v) is losing. Then there exists a minimum winning
coalition S = {i1,...,in} with m € {1,..,|N| —1}. We know that ®;(vs) = =

for every ¢ € S since S is a minimal winning coalition. Pick a path of coalitions
S = {5,5,....,Sn} with S,, = S. The Shapley path scheme (S, (®(v|s))ses) is
population monotonic by assumption. Consequently, ®;(v) = % for every i € S.
Observe that there exists i* € S such that i* ¢ veto(v) since S is a minimal winning
coalition and wveto(v) is losing. Then, there exists another minimal winning coalition
T C N such that i* ¢ T. Pick a path of coalitions S" = {S}, S, ..., S‘/N|} with S[T‘ =T.
Now, the Shapley path scheme (S, (®(v|s))ses’) is also population monotonic by
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assumption. Then, (R1) implies that ®;«(v) = 0 since i* ¢ T, a contradiction with
®;-(v) = =+ as derived earlier.

(ii) — (i71) Let v € SV be such that veto(v) is a winning coalition. Then, all
players in N\veto(v) are null players in v. Hence, v is the unanimity game on veto(v)
and is convex.

(7ii) — (iv) See Sprumont (1990), Corollary 2.

(iv) — (i) Obvious. O

Theorem 4.2.3 reveals that, in the class of simple games, the existence of a winning
veto player set is both necessary and sufficient for the existence of a population
monotonic Shapley allocation scheme. This result can be interpreted by making use
of our results on population monotonic Shapley path schemes as follows. We know
that the existence of a population monotonic Shapley allocation scheme implies the
population monotonicity of each Shapley path scheme of the game and vice versa.
Then, by Theorem 4.2.2, the existence of a population monotonic Shapley allocation
scheme requires the first winning coalition along each path to include all minimum
winning coalitions of the game. But this is possible only when the game has a unique

minimum winning coalition, i.e., when the set of veto players is winning.

4.3 Extensions to Probabilistic Values

Probabilistic values, introduced and characterized by Weber (1988), are generaliza-
tions of the Shapley value for finite TU-games. These values keep one essential feature
of the Shapley value, they assign each player an average of his marginal contributions.
They, however, fail to satisfy either the efficiency or anonymity property. In fact, the
Shapley value is the unique probabilistic value satisfying both anonymity and effi-
ciency. Probabilistic values can be classified into two groups: Quasi-values which are
efficient probabilistic values and Semi-values, the probabilistic values which satisfy
anonymity (see Weber, 1988). We refer to Monderer and Samet (2002) for a detailed
discussion of probabilistic values.

Probabilistic values are formally defined as follows. Given N and ¢ € N, let
P} denote the set of probability distributions on 2V\{%}, the family of coalitions not
containing i. A value F' (defined on G%) is called a probabilistic value (Weber, 1988)
if for every v € G and i € N

E)= 3 p(D) @@ U{i}) - v(T)). (4.2)

TCN\{i}
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for some p* € Py and for all i € N. Here p' € P can be interpreted as the player’s
subjective evaluation of the probability of joining different coalitions. For example,
the probabilistic value which is defined by p'(T') = I_l\ ('A‘[:L_Il)_l for all i € N is the
Shapley value.

In the following two subsections we will discuss the extensions of the results ob-

tained for the Shapley value on quasi-values and on semi-values, respectively.

4.3.1 Population monotonic path schemes of quasi-values

Let P(II(N)) denote the set of probability distributions on the set of permutations
of the player set N. Given i € N and S € 2"\% we will denote by IT%¢(N) the set

{r e II(N)|7(j) < 7(0) if and only if j € S}.

If we think of a permutation 7 € II(/V) as the order in which players enter the game,
then I1°%(N) stands for the set of orders in which exactly all members of S enter the
game before player ¢ enters.

The following characterization of efficient probabilistic values is provided by Weber
(1988).

Theorem 4.3.1 (Weber, 1988) Let F' be a probabilistic value as given in (4.2) defined
by p = {p'}ien with p* € P for everyi € N. Then F is efficient if and only if there
exists b € P(II(N)) such that

pS)= Y b (4.3)

TEIIS(N)
for every i € N and S € 2NV\{i},

Observe that probabilistic values are originally defined for a fixed player set. How-
ever, our analysis requires the values to be defined on every subset of the player set
under consideration. Because, for every simple game, we want to be able to compare
the payoffs assigned by a value to the players at every subgame of the game. We now
extend probabilistic values in such a way that the players’ subjective evaluation of the
probability of joining different coalitions will be consistent in the sense defined below.
For this aim we will define the restrictions of a probabilistic value to subgames.

Let F': GV — RY be a probabilistic value defined by {pi }ien where pi; € Pj
for every i € N. For each S C N, the restriction of F to G is denoted by Fg and
for each player i € S, his restricted evaluations pl € P§ are constructed by using the

following consistency condition.

ps(T)= > ph(TUT), (4.4)
T'CN\S
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for all T C S\{i}.

The consistency condition can be interpreted by using the sequential probabilistic
interpretation of the Shapley value (and of the probabilistic values of course). If we let
the players enter a room one by one and assign each player the marginal contribution
created by her, then p% represents player i’s assessment of the probability of different
coalitions to be the set of predecessors of her. Then if one player j leaves N, it is
natural to expect that every player i € N\{j} will update her assessment of joining
a coalition ' C N\{i,j} by merging her previous assessments of 7' and of T'U {j}'.

We illustrate the notion of the restriction of a probabilistic value in the following

example.

Example 4.3.1 Let F' be a probabilistic value on N = {1,2,3}. Assume that F' is

defined by the following subjective evaluations of players.

pyv({2:3}) = 3%, py({2}) = 16, pr({3}) = 15 and pi(0) = 5.
pa({1,3}) = 186, ~v({1}) = 16, p?v<{3}) =1 and Py (0) = 5.
p?v<{17 2}) 16’ ({1}) 6’ p ({2}) and p:]g\/(@) = 18_6

F satisfies (4.3) by taking the following probability distribution on the set of permu-

tations on the player set:

b(123) = 2, b(132) = 7, b(213) = 15, b(231) = 15, b(312) = &, and b(321) = 1.

167

Hence F'is efficient.
Now consider S = {1,2}. According to (4.4), the restriction Fg is defined by:

ps({2}) = § = pr({2}) + py({2,3}) and py(0) = § = py(0) + i ({3})-
p:({1}) = § = pA({1}) + PR ({1, 3}) and p§(0) = § = pX(0) + pX({3}).
Notice that Fy can be described via (4.3) by taking:
b(12) = 2 and b(21) = 2
So Fy is an efficient probabilistic value on G5. o

In the previous example, we have shown that the specific restriction under consid-
eration is again an efficient probabilistic value. Indeed, every restriction of an efficient
probabilistic value is an efficient probabilistic value for the corresponding subgame as

shown in the following proposition.

' As discussed in the following subsection every semi-value readily satisfies our consistency con-
dition (4.4).
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Proposition 4.3.1 Let F be an efficient probabilistic value defined by {p’ }ien where
ply € Py for everyi € N. Then, Fs is an efficient probabilistic value for every S C N,
S £ (.

Proof. By Theorem 4.3.1 there exists b € P(II(N)) such that p’ (T) = > renri(n b(T)
for every i € N and T € 2N\, Take S C N,S # 0. Given 7 € II(N), 75
denotes the restriction of 7 to S, ie., ¢ = 7 for some 7 € II(S) with 7(i) <
7(7) if and only if 7(i) < 7(j), for all i, 7 € S. We can induce a probability distribu-

tion ¢ on I1(.S) from b as follows.

c(m) = Z b(t), for all 7 € II(.9). (4.5)

TEI(N):T 9=

Let Fs be defined by {p%}ics as determined by (4.4). Pick i € S and T C S\{i}.
Obviously,

J oy = U {TEH )15 = 7} (4.6)

T'CN\S mEIITi(

Notice that
TN A TPV (N = () for every T', T" € N\S with T" # T"
and

{r € I(N)|7s = 7}n{r € II(N)|7s = 7'} = 0 for every m, 7" € II"*(S) with m # 7.

Then,
ps(0) = > n(TUT)= > 3 )
T'CN\S T'CN\S 7el(TuT),i(N)
= 2 D = ) dm
nelTi(S) Tell(N):Tg=n rellThi(S)

where the first equality follows from (4.4) and the last but one equality follows from
(4.6) and the remarks below it. Then, Theorem 4.3.1 implies that Fj is an efficient
probabilistic value on G°. O

Having defined the restrictions of probabilistic values, we can now illustrate the

path schemes associated with these values in the following example.

Example 4.3.2 Consider the probabilistic value F' defined in Example 4.3.1 and let
v € 8 with N = {1,2,3} be defined by MWC(v) = {{1,2},{2,3}}. From Table
4.2 it can easily be observed that this balanced game has two population monotonic
F-path schemes related to the paths {{1},{1,3},N} and {{3},{1,3},N}. o
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‘ Coalition H Player 1 | Player 2 | Player 3

{1} 0 - -
{2} - 0 -
{3} - - 0
{1,2} 3 2 -
{1,3} 0 - 0
{2,3} - s z
N 16 Is 6

Table 4.2: The restrictions of F' for v and its subgames in Example 4.3.2

The following theorem states that the results for population monotonic Shapley
path schemes in fact can be extended to all efficient probabilistic values which are
defined by strictly positive subjective evaluations of joining different coalitions for
each player.

Theorem 4.3.2 Let F : GY — RY be an efficient probabilistic value defined by
{py tien with py >0 for alli € N. Then

(i) A simple game v € SN has a population monotonic F-path scheme if and only

if v is balanced.

(ii) Letwv be balanced. Then an F-path scheme (S, (Fs(vis))ses) s population mono-
tonic if and only if the first winning coalition along S contains every minimal
winning coalition of v.

(iii) Let v € SN be a simple game. Then the following statements are equivalent:

(a) All F-path schemes of v are population monotonic.
(b) The set of veto players of v is a winning coalition.
(¢) The game v is conver.

(d) The F-allocation scheme of v, (Fs(v|s))sean\joy) is population monotonic.

The proof of Theorem 4.3.2 is similar to the proofs of Theorems 4.2.1, 4.2.2 and
4.2.3, respectively and is therefore omitted.

It is important at this point to observe that if for an efficient probabilistic value
F, p(S) = 0 for some i € N and S € 2V} then an unbalanced simple game may

have population monotonic F-path schemes. This is illustrated in Example 4.3.3.
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Example 4.3.3 Let N = {1,2,3}. Let F' be the efficient probabilistic value deter-
mined by

1 1
2 for all S € N\{1};p%(S) = 2 for all S € N\{2} and
)

PA(11,2)) = ph(0) = 5, P (1)) = ph({2}) = 0.

Consider v € SV defined by MW C(v) = {{1,2},{1,3},{2,3}}. Clearly veto(v) = 0.
But, v has population monotonic F-path schemes related to the paths {{1}, {1,2}, N'}
and {{2},{1,2}, N} as can be seen in Table 4.3. o

‘ Coalition H Player 1 | Player 2 | Player 3 ‘

{1} 0 - -
{2}
{3}
{1,2}
{1,3}
{2,3}
N

1
s}

[an)}

O NN

NI= T NI N
NI— N— 1 N~

Table 4.3: The restrictions of F' for v and its subgames in Example 4.3.3

4.3.2 Population monotonic path schemes of semi-values

In this section, we will focus on one particular, well-known semi-value, the Banzhaf
value (Banzhaf, 1965). Given v € GV, the Banzhaf value 3 assigns to player i € N

Bil) = Y g (S U D) — u(S)).

SCN\{i}

It can easily be observed that the Banzhaf value is defined for every finite player
set, and in particular also for all subgames of a specific game. In fact, every semi-value
is defined for every finite player set, and hence for all subgames of a specific game.
Moreover, the restriction of a semi-value obtained by using the consistency condi-
tion (4.4) boils down to the definition of the same semi-value for the corresponding
subgame. This can be readily verified from the characterization of semi-values on TU-
games with finite support provided by Dubey et al. (1981). Dubey et al. (1981) show
that, for every semi value, the players’ underlying subjective evaluations {p }icn,

depend only on the cardinalities of S and N and hence every semi-value is defined for
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all subgames of a particular game. It can also easily be checked that the restriction
of a semi-value by using the consistency condition (4.4) like we did for quasi-values.
But, one can check that every semi-value satisfies the consistency condition (4.4) by
making use of the characterization of semi-values on TU-games with finite support
provided by Dubey et al. (1981).

For population monotonic Banzhaf path schemes the situation essentially differs

from the population monotonic Shapley path schemes. This is illustrated in Examples
4.3.4 and 4.3.5.

Example 4.3.4 Let N = {1,2,3} and consider the simple game v € S defined by
MWC((v) = {{1,2},{1,3},{2,3}}. The Banzhaf value of v and its subgames are
provided in the Table 4.4.

‘ Coalition H Player 1 ‘ Player 2 | Player 3

{1} 0 - -
{2} - 0 -
{3} - - 0
{1,2} 3 : -
{1’3} % - %
{273} - % %
N 2 2 ;

Table 4.4: The Banzhaf allocation scheme of v and in Example 4.3.4

Notice that v is not balanced since veto(v) = () but that every Banzhaf path

scheme of v is population monotonic. o

Example 4.3.5 Let N = {1,2,3,4} and consider the simple game v € SV de-
fined by MWC(v) = {{1,2,3},{1,2,4},{1,3,4}}. Clearly, v is balanced. The
Banzhaf value of v and its subgames are provided in Table 4.5. The Banzhaf val-

ues of the subgames corresponding to losing coalitions are omitted. Then, every

’ Coalition H Player 1 ‘ Player 2 ‘ Player 3 ’ Player 4

{1,2,3} i i i -
{17274} % % - i
1 1 1

{1,3,4} 1 I - I
1 1 1 1

N 2 1 1 1

Table 4.5: The Banzhaf allocation scheme of v in Example 4.3.5

Banzhaf path scheme is population monotonic although the set of veto players of v
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is a losing coalition. Secondly, there are path schemes of v, like the one related to
path {{1},{1,2},{1,2,3},{1,2,3,4}}, which are population monotonic but the first
winning coalition along these paths does not contain the union of minimal winning

coalitions v. o

The results for population monotonic Shapley path schemes can be extended only

partly to the Banzhaf value. This is reflected in Theorem 4.3.3.

Theorem 4.3.3 Let v € SV be balanced.
(1) If the first winning coalition along a path S contains every minimal winning

coalition of v, then the Banzhaf-path scheme (S, (5(v|s))ses) is population monotonic

(2) If the set of veto players of v is a winning coalition, then all Banzhaf-path

schemes of v are population monotonic.

The proof of Theorem 4.3.3 is similar to the corresponding parts of the proofs of
Theorems 4.2.2 and 4.2.3, respectively and is therefore omitted.
By making use of the characterization of semi-values provided by Dubey et al.

(1981), one can show that Theorem 4.3.3 can be extended to every semi-value.
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Samenvatting

Hoofdstuk 2 bestudeert allocatieproblemen die samenhangen met een special type
machinevolgorde problemen. In machinevolgorde problemen is er een groep klanten,
die elk precies een taak willen laten uitvoeren op een (of meerdere) machine(s). De
kosten van elke klant hangen af van het tijdstip waarop hun taak door de machine
is uitgevoerd. Als we aannemen dat er een beginvolgorde bestaat op de verschillende
taken dan zijn er twee vragen die beantwoord dienen te worden. “Welke volgorde zorgt
ervoor dat de totale, gezamenlijke kosten geminimaliseerd wordt” en “Hoe dienen de
hiermee corresponderende maximale kostenbesparingen op een eerlijke manier onder
de klanten verdeeld te worden?”. Curiel et al. (1989) introduceerden een spelthe-
oretische aanpak voor het verdelingsvraagstuk binnen de context van specifieke 1-
machinevolgorde problemen met lineaire individuele kostenfuncties door correspon-
derende machinevolgorde spelen te analyseren. Aangetoond werd dat dit soort spelen
convex en derhalve ook gebalanceerd zijn: er bestaat een zogenaamde stabiele verdel-
ing van de maximaal haalbare kostenbesparingen onder alle klanten zodanig dat geen
enkele deelgroep, in totaal, hogere kostenbesparingen kan behalen door toegelaten
onderlinge volgordewisselingen dan wat deze coalitie in totaal volgens het verdel-
ingsvoorstel krijgt toegewezen. Een speciale regel die voor elk 1-machinevolgorde
probleem binnen de bestudeerde klasse een dergelijke stabiele uitkomst voorschrijft
blijkt de zogenaamde EGS-regel te zijn, die bovendien axiomatisch gekarakteriseerd
is. In de literatuur is het elementaire model van Curiel et al (1989) verfijnd door extra
aannames op de taken te beschouwen zoals tijdstippen van beschikbaarheid, uiterli-
jke uitvoeringstijdstippen, andersoortige kostenfuncties etc. In alle studies tot nu
toe wordt aangenomen dat een machine slechts een taak tegelijkertijd kan uitvoeren.
In de praktijk echter bestaan er ook batch machines die in staat zijn tegelijkertijd

meerdere taken uit te voeren.

In paragraaf 2.1 breiden we de speltheoretische aanpak voor machinevolgorde
problemen uit naar batch machines. Eerst beschouwen we 1-batchmachinevolgorde
problemen waarbij de capaciteit van de batchmachine vastligt en het maximaal aan-

tal taken weergeeft dat deze machine tegelijkertijd kan uitvoeren. Aangetoond wordt



136 SAMENVATTING

dat de corresponderende 1-spelen convex zijn. Bovendien wordt een expliciete uit-
drukking voor de Shapley waarde voor dit soort spelen afgeleid. Ook wordt de EGS-
regel doorvertaald naar dit soort situaties en axiomatisch gekarakteriseerd. Vervol-
gens beschouwen we zogenaamde relaxaties waarbij de aannames over toelaatbare
volgordewisselingen voor deelgroepen wordt gevarieerd. Voor deze relaxaties wordt
aangetoond dat stabiele verdelingsvoorstellen bestaan. Tot slot kijken we naar m-
batchmachinevolgorde problemen waarin elke taak dezelfde volgorde door de m batch-
machines dient te doorlopen. In het bijzonder identificeren we hier twee gevallen

zodanig dat het corresponderende m-spel een bijzonder type 1-spel is.

Een andere gemeenschappelijke aanname in de analyse van machinevolgorde spe-
len is dat geen omsteltijden vereist zijn. Deze aanname vereist dat de omsteltijden
verwaarloosbaar zijn of in de verwerkingstijden kunnen worden omvat. Nochtans,
in de praktijk, als een machine verschillende types taken moet uitvoeren, dan is een

significante omsteltijd bijna altijd vereist (zie bijvoorbeeld Pinedo, 2005).

In paragraaf 2.2, analyseren we allocatieproblemen die gerelateerd zijn aan zoge-
naamde familie machinevolgorde problemen. Bij familie machinevolgorde problemen,
zijn de taken verdeeld in families. Er is geen omsteltijd vereist als een andere taak
van dezelfde familie er aan vooraf gaat. Een omsteltijd is echter wel vereist als een
taak een lid van een andere familie volgt. Wij associéren cooperatieve spelen met
familie machinevolgorde problemen door de waarde van een coalitie te definiéren als
de maximumbesparing door middel van een toelaatbare volgordewisselingen. We be-
wijzen dat elk familie machinevolgorde spel een niet-lege core heeft. Dit resultaat
wordt verkregen door aan te tonen dat een specifieke marginale vector van het spel

een core-clement is.

In hoofdstuk 3 bestuderen we allocatieproblemen die voortkomen uit verbind-
ingsproblemen zoals in een economische omgeving waar agenten willen samenwerken
en gezamenlijk willen investeren in de aanleg/onderhoud van een gemeenschappelijk
netwerk. We bekijken twee speciale klassen van deze verbindingsproblemen: mini-
mum opspannende boom problemen, waarin agenten verbinding willen maken met
een bron, en highway problemen waarin agenten een verbinding leggen tussen een

vertrek- en aankomstpunt.

Neem een aantal inwoners van een dorp dat een netwerk van leidingen wil aan-
leggen van hun huis naar een watervoorziening. Elke inwoner kan een directe verbind-
ing maken met de watervoorziening, maar een dergelijke beslissing zal waarschijnlijk
inefficiént zijn. In de meeste gevallen zal het goedkoper zijn als enkele inwoners recht-
streeks verbonden zijn met de watervoorziening, terwijl anderen zich aansluiten op

de watervoorziening via andere inwoners. Inderdaad, in deze situatie zal een netwerk
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ontstaan dat de totale verbindingskosten minimaliseert. Een dergelijk netwerk wordt
gevonden door een minimum opspannende boom (mob). Deze situaties worden dan
ook mob situaties genoemd. Indien de agenten het eens zijn over de mob die aangelegd
moet worden, ontstaat het tweede probleem waarbij de gezamenlijke minimale kosten
van de mob op een eerlijke manier verdeeld moeten worden onder de agenten. Deze al-
locatieproblemen zijn voor het eerst geintroduceerd in de economische literatuur door
Claus en Kleitman (1973). Bird (1976) introduceerden een speltheoretische aanpak
voor deze problemen door een cooperatief TU-spel te koppelen aan mob problemen.
Vervolgens zijn voor mob problemen een groot aantal verdeelregels geintroduceerd in
de literatuur die geschikt zijn om toe te passen op mob situaties. Bijvoorbeeld, de
equal remaining obligations regel (Feltkamp et al., 1994) voor mob situaties voldoet
aan een groot aantal aantrekkelijke eigenschappen (bijvoorbeeld monotonie in kosten,
populatie monotonie, gelijke behandeling) en kan op verschillende manieren worden
verkregen. Bovendien tonen Bergantinos en Vidal-Puga (2007a) aan dat andere regels
uit de literatuur sommige eigenschappen niet bezitten die de equal remaining obliga-
tions regel wel heeft.

De oorspronkelijke definitie van de equal remaining obligations regel bestaat uit
een sequentiéle procedure: Kruskal’s algoritme (Kruskal, 1956) wordt gebruikt om
een mob te construeren en bij elke stap van het algoritme worden de kosten van de
geconstrueerde verbinding verdeeld tussen de agenten die deze verbinding gebruiken.
In paragraaf 3.2 introduceren we een andere benadering en onderbouwing voor de
equal remaining obligations regel. Om dit te bereiken definiéren we eerst de knoop
georiénteerde aanleg- en betaalprocedure die zowel tot een mob leidt als een verdeel-
regel van de kosten leidt waarin elke agent de verbinding betaalt die hij kiest om
aan te leggen. Vervolgens tonen we aan dat de equal remaining obligations regel
het gemiddelde is van de verdeelregels die verkregen zijn uit de knoop georiénteerde
aanleg- en betaalprocedure voor elke volgorde van agenten. In paragraaf 3.3 en 3.4
tonen we aan dat de resultaten uit paragraaf 3.2 uit te breiden zijn naar de minimum

opspannende bos situaties (cf. Rosenthal, 1987) en mob situaties met twee bronnen.

Het grootste deel van de huidige literatuur op het gebied van de allocatie van de
kosten in verbindingsproblemen richt zich op de mob problemen of varianten daar-
van. Een gemeenschappelijk kenmerk van deze problemen is dat elke persoon in het
probleem een verbinding met een niet-lege deelverzameling van de beschikbare bron-
nen in het netwerk moet maken. Nochtans, in sommige verbindingssituaties is er
geen bepaald punt waarmee elke persoon in het probleem moet worden verbonden.
Bijvoorbeeld, de gebruikers van een highway netwerk hebben slechts een verbinding

nodig tussen hun vertrek- en aankomstpunt in het netwerk.
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Mosquera en Zarzuelo (2006) bestuderen het allocatieprobleem dat samenhangt
met de bouwkosten van een highway netwerk. Voor dit doel, definéren zij formeel
highway problemen en analyseren de bijbehorende cooperatieve kostenspelen, highway
spelen genoemd. In een highway probleem, worden de mogelijkheden betreffende de
bouw van het highway netwerk bepaald door een verbonden graaf. De verzameling
knopen van de graaf vertegenwoordigt de potentiele vertrek- en aankomstpunten en
de zijden in de graaf vertegenwoordigen de mogelijke wegverbindingen die kunnen
worden geconstrueerd. Gegeven een highway probleem wordt een corresponderend
highway spel gedefiniérd als een cooperatief kostenspel dat aan elke coalitie van spelers
de totale kosten van de goedkoopste keuze van zijden in de graaf associért die het
vertrek- en aankomstpunt van elk lid van de coalitie met elkaar verbindt. Mosquera
en Zarzuelo (2006) beperken zich tot highway problemen waarin de onderliggende
graaf een boom is. In deze context is er slechts één pad tussen een vertrek- en een

aankomstpunt.

In paragraaf 3.5 bestuderen we highway problemen waarin de onderliggende graven
zijn weakly cyclic, d.w.z., verbonden graven waarvoor elke zijde in de graaf in hoog-
stens één cykel bevat is. We bestuderen eerst de klasse van graven waarvoor de
corresponderende spelen altijd concaaf zijn. Voor dit doel, wordt een graaf G als
highway-spel-concaaf gedefinéerd als voor elk highway probleem waarin G de on-
derliggende graaf is, het corresponderende highway spel concaaf is. Wij bewijzen dat
een graaf highway-spel-concaaf is dan en slechts dan als deze weakly triangular is.
Dan richten we ons op de core van highway spelen die door weakly cyclic graven
worden geinduceerd. Kuipers (1997) laat zien dat de highway spelen die door cy-
clische graven worden geinduceerd hoeven niet gebalanceerd te zijn in het algemeen.
Nochtans bewijzen we dat de highway spelen op weakly cyclic graven gebalanceerd
zijn.

Wij beschouwen in Hoofdstuk 4 de vorming van coalities door sequentiéle bi-
laterale onderhandelingen in stemmensituaties. Wij modelleren deze situaties door
simpele spelen en nemen aan dat de macht van elke kiezer wordt beschrijven via een
machtsindezx. Een pad schema voor een simpele spel bestaat uit een pad, d.w.z., een
volgorde van coalities die wordt gevormd tijdens het onderhandelingsproces en een
schema, d.w.z., een allocatievector voor elke coalitie in het pad. Een pad schema
wordt genoemd populatie monotoon als de allocatie van een speler niet afneemt als
de pad-coalitie groeit. In de eerste plaats richten we ons op Shapley pad schemas van
simpele spelen waarin voor elke pad-coalitie de Shapley waarde van het geassociérde
deelspel de allocatie bepaalt. We bewijzen dat het bestaan van veto spelers nodige

en voldoende voorwaarde is voor het bestaan van populatie monotoon Shapley pad
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schemas. Voorts is een Shapley pad schema populatie monotoon is dan en slechts dan
als de eerste winnende coalitie die via het pad wordt gevormd, elke minimale winnende
coalitie van het spel bevat. Wij bewijzen ook dat elke Shapley pad schema populatie
monotoon is dan en slechts dan als de coalitie van veto spelers een winnende coalitie
is. Wij bestuderen verder hoe deze resultaten uit te breiden naar probabilistische

waarden, die de Shapley waarde generaliseren.
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