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Summary

In this thesis, a game-theoretic model representing a decision-making situation in the waste
management is created as a noncooperative game representing the conflict of waste proces-
sors and a cooperative game representing the conflict of waste producers. For the conflict
of waste processors, the Nash equilibria are used to find stable strategies on gate fee val-
ues, which serve as a good prediction for the future. To specify the strategy sets, a lower
bound and an upper bound are determined. For the conflict of waste producers, assum-
ing a cooperation among all of them, a cost distribution is determined using the Shapley
value and the nucleolus. For more producers, approximation algorithms for the Shapley
value and the nucleolus are developed. These algorithms are based on an assumption that
distant producers can not influence each other. The model is applied to a situation in
the Czech Republic. For the conflict of waste processors, one Nash equilibrium is found.
For the conflict of waste producers, some producers with high potential in cooperation
are recognized.

Abstrakt

V této praci je vytvoren model rozhodovaci situace v odpadovém hospodaistvi vyuzivajici
metody teorie her. Model tvori nekooperativni hra pro reprezentaci konfliktu zpraco-
vatelu odpadu a kooperativni hra pro reprezentaci konfliktu producentu odpadu. Pro
konflikt zpracovateli odpadu je k nalezeni strategii pii volbé cen na brané vyuzit kon-
cept Nashovy rovnovahy, takto nalezené stabilni strategie mohou slouzit jako predpoved’
budouci situace. Pro zpfesnéni mnozin strategii jsou uréeny dolni a horni meze. Pro
konflikt producentu odpadu se uvazuje spoluprace vsech producentu a urcuje se pro ni
prerozdéleni nakladu pomoci Shapleyho hodnoty a nucleolu. Pro konflikt vice producentu
jsou vyvinuty aproximacni algoritmy pro Shapleyho hodnotu i nucleolus. Tyto algoritmy
jsou zalozeny na ptredpokladu, ze se vzdaleni hraci vzajemné neovliviuji. Model je ap-
likovan na situaci v Ceské republice. Pro konflikt zpracovateli odpadu je nalezen jeden
bod Nashovy rovnovahy. Pro konflikt producentu odpadu jsou urceni néktetri producenti
s vysokym kooperativnim potencidlem.
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Introduction

The waste management deals with situations in which waste producers, waste proces-
sors or both are involved. Every human being is a waste producer. In this thesis, they
will be considered mainly on the level of administrative units. Among waste proces-
sors in the Czech Republic, landfills or incinerators can be found. Nevertheless, accord-
ing to [CR14], starting from 2024, the Czech government is most likely going to ban
the landfilling. Insufficient capacity of the already standing incinerators causes that rad-
ical changes are expected in following years.

New incinerators need to be built and, before it can be done, investors demand an anal-
ysis of the potential constructions. At the Institute of Process Engineering of Brno
University of Technology, there were several mathematical models on this topic using
mathematical optimization.

This thesis presents a game-theoretic model of a situation in which the incinerators are
already built and their decisions on the charges for waste disposal need to be determined.
From the producers’ point of view, their strategies on coalition formations and choices
of incinerators also require attention.

In the first chapter of this thesis, all the game-theoretic instruments necessary for
understanding of the developed models are explained. Firstly, a description of the nonco-
operative games is provided with an approach called the Nash equilibrium representing
a possible outcome. For the cooperative games, besides the description, several concepts
for the total profit or cost division are presented.

The game-theoretic formulation of the waste management situation, the waste man-
agement game, is presented in the second chapter. A description of two conflicts and roles
of their participants is provided.

The third chapter focuses on the conflict of waste processors, a noncooperative game
in which the processors make decisions on the charge for the waste processing. Instruments
from the first chapter are applied as well as original algorithms to lower the computation
time.

The cooperative game of waste producers is studied in the fourth chapter. Again, for
the computation time reasons, with respect to the cost allocations presented in the first
chapter, algorithms for their approximations are developed.

And finally, the models for both conflicts are applied to the situation in the Czech
Republic. This application and its results are provided in the fifth chapter.

Appendices contain a list of symbols and input data as well as complete results for
the waste management problem in the chapter 5. Corresponding cross-references occur
within the text.

Several computation tests were run to compare computation times of different ap-
proaches and algorithms. All such computations were realized on the computer with Mi-
crosoft Windows 10 Home 64-bit, quad-core Intel Core i5-6300HQ at frequency 2.3 GHz
and 8 GB of RAM. The algorithms were implemented exclusively in Visual Basic for Ap-
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plications in MS Excel (version Professional 2016) and in MATLAB (version R2015a)
with IBM ILOG CPLEX (version 12.6.3).

14



1 (Game-Theoretic Background

According to [My91], game theory is ”the study of mathematical models of conflict and
cooperation between intelligent rational decision-makers.” These models are then called
games. In other words, the game is a mathematical description of a situation where
decisions of several subjects are to be made. Mutual dependency of these decisions makes
the search for the optimal ones in such situations impossible by using classical optimization
techniques.

Only games where all players are fully aware of this dependency and all outcomes it
can lead to are assumed. In game theory, this state is called a complete information.

Further, two different definitions of a game are provided regarding the cooperative or
noncooperative nature of the game. For each type, approaches to obtain, in some sense,
optimal decisions are also introduced.

All definitions and theorems in this chapter, if not stated otherwise, are taken exclu-
sively from [Ow13] and [Os14].

1.1 Noncooperative Games

By a noncooperative game, a situation where no settlements among decision-makers are
allowed or possible is meant.

Firstly, the mathematical representation of a noncooperative game is shown, then
the way of approaching it is presented. It should be remarked that there are more options
of describing noncooperative games. For the purposes of this thesis, though, the normal
form representation is sufficient.

1.1.1 The Normal Form

Definition 1.1. Let N = {py,...,p,} be a nonempty set with n elements representing
players, nonempty sets A, ,..., A, be their sets of strategies, and A = A, x---x A,
be the Cartesian product of these sets. Finally, let 7: A — R™ be a function defined
as m(a) = (mp,(a),...,mp, (a)) for all a € A, where m,: A — R denotes a payoff or cost
function (according to a nature of the problem) of player p;. The triple (N, A, 7) is then
called an n-player game in normal form.

The exact meaning of this definition will be obvious after the following example,
a famous game well-known as the prisoner’s dilemma.

Example 1.2. Two persons are arrested and imprisoned. They are placed into solitary
confinement with no means of communication and offered a bargain. If a prisoner betrays
the other one, he will be set free and the other one will serve 10 years. If they betray each
other, it will mean 5 years for both of them, but if they both remain silent, due to a lack
of evidence, they will both serve only 1 year.

15



Denoting the prisoners by numbers 1 and 2, the set of players is
N ={1,2}
and their strategies in form of the set A are

A = {(stay silent, stay silent), (stay silent, betray),
(betray, stay silent), (betray, betray)}.

Values of the cost function are

m1(stay silent, stay silent) = 1, mo(stay silent, stay silent) = 1,
m(stay silent, betray) = 10, ma(stay silent, betray) = 0,

m1 (betray, stay silent) = 0, mo(betray, stay silent) = 10,
m1(betray, betray) = 5, mo(betray, betray) = 5,

or represented as Table 1.1 where the values in each cell represent the values of m; and
respectively.

Table 1.1: The table representation of the game in Example 1.2

Prisoner 2
stay silent betray
Prisoner 1 stay silent 1,1 10,0
betray 0,10 9,9

1.1.2 Nash Equilibrium

There are more approaches for dealing with noncooperative games. Here, however, only
the domination of strategies and pure strategy Nash equilibria are shown.

Definition 1.3. Given an n-player game in normal form (N, A, 7) where N = {p1,...,p,}
and A=A, x---x A, astrategy a,, € A,, is said to dominate a strategy a,, € A,, if

7TP1'<apl7 T 7api—17api7api+17 T 7apn) > Wpi(apw e Opyys pys Apyggs - - 7apn>

for all a,, € Ap,,... ap,_, € Ay 1 ap, € Apiryo-osap, € Ay, and for 7 being a payoff
function. In the case of m being a cost function, the inequality sign is reversed.

Definition 1.4. Given an n-player game in normal form (N, A, 7) where N = {p1,...,p,}
and A=A, x---x A, . astrategy n-tuple (a,,...,a,,) € Ais called pure strategy Nash
equilibrium if and only if for any ¢ € {1,...,n} and a,, € A,

T (pys - -5 Gpp) 2 T, (Apry ooy Ay Qs Gy - - - )
for m being a payoff function or

7Tpi(a]f?l7 ttt 7apn> S Trpi(apl’ e 7api71’a'pi7api+l7 tt 7apn)

for m being a cost function.
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It is important to note that, for a game, neither existence nor uniqueness of a pure
strategy Nash equilibrium is guaranteed.

Example 1.5. In the prisoner’s dilemma presented in example 1.2, the strategy stay
silent is dominated by the strategy betray for both players and there is exactly one pure
strategy Nash equilibrium, a pair (betray, betray).

Theorem 1.6. All pure strateqy Nash equilibria of a game obtained by removing domi-
nated strategies are the same as those of the original game.

Proof. The proof is obvious as the theorem follows directly from definition 1.4. O]

1.2 Cooperative GGames

Cooperation in game theory means a choice of a strategy in order to ensure the greatest
total payoff (lowest total cost) for cooperating players. This payoff or cost then needs
to be fairly redistributed among the players.

The choice of a strategy is obviously a simple problem or at least a problem which
can be easily reformulated to a noncooperative game. Therefore, game theory deals with
cooperative games mainly in the field of the redistribution.

1.2.1 The Characteristic Function Form

Definition 1.7. Let N be a set of n players. Any subset of N is called a coalition.
Specifically, @ is denoted as the empty coalition and the player set N itself is denoted
as the grand coalition. A real-valued function v, defined on the subsets of IV, satisfying
conditions

v(@) =0

and
v(SUT) > wu(S)+v(T) if SNT=o

is denoted as the characteristic function. The pair (N,v) is then called an n-player game
in characteristic function form.

In the case of v representing a cost, not representing a payoff, the second condition is
in form
v(SUT) <wu(S)+v(T) if  SNT=0.

Example 1.8. The persons from Example 1.2 were not successful and were imprisoned for
five years. In prison, they met an old friend that came up with an escape plan. The plan is
to dig a tunnel out of the prison. Fig. 1.1 illustrates possible ways out of the prison. Fach
of the prisoners is able to make one metre of a tunnel per day. Spending time digging
increases the chance of getting caught.

Denoting the prisoners by numbers 1, 2 and 3, values of the characteristic function
representing the cost, days spent on digging, are

v({1}) = 50,
v({2}) = 65,
v({3}) =50,
v({1,2}) = 85,

17



prison wall

50 m 50 m 50 m
20 m 30 m
Prisoner 1 Prisoner 3
15 m

] Prisoner 2

Fig. 1.1: Possible ways out of the prison from the cells

v({1,3}) = 100,
v({2,3}) = 95,
v({1,2,3}) = 115.

Definition 1.9. An imputation for an n-player game (N, v) is a vector & = (zp,, ..., Tp,)
satisfying conditions
Z Tp, = v(N)

pi€N
and
xp, > v({pi}) for all  p; € N.

For v representing a cost, the second condition is in form
xp, < v({pi}) forall  p, € N.

Example 1.10. The prisoners from Example 1.8 are obviously open to a cooperation
only when it allows them to get out of the prison at least as fast as on their own. For
a cooperation among all of them and going the shortest way, divisions of the digging
satisfying this condition are imputations of this game.

Definition 1.11. An imputation x = (z,,, ..., Zp,) for an n-player game (N, v) satisfying
condition
Z zp, > v(S) for all SCN

pi€S

is called coalitionally rational.

In the case of v representing a cost, the condition is

> @, <w0(S)  forall  SCN.

pi€S

The choice of a reasonable imputation or a set of such imputations is a subject of
the following sections.

1.2.2 The Core

The most straightforward concept seems to be a choice of an imputation from a set of all
coalitionally rational imputations.

18



Definition 1.12. The set of all imputations = (x,,...,2,,) for an n-player game

(N, v) satisfying
Z Tp, = V(N)

p;iEN

and
Z zp, > v(S) for all SCN

pi€S

is called the core. The notation for the core is C(N,v).

Clearly, for v representing a cost, the second condition is in form

Z xp, < v(S5) for all S CN.

pi€S

Despite the logic behind the definition, there is no guarantee of the core being a non-
empty set. In order to recognize games with nonempty cores, the concept of balanced
collections is introduced.

Definition 1.13. Let C = {5i,...,S,} denote a collection of nonempty subsets of
N = {p1,...,pn}. Collection C is said to be N-balanced if there exist positive numbers
Y1, - - -, Ym such that, for each p; € N,

JEM: p;eS;
where M = {1,...,m}. Then y = (y1,...,¥ym) is the balancing vector for C. A minimal

N-balanced collection is an N-balanced collection which is such that no proper subcollec-
tion is N-balanced.

A determination of the core can be formulated as a linear optimization program. Dual
program of this formulation then leads to the following theorem.

Theorem 1.14. A necessary and sufficient condition for the n-player game (N, v) to have
a nonempty core is that, for every minimal N -balanced collection C = {Sy,..., Sy} with
balancing vector y = (y1,...,ym) and M = {1,... ,m},

> y(S)) < v(N)

JEM

for v representing a payoff and

> yu(S)) = v(N)

JjEM
for v representing a cost.

Proof. See [Ow13]. O
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1.2.3 The Shapley Value

No nonemptiness guarantee of the core leads to study of other concepts. In [Sh53], one
such concept was defined by Lloyd S. Shapley.

Definition 1.15. The Shapley value for an n-player game (NN, v) is a vector ¢(N,v) =
(@p (N, 0), ..., pp, (N,v)) defined by formula

(N = 3 WBIZDHUNIZISIY gy s\ i)

|N]!
SCN:p;eS

Existence of the Shapley value is guaranteed by the definition itself. This value,
however, does not always belong to the core, even in cases in which the core is nonempty.
For this purpose, a theorem from [Sh71] is provided.

Theorem 1.16. The Shapley value is in the core if
v(S)+o(T) <v(SUT)+v(SNT) forall S TCN
for v representing a payoff or
v(S)+o(T) >v(SUT)+v(SNT) forall S TCN
for v representing a cost.
Proof. See [ShT1]. O
Example 1.17. For the prison break game from Example 1.8, the Shapley value is a vector
© = (35,40, 40) .

Obviously, the Shapley value belongs to the core.

1.2.4 The Bargaining Set

Next concept corresponds with an expected negotiation in a coalition. For any coalition,
a player may threaten to leave and join together with another player to increase the
profit or lower the cost. Other players from the original coalition may, however, oppose
if they have an offer more beneficial for the player the leaving one plans to join together
with. In this situation, for the leaving player, the consequences would not be any good.
On the other hand, when there is nothing such to offer, there is no reason for the player
to remain in the coalition.

Definition 1.18. For an n-player game (N, v), let S = {S1,...,S,,} denote a collection
of nonempty subsets of N = {p1,...,p,} such that

SiNS; = for all i,j € M:i#j,
where M = {1,...,m}. Collection S is then called a coalition structure.

20



Definition 1.19. For an n-player game (N, v), an individually rational payoff configura-
tion is a pair (z,S), where © = (zp,,...,%,,) is an imputation and S = {51,...,S5,} is
a coalition structure. Moreover, if it is also satisfying

Z zp, > v(9) forall S CSp,keM

Di€ES

for v representing a payoff or

Z zp, < v(S) for all SCSp,keM

pi€S

for v representing a cost, where M = {1,...,m}, the pair (z,S) is called a coalitionally
rational payoff configuration.

Definition 1.20. For an n-player game (N, v), let (z,U), (y, V), (z, W) be coalitionally ra-
tional payoff configurations, where x = (2,,, ..., Zp,), Y = Yprs- -+ Ypn)s 2 = (Zprs -+ - 2p,)
are imputations and U = {Uy,..., U, }, V = {Vi,.... Vi, }, W = {Wq,..., W, } are
coalition structures with M, = {1,...,m,}, M, ={1,...,my}, M, = {1,...,my}, and
let S and T' be nonempty disjoint subsets of some Uy € U. A coalitionally rational payoff
configuration (y,V) is then called an objection of S against T if

{pii Di GVk,VkﬂS:@,kEMv}ﬂTZQ,
Yp: > Tp, for all pi €9,

Yp; = Tp, for all pi €{pi: pi € Vi, Vi NS =2,k € M,}

for v representing a payoff or
{pit pi € Vi,ViNS =2,k € Mv}ﬂTIQ,
Yp: < Tp, forall  p; €5,

Yp; < Ty, for all pi €{pi: pi €V, VNS =2,k € M,}

for v representing a cost. A coalitionally rational payoff configuration (z, W) is called
a counterobjection of T against S if

SZApi: pieW, W, NT =2,k € M,},

Zpi > Tp, for all pi €{pi: pi EWR, Wi NT =2,k € M},
Zpi = Yp, for all pi €{pi: p EWiNV,W,NT =2, VNS =0,k € M,,l €M, }.
for v representing a payoff or
S Z {pz pi € Wk,WkﬂT:@,k € Mw},
Zps < Ty for all pi €{pi: pi E Wi, Wi NT =2,k € M},
Zpi < Yps for all pi €{pi: pi e WDV, WNT =2, VNS =2,k € M,,l € M, }.

for v representing a cost. A coalitionally rational payoff configuration (x,U) is called
stable if for every objection of S against T, there is a counterobjection of 7" against S.

21



Briefly, the objection of S against 7" represents the threat that S can obtain more
by changing to a new coalitionally rational payoff configuration and their new partners
would agree to this.

By the counterobjection of T" against S, the members of coalition 7' claim that they
can find another coalitionally rational payoff configuration in which they and all their
partners receive at least their original payoff. If they need some of the new partners
of S from the objection, they give them at least as much as in the objection coalitionally
rational payoff configuration.

Definition 1.21. The bargaining set M is the set of all stable coalitionally rational
payoff configurations. Dealing with individually rational payoff configurations instead of
coalitionally rational payoff configurations would lead to a bargaining set denoted by M®.

Definition 1.22. The bargaining set M, is the set of all coalitionally rational payoff
configurations such that, if any coalition S has an objection against a set T, at least one
member of T" has a counterobjection. The same holds for individually rational payoff
configurations with the bargaining set M.

With a focus on the bargaining set Mﬁ“, the nonemptiness is guaranteed from the fol-
lowing theorem.

Theorem 1.23. For an n-player game (N,v) and any coalition structure S, there is
at least one imputation x such that (x,S) € /\/lgl).

Proof. See [Pe63]. O

1.2.5 The Kernel

The kernel is a different approach. It will be, however, seen that it is closely related to
the concept of bargaining sets.

Definition 1.24. The kernel of an n-player game (N, v) is the set IC of all individually
rational payoff configurations (x,S) with x = (z,,, ..., %,,) such that, for all S € S, there
are no p;, p; € S with

TQN:I]I?}EEi%pjgéT <U<T) B p; xP’“) - TgN:r;gg;g,pjeT (U(T) B p; x”’“) '
for v representing a payoff or
TQN:I;}ng",p#T (U(T) - kaeT o ’“) = TgN:géI%,pjeT (U(T) N kaeT N '“) '
for v representing a cost.
The nonemptiness is again guaranteed from the following theorem.
Theorem 1.25. For any coalition structure S, there exists a vector x such that (x,S) € K.
Proof. See [MP66). O

The following theorems explain the relation between the kernel and the other concepts.
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Theorem 1.26. For any game, K C Mﬁ“.
Proof. See [MMG65]. O

Theorem 1.27. The kernel always intersects the core of the game, if the core is not
empty.

Proof. See [MP66]. O

1.2.6 The Nucleolus

Last concept here presented is the nucleolus.

Definition 1.28. The vector x = (z1, ..., z,) is said to be lexicographically smaller than
the vector y = (y1,...,¥yy,) if there is some integer i € {1,...,n} such that

T =Y, for all je{l,...,n}:j <i,
T < Y.

Definition 1.29. For an n-player game (N, v), defining the excess vector at imputation
r=(Tp,...,%p,) as

e(x) = (U(Sl) - Z Tpir -+, V(Sm) — Z xm) 5

Pi€SL Pi€Sm
where S1,...,5,, C N are all coalitions except for the empty coalition and the grand coali-
tion, the nucleolus is the imputation ¢ = (gp,, . - ., 0p,) for which £(p) is lexicographically

smaller or equal than e(x) for any imputation x (lexicographical minimum).

In the case of v representing a cost, not representing a payoff, the nucleolus realizes
the lexicographical maximum, not the lexicographical minimum.

Theorem 1.30. For any game (N,v), the nucleolus o exists uniquely and (o, {N}) € K.
Moreover, for any game with a nonempty core, the nucleolus belongs to the core.

Proof. See [Sc69]. O

The computation of the nucleolus can be formulated as a sequence of optimization
problems introduced in [Fr97]. For an n-player game (N,v), using the same notation
as in [GJ15], the nucleolus ¢ = (gp,, ..., 0p,) is determined by g,, = :17’;;, where

{ex, x];i: pi€ N} = argmin &,
e€R, zp, ER: p;EN

st ety m,>u(S) VSCNS#£e,5¢ ) P

pi€S j€{0,...,.k—1}
g+ Y mp, =0(8)  VSEF;,je{0,... k—1},

pi€S

Z Tp, = v(N),

pi€EN
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o =0, Fy = @, F}, is the set of all coalitions S C N, for which

ent Y ap = (),
Pi€ES

k

/ k:/ o . .
oo+ -5 Ty, ) realizing the min-

and k' is the lowest positive integer for which the vector (x
imum is unique.

In the case of a characteristic function not representing a payoff, but a cost, the min-
imization should be replaced by a maximization and the inequality sign in the first con-
straint reversed.

Example 1.31. For the prison break game from Example 1.8, the nucleolus is a vector
0 = (35,40,40),

which equals to the Shapley value for this game.
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2 Description of Waste
Management Game

As mentioned in the introduction, the waste management deals with situations where
waste producers and waste processors are involved. The producers need to dispose of all
the waste and the processors want to fill their capacity. For the efficiency of this process,
the right decisions need to be made. This decision-making situation is further denoted as
the waste management game with waste processors and waste producers as its players.

2.1 Decision-Making in Waste Management

Waste processors’ only way of controlling their income is via gate fee, the charge for waste
processing. The lower the gate fee is, the more capacity is used, but rationally, keeping
the gate fee as low as possible is not the best choice when aiming for the highest income.

Waste producers, on the other hand, react to the gate fee settings and, as illustrated
in Fig. 2.1, decide, with attention to the distance, the gate fee offered and the avail-

able capacity, which processor to choose. They may also divide the waste among more
Processors.

\ / 7

\ s

O O™,
O O Q:Z:\\_

Fig. 2.1: Waste producers are choosing among waste processors,
which can include incinerators or landfills, in order to minimize
their total costs

The benefit of game-theoretic approach might seem questionable, two examples show-
ing the need for game theory are therefore presented.
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Example 2.1. Let Fig. 2.2 illustrate a situation where the Processor 1 is setting a gate
fee. The capacity of each incinerator in this situation is sufficient for both waste producers.

8

Processor 1

O Producer 2

Producer 1 () \ \ 8
Processor 2 é}

Fig. 2.2: A situation illustrating the need for game theory from
the waste processors’ point of view

Supposing the transportation costs equal for both choices of processors, it is obvious
that for every value of gate fee that Processor 1 sets, a reaction of a slightly smaller value
by Processor 2 will follow. Despite that this example is too trivial to show some important
results, the need for game theory from the waste processors’ point of view is obvious.

Example 2.2. For the waste producers’ point of view, the example situation differs a lit-
tle bit. The gate fees are now set equally. The costs for the transportation as well as
the capacities and productions are provided in the situation overview in Fig. 2.3.

Processor 1
capacity: 100 kt

\ 20 EUR/t
80 EUR/t
Producer 2
production: 100 kt

Producer 1 O 10 EUR/t 8

production: 100 kt \
15 EUR/t

Processor 2
capacity: 100 kt

Fig. 2.3: A situation illustrating the need for game theory from
the waste producers’ point of view

It is easy to see that, if Producer 1 could manage to be the first one making decision,
he would send all the produced waste to Processor 2 with a transportation cost

c12 = 100,000 - 15 = 1,500,000 EUR.
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The cost for Producer 2, forced to use Processor 1, then would be
c21 = 100,000 - 20 = 2,000,000 EUR.

On the other hand, if Producer 2 was the first one, he would choose Processor 2 with
a transportation cost
22 = 100,000 - 10 = 1,000,000 EUR.

For Producer 1, the cost then would be
c1,1 = 100,000 - 80 = 8,000,000 EUR.

With no information on the order of decisions, the optimal strategy for both of them
seems to be a cooperation which allows them to minimize the total cost and redistribute
it. That way, they are able to reduce the total transportation cost down to

min{cm + C22,C12 + 0271} = 3,500,000 EUR.

For example, a distribution of 2,000,000 EUR to be paid by Producer 1 and 1,500,000 EUR
to be paid by Producer 2 seems beneficial for both of them.

2.2 Goals and Strategies

Here, with reference to Example 2.1 and Example 2.2, goals of the waste management
game participants and strategies to achieve them are summarized.

The objective of waste processors is to maximize their income by achieving the opti-
mal combination of the amount of the processed waste and the charge for this processing.
Assuming the waste processors already standing, and hence with no way to change the ca-
pacity, their only tool is the gate fee setting. For any setting, however, a reaction of other
processors is expected. Therefore, the gate fee setting should not guarantee only high
income, but also a stability.

Waste producers, on the other hand, aim to minimize their outcome. Their total
cost consists of the payment of a gate fee to the chosen waste processor and of the cost
for transportation of their waste to this processor. Their goal is to choose a processor
with an optimal combination of the gate fee value and the transportation cost. Neverthe-
less, when the choice of more producers is the same processor with insufficient capacity,
a cooperation might be useful, as seen in Example 2.2. In this simple example, the co-
operation is natural. For a large-scale problem, the cooperation might become beneficial
when the capacities of local waste processors are insufficient and the producers are forced
to send their waste to more distant ones. Therefore, optimal strategies on the coalition
formation require an attention too.

2.3 Separation of Conflicts

It sounds natural that firstly the waste processors make their decisions and set the gate
fees and, once this is done, the waste producers come to choose their strategy. This allows
the situation to be divided into two problems studied independently. The results of the
conflict of processors, of course, need to be included as input data for the conflict of
producers.
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There exist, however, reasons why this separation could be questioned. For example,
some of the producers might be decided to form a coalition already before the gate fees
are set. The processors should take into account this intention too. Moreover, the income
of processors depends not only on the gate fees all processors set, but might also depend
on the coalition structure. For different coalitions, different processor might be chosen by
a producer. Therefore, even if the producers decide once the gate fees are already set,
the formed coalition structure might lead to an unstable combination of gate fees.

Even despite all that, the waste management game is further divided into two inde-
pendent problems.
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3 Conflict of Waste Processors

Firstly, for the conflicts of waste processors, a simple example showing a possible approach
to deal with them is provided.

Example 3.1. In the situation llustrated in Fig. 3.1, Processor 1 and Processor 2 are
making decisions on a gate fee. Options of both of them are 50 EUR/t, 60 EUR/t and
70 EUR/t. The gate fee of Processor 3 is 80 EUR/t.

Processor 1 é}
capacity: 300 kt 8
20 EUR/t
20 EUR/t 5 EUR/t Processor 2
Producer 1 Q 20 EUR/t capacity: 200 kt

production: 170 kt

el
15 EUR/t O 5 EUR/t
Producer 2 Q 10 EUR/t
production: 130 kt Producer 3
production: 110 kt
5 EUR/t

20 EUR/t
Processor 3
capacity: 500 kt

Fig. 3.1: An overview of the situation from Example 3.1

As there are only two processors making decisions, it can be approached as a game of
two players, Processor 1 and Processor 2.

The payoff function is computed for each strategy combination by assuming the grand
coalition formation and its choice of the optimal strategy. In other words, the grand
coalition makes a decision minimizing the total cost. If there are more optimal solutions,
then, for each processor, the worst solution is selected.

As already discussed in the section 2.3, the payoff can differ for another coalition
structures and orders of choices. Nevertheless, by neglecting this property, the grand
coalition provides the computationally easiest approach.

Denoting Processor 1 and Processor 2 by p; and ps respectively, the values of the payoff
function in EUR are

7, (50 EUR/t, 50 EUR/t) = 10,500,000, ,,(50 EUR/t, 50 EUR/t) = 5,500,000,
,, (50 EUR/t, 60 EUR/t) = 15,000,000, ,,(50 EUR/t,60 EUR/t) = 6,600,000,
,,(50 EUR/t, 70 EUR/t) = 15,000,000, ,,(50 EUR/t, 70 EUR/t) = 7,700,000,
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,,(60 EUR/t, 50 EUR/t) = 12,600,000, ,,(60 EUR/t,50 EUR/t) = 10,000,000,
7,, (60 EUR/t,60 EUR/t) = 12,600,000, ,,(60 EUR/t,60 EUR/t) = 6,600,000,
m,,(60 EUR/t, 70 EUR/t) = 18,000,000, ,,(60 EUR/t, 70 EUR/t) = 7,700,000,
,,(70 EUR/t, 50 EUR/t) = 11,900,000, ,,(70 EUR/t,50 EUR/t) = 10,000,000,
,, (70 EUR/t,60 EUR/t) = 11,900,000, ,(70 EUR/t,60 EUR/t) = 12,000,000,
7,,(70 EUR/t, 70 EUR/t) = 11,900,000, ,,(70 EUR/t, 70 EUR/t) = 7,700,000.

Table 3.1 shows a table representation where the values in each cell represent the values
of m,, and m,, respectively.

Table 3.1: A table representation of the game in Example 3.1
(the payoff values in millions of EUR)

Processor 2

50 EUR/t 60 EUR/t 70 EUR/t

50 EUR/t |  10.5,5.5 15,6.6 15,7.7

Processor 1 60 EUR/% 12.6,10 12.6,6.6 18,7.7
70 EUR/t 11.9,10 11.9,12 11.9,7.7

It is not difficult to find the Nash equilibrium of this game, which is the strategy
combination (60 EUR/t,50 EUR/t). Hence, by the choice of 60 EUR/t by Processor 1
and 50 EUR/t by Processor 2, the stability is guaranteed, as none of them has a reason
to change the decision.

In the previous example, there are obviously two questionable steps. First one is
the problem description itself, where only three choices for each processor are assumed.
The second one is the grand coalition formation for every strategy combination. A dis-
cussion on these topics follows a little further in the section 3.2.

Firstly, a mathematical model is presented. This model approaches the conflict in
the same way as it is approached in Example 3.1.

3.1 Mathematical Model

In the waste management game of n, processors and n, producers, the set of all processors
is denoted by P = {pi,...,pn,} with the set of indices J = {1,...,n,}. Their capacities

are wy, ..., wy and the sets of strategies cy ..., C)7 respectively. The set of all producers
is denoted by R = {rq,...,r,,} with the set of indices I = {1,...,n,}. Their waste pro-
ductions are wf, ..., w? respectively. Transportation costs are represented by the matrix

[cf j}, where ¢/ ; 1s the cost of waste transportation from producer r; to processor p;.

3.1.1 Payoff Function

For each processor p, € P, the payoff function m, for every strategy combination

9 g 9w ... 9 i i
(c¢f, .. ef) € CY x -+ x CF is determined by formula
g g\ _ '
P (e ,cnp) = E A Tik,
iel
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where 7, € {%;;: i € I,j € J}, which is a set obtained as a solution of optimization
problem

{Zij:iel,jeJ} = argmin Z (¢l +cf +m)aip + Z (¢/j+¢))aiy |,
:Biy]':’LEI,]GJ iel ]GJ\{k‘}
s. t. in’j < 'll)j VJ S J,
iel
me:wf \V/iEI,
JjeJ
xi,j>0 V?:GI,jEJ,

where m is a very small positive number just to guarantee the worst optimal solution.

3.1.2 Stable Strategies

Once the payoff function is computed for all players and all combinations of strategies,
the pure strategy Nash equilibria can be determined easily with Algorithm 3.1.

Algorithm 3.1: Nash equilibria determination
for all (¢/,...,¢7) € Cf x--- x CJ do
1

for all j € J do
if m, (¢f,...,¢0) >my(¢f,....¢01, ¢/, ¢y ..., ¢]) for all j € J then
(¢f,...,¢7 ) is the Nash equilibrium
end if
end for
end for

It is important to remember that neither the existence nor the uniqueness of the Nash
equilibrium is guaranteed. However, if there are any, they represent a stable combinations
of strategies, where no processor has an intention to change the gate fee. Therefore, Nash
equilibrium strategies seem to serve as predictions of probable future situations.

One more thing worth mentioning is that the model is not limited only for processors
with more than one strategy. There was no such requirement on sets ng . The same model
can be therefore used for situations of this nature, situations where some processors are
comfortable with their income and the current gate fee setting. One such situation is
studied in the chapter 5 for the Czech Republic.

3.2 Strategy Set and Coalition Structure

To compute the Nash equilibria of a game, almost all strategies of all players are necessary.
Therefore, it seems strange to assume, for example, the strategy sets containing only three
strategies like in Example 3.1, even to assume them being finite. However, there is a reason
for that. The reason is a computation time.

The computation time grows significantly with the number of processors. This is
illustrated in Fig. 3.3 for the conflict of processors with three strategies and in Fig. 3.4
for the conflict of processors with five strategies.
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Fig. 3.3: Computation time of the Nash equilibrium determination
for processors with three strategies implemented in MATLAB
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Fig. 3.4: Computation time of the Nash equilibrium determination
for processors with five strategies implemented in MATLAB

In the situation in the Czech Republic studied in the chapter 5, 11 decision-making
processors occur. The need for smaller strategy sets is therefore obvious.

Next question is the coalition structure and the assumption of grand coalition to be
formed. Supposing only one producer to be present, there is, obviously, only one coalition
structure. For two producers, if the order of coalitions matters, there are three of them.
For more producers, the number is illustrated in Fig. 3.5.

Because in the situation in the Czech Republic 206 producers occur, and with attention
to previous observations of the computation time, it is natural to continue in the same
way of assuming only the grand coalition to form. For the solution, it could be eventually
checked later, if the stability of the solution holds also for other coalition structures.

3.2.1 Bounds

The strategy sets must not be large. Therefore, they should be at least well specified.
For this purpose, the bounds might be determined by following algorithms. The lower
bound, in this sense, represents a strategy that dominates all strategies of a lower gate
fee. Similarly, the upper bound dominates all strategies of a higher gate fee. The strategy
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Coalition structures
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Fig. 3.5: Number of possible coalition structures in which order
of coalitions matters

sets might then contain only the bounds and strategies of a gate fee between them. This
follows from Theorem 1.6.

The main idea for the lower bound comes from the fact that, even for the gate fees
of other processors being zero, due to transportation costs, some producers might choose
a processor with a nonzero gate fee. In other words, for the gate fees of other processors
being zero, the maximum value of a gate fee, for which the capacity utilization stays
the same as for the gate fee equal to zero, can be computed. This value multiplied
by the utilized capacity gives the income which can be obtained by any circumstances.
Therefore, a choice of a gate fee which, even for the utilization of full capacity, doesn’t
guarantee this income makes no sense.

Mathematically, the lower bound of processor p, can be computed by formula

0 it ) al,=0

(

gl __ iel
Cip = 3
k / )
lei,kz
i€ .
- otherwise
L Wy,
where
z =max
e Y,
/ 1
S. t E ka = E l’i’k,
i€l iel

{zijieljety= agmin 3 | (cfy+m)aint Y cljwig |,

i aeljed oy jEIN{kY}
s. t. Zx” < wj Vj e J,
i€l
in,j:ng ViEI,
jeJ
xm-ZO ViEI,jEJ
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and

{zf;:iel,jeJ} = argmin Z (cik+y+m) Tig + Z ¢ ixij | s
Iiyj:’iel,jEJ il

je\{k}
s. t. ZZL’Z’J‘ S ch VJ € J,
il
in,j:wf \V/’iE[,
j€J
r; >0  Vieljel

With occurrence of processors with only one strategy, the computation changes a little,
as their gate fee is not equal to zero, but to this strategy value.

For the upper bound computation, there is a requirement on the total capacity of pro-
cessors with only one strategy to be sufficient for all producers. Otherwise, there would
be no upper bound. The idea is that for each processor, even for the gate fees of other
processors being too high, there is a gate fee value beyond which all production is obtained
by the processors with only one strategy.

Denoting the set of processors with only one strategy by Fy, C P and the set of their
indices by Jy C J, the upper bound of processor p; with more than one strategy can be
achieved by formula

" =miny
k yeR ’

s. t. Zx;k =0,

il

where

{i;:iel,je JyU{k}} = argmin Z((cﬁk+y+m)xi,k+z(cf,j+cj*q)13i,j),

x5 1€l jeJoU{k}

iel j€do
s. t. in’j < w]C VJ S J() U {k},
iel
Z L5 = U)f Vi € I,
jeJoU{k}

zi; >0 Viel,je JyU{k}.

Example 3.2. Applied to Example 3.1, these algorithms produce lower bounds of ap-
proximately 8.5 EUR/t and 8.2 EUR/t and upper bounds of 90 EUR/t and 85 EUR/t
for Processor 1 and Processor 2 respectively.
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4 Conflict of Waste Producers

The conflict of waste producers is modeled as a cooperative game in which the bene-
fit of cooperation among its players, the waste producers, is investigated. According
to [GR16], the Shapley value and the nucleolus are commonly used in collaborative trans-
portation. In many applications, however, they are computed only for games with few
players. In the waste management, mostly, many producers are involved, as seen, for
example, in the chapter 5. Such big coalitions might not be always easy, or even possible,
to maintain, but the Shapley value and the nucleolus can always serve as benchmarks for
other solutions, showing the potential in cooperation.

4.1 Mathematical Model

For this model, all the notation stays the same as for the model in the chapter 3, as a re-
minder, see appendix A.

4.1.1 Characteristic Function

For the empty coalition, the characteristic function is set equal to zero by definition.
For all other coalitions of waste producers S C R with related sets of indices Ig C I,
the characteristic function is computed as optimization problem

v(S)=  min Z Z (¢/;+cd)ay,

xq;:1€lg,5€J

i€lg jeJ
s. t. Zm,] < wj — Z x;] Vj e J,
i€lg 1€l\Ig
in’j = wf Vi € Ig,
JjeJ
ZL’Z'J‘EO Vielg,jGJ,

where

{e;;: 1€\ Is,j € J} = argmin Z Z (Cit,j + CJ%J) i,

Ti 5t ’iEI\Is,jEJ

iel\Is jEJ
s. t. Z Ti,j < w]c VJ S J,
iEI\IS
Y wg=uwl  Viel\ls,
j€J

ZEZ‘JZO VZEI\]S,]EJ
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This computation of the characteristic function ensures that the game has a really
useful property.

Theorem 4.1. A core of this game is nonempty.

Proof. For any R-balanced collection C = {Si,...,S,, } with balancing vector y =
Y1y s Yn,,) and M = {1,... n,}, let

m ZZ’Z'J' for 1€ Ism,j eJ
Ty for iel\lg,,jeJ’

where 7; ; and 7; ; are values of z; ; and z;; determining v(S,,). Obviously,

= > D> (chi+e)a

i€ls,, jeJ
Denoting
N m
Lij = Z Ymi s
meM: p;ESm

clearly, for all 5 € J,

2= D wmal =) e ) A< )y | wf— D i) =

iel i€l meM:p;,ESm meM i€ls,, meM iel\Ig,,
C m C m
=2 U= D ym D w = =) Y ymaly =
meM meM iel\Ig,, i€l meM: p;¢Sm,
— c mo__ c *
= Ny W§ — (N — 1) E E YmTi5 = NppW§j — (N — 1) E Ty
1€l meM:p;ESm, i€l
and thus
* C
Z x; ; < wj.
iel

Then, for all 7 € I,

DoTi=d DL wmal= Y wmd ali= > ymul =ul

jeJ j€J meM: p;ESm meM: p; ESm, jeJ meM: p; ESm

and, foralli € I,5 € J,
wj= DL ymely 20
meM: p;ESm,
It means that, for {x},: i € I,j € J}, all constraints of optimization problem deter-
mining v(R) are satisfied. Hence,

<ZZ ”—i—c ZZ —I-ng) Z YmTis =

el jeJ el jeJ mEM: p; ESm
=2 um 2D (e el aly= 3 ymv(Sm
meM i€lg,, j€J meM
Thus, by Theorem 1.14, the core is nonempty. O

As the core is nonempty, then, by Theorem 1.30, the nucleolus belongs to the core.
The author did not find it easy to prove or disprove that

v(S)+o(T)>v(SUT)+v(SNT) for all S, T CR.

Therefore, the question, if also the Shapley value belongs to the core, remains unanswered.
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4.1.2 Cost Allocation

Next step of the model is the cost allocation. The Shapley value ¢ = (¢r,,..., ¢, ) is
determined by formula

o= 3 WIZDMRIZISDY ) s\ i)

|
SCR:r;€S |R‘
and the nucleolus o = (¢,,,..., 0, ) by 0r, = :cff/, where
{er, 2k : r; € R} = argmax ¢,

e€R,z,, €RiTER

st e+ Yz, <o) VSCRS#2,5¢ |J F,

T‘iES ]E{O 7777 k_l}
g+ x,=v(S) VSeF,jefo,. . k-1}

r;€S

Z zr, = v(R),

r,€ER

g0 =0, Fy = @, F}, is the set of all coalitions S C R, for which

and k' is the lowest positive integer for which the vector (z¥, ..., z* ) realizing the mini-

mum is unique.
Finally, the potential in cooperation is for each producer r; analyzed by comparison

of values ¢,, and g,, with v(r;).

4.1.3 Computation Time

The computation time of this model is growing significantly with more producers involved.
To determine the Shapley value or the nucleolus, values of the characteristic function for
all coalitions S C R are needed. For an n,-player game, it means the characteristic
function values for 2" coalitions. This is illustrated in Fig. 4.1.

3 1,000,000 1 .
= 800,000 |

600,000 | .

° 400,000 |

< 200,000 | .

= 0»—0—0—0—0—0—0—0—0—0—0—0—0—0—0#—0—>
= 0 2 4 6 8 10 12 14 16 18 20

Number of players

Fig. 4.1: Number of formable coalitions

The combination of this and the characteristic function values being determined as
solutions of minimization problems makes the computation time very long. Fig. 4.2
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and Fig. 4.3 illustrate the impact of the number of players on the computation time
of the Shapley value and the nucleolus determination respectively, both implemented
in MATLAB.
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Fig. 4.2: Computation time of the Shapley value determination
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Fig. 4.3: Computation time of the nucleolus determination

The waste management game in the chapter 5 is a game of 206 players, the character-
istic function values for approximately 1.03-10%? coalitions would be therefore needed and,
according to Fig. 4.2, the Shapley value computation would take approximately 3.95 - 10°2
years. Being able to omit some coalitions would therefore be helpful.

4.2 Cost Allocation Approximations

Algorithms for a Shapley value approximation and a nucleolus approximation were devel-
oped. These algorithms can be used for any cooperative game where, for any two players,
the efficiency of a cooperation between them can be predicted. This can be obviously said
about games in which players are placed in a space and their cooperation is as effective
as they are close to each other.
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For the waste management game, the cooperation might become beneficial when
the capacities of local waste incinerators are insufficient and the municipalities are forced
to send their waste to distant ones. It is natural to assume that too distant players are
unlikely to influence each other, hence any coalition of them seems worthless.

4.2.1 Shapley Value Approximation

This algorithm serves to compute the Shapley value approximation ¢ = (¢, ..., ,,) for
an n-player game (N, v), where N = {p1,...,p,}. For this purpose, two inputs are needed.
First of them is a critical distance, beyond which a cooperation between two players is
expected to have no impact, and the other one is a maximum number of cooperating
players, which is natural for the already mentioned reason that big coalitions are not
always easy, or even possible, to maintain.

The characteristic function v must be in a form where v({p;}) = 0 for all p;, € N.
This prerequisite condition is not restrictive, because any characteristic function v can be
easily reformulated to this form by formula

v(S) = 3(S) = Y 5({p}),

p;ES

the computed approximation ¢ = (¢,,,...,,,) is then only modified by formula

Upe = Yp + 0({pi})

and ¢ = (zﬁpl, o ,@pn) is then the approximation for this game.

Step 1. Given a distance matrix D = [d, j|, where d; ; represents the distance between
players p; and p;, and a critical distance d.., beyond which the cooperation is considered
worthless, a matrix A = [a; ;] is created by formula

- 1 if dij < derir
1 0 otherwise '
Step 2. Using the matrix A and given a maximum number of cooperating players ¢4z,
a set of coalitions C' is created. For this purpose, two approaches are used. A question
rises, if a coalition {p;,pj, pr} should be included in this set when a;; = 1, aj, = 1,

but a;; = 0. For a positive answer, Algorithm 4.1 is used. And for a negative one,
Algorithm 4.2 is used.

Step 3. The value ¢ = (¢, , ..., ) is computed by formula

p1?

v= 3 BT ) - visvinh).

where

v'(S\{pl}) — { U(S\{pz}) if S\{pl} eC

Umin(S\{pi}) otherwise ’
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Algorithm 4.1: Determination of the set of coalitions C' (including {p;, pj, px} for
ai; =1, a;, =1, a;; =0)
if ¢, > 1 then
for j =1 to ¢y, do
set C; =&
end for
for : = 1 to number of players do
add {p;} to C}
end for
for j =2 to ¢, do
for all S € C;_; do
for + = 1 to number of players do
if p,gSand > a;; > 1then

k:pr€S
add SU{p;} to C;
end if
end for
end for
end forc
set C' = UT C;
j=1

end if
add @ and N to C

where v,,;,,(S\{pi}) is a solution of the following optimization problem. This approach
is similar to the one used for a Shapley value refinement presented in [My77]. Denoting
C={T,...,Tic;} and J = {1,...,|C|}, the integer programming problem is in form

Vmin(S\{pi}) ngljigjz;v(Tj)% (4.1)
5. t. j% U 7=5\{n} (4.2)

JEJF]jﬂTj =4, (4.3)

]GJ:IFIa:j €{0,1} VjeJ (4.4)

In the case of a characteristic function not representing the cost, but the payoff,
the minimization should be replaced by a maximization.

Optimization problems of this type are commonly recognized as the assignment prob-
lems.

Step 4. The final step’s only purpose is to preserve an assumption that the profit is
completely divided among the players. Therefore, the final form of the Shapley value
approximation here presented is a vector ¢ = (¢, ..., ,,), where

v(N) = 2 4y,

piEN

wpi = %Z + (4-5)
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Algorithm 4.2: Determination of the set of coalitions C' (not including {p;, p;, px}
for a;; =1, aj, =1, a;, = 0)
if ¢, > 1 then
for j =1 to ¢y, do
set C; =&
end for
for : = 1 to number of players do
add {p;} to C}
end for
for j =2 to ¢, do
for all S € C;_; do
for 1 = 1 to number of players do
if p,gSand [] @i =1 then

k:pr€S
add SU{p;} to C;
end if
end for
end for
end forC
set C' = UT C;
j=1

end if
add @ and N to C

4.2.2 Nucleolus Approximation

This algorithm serves to compute the nucleolus approximation v = (v,,,...,7,) for
an n-player game (N,v), where N = {py,...,pn}. The same two inputs are needed as for
the case of the Shapley value approximation, the critical distance d. and the maximum
number of cooperating players ¢,,q,. Also the first steps of the algorithm are the same.

Step 1. The matrix A is created using the distance matrix D and the critical dis-
tance d..; through the same approach as in the Shapley value approximation.

Step 2. The set of coalitions C' is determined using the matrix A and the maximum
number of cooperating players ¢, in the same way as for the Shapley value approxima-
tion.

Step 3. The value v = (V,,,...,7p,) is computed by formula v,, = x’;;, where

{ex, x’;: pi€ N} = argmin ¢,
c€ER, zp, ER: p;EN

st e+ Y wm,=u(S)  VSeC S#NS¢ | F,

DiES 7€{0,....k—1}
g+ > mp, =0v(8)  VSEF;,je{0,... k—1},

Di€ES

>, =v(N),

pi€R
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g0 =0, Fy = @, F}, is the set of all coalitions S € C, for which

vt Y ap =w(S),
Pi€ES

k

/ k:/ o . .
oys - -5 Ty, ) realizing the min-

and k' is the lowest positive integer for which the vector (x
imum is unique.

In the case of a characteristic function not representing a payoff, but a cost, the min-
imization should be replaced by a maximization and the inequality sign in the first con-

straint reversed.

4.2.3 Computation Time

Steps 1 and 2 of the presented algorithms were implemented in MS Excel and serve
as input data for the next steps implemented in MATLAB. The algorithms were run
for the waste management game in the chapter 5 with 206 producers. For the Shapley
value approximation, computation times for multiple choices of d..; and ¢,,q, are shown
in Table 4.1 for the choice of Algorithm 4.1 in step 2 and in Table 4.2 for the choice of
Algorithm 4.2. For the nucleolus approximation, Table 4.3 shows the times for the choice
of Algorithm 4.1 and Table 4.4 the times for the choice of Algorithm 4.2.

For the difference in results for the waste management game in the Czech Republic
from the chapter 5 for some of the combinations, see Table 4.5 and Table 4.6.

Table 4.1: Computation times of the Shapley value approxi-
mation with the choice of Algorithm 4.1 (Combinations marked
with =" were unable to be computed due to insufficient memory
of the MS Excel implementation.)

Cmaz
5 6 7
0 1min 15s 1min 12s 1min 15s
10 1min 17s 1min 18s 1min 18s
dos 20 3min 52s 4min 13s 4min 355
30 38 min 3s 1h 30min 39s 4h 23min 9s
40 5h 3min 7s 16h 10min 32s  59h 5min 13s
50 | 24h 4min 47s - —

These algorithms for the cost allocation approximations make it possible to obtain
a solution within a reasonable time. The accuracy of such solution depends mainly on
the game itself. However, for games in which the threshold of beneficial coalitions cannot
be determined, these approximations are useless.

Table 4.5 and Table 4.6 show that, for the waste management game, it is not easy to
choose the appropriate algorithm and set the exact threshold value, but the algorithms
can be repeated until the result seems sufficient.
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Table 4.2: Computation times of the Shapley value approximation
with the choice of Algorithm 4.2

Cmax
5 10 15

0 1min 9s 1min 7s 1min 9s

10 1min 11s 1min 11s 1min 11s

20 1 min 56 s 1min 57s 1 min 56 s
dos 30 4min 23 4min 22s 4min 23

40 11 min 47s 11min 55s 11 min 48s

50 38min 17s 45min 47s 45min 11s

60 | 2h 2min 15s 3h 33min 165 3h 33min 32s

70 | 5h54min 33s  19h 20min 55s  19h 42min 2s

Table 4.3: Computation times of the nucleolus approximation with

Y

the choice of Algorithm 4.1 (Combinations marked with '~ were
unable to be computed due to insufficient memory of the MS Excel
implementation.)

Cmaz
) 6 7
0 1min 11s 1min 128 1min 13s
10 1min 17s 1min 18s 1min 18s
d. . 20 5min 50s 6 min 33 6 min 47s
30 39min 9s 1h 29min 50s 4h 17min 31s
40 | 4h 51min 27s  20h 35min 25s 75h 12min 21s
50 | 30h 37 min 48s - -

Table 4.4: Computation times of the nucleolus approximation with
the choice of Algorithm 4.2

Cmaz
) 10 15

0 1min 17s 1min 17s 1min 16s

10 1min 21s 1min 21s 1min 21s

20 2min 36s 2min 35s 2min 35s
dos 30 8min 39s 8min 47s 8 min 46s

40 23 min 4s 23 min 33s 23 min 25s

50 | 1h 2min 37s 1h 54 min 125 1h 51 min 13s

60 | 2h 48min 2s 5h 42min 19s 5h 44 min 35s

70 | 8h 24min 13s 30h 57min 1s  31h 31 min 43s
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Table 4.5: A change in the value of the Shapley value approxi-
mation assigned to ten randomly chosen players by using different
algorithms and values of ¢, and d..; in the waste management

game in the Czech Republic from the chapter 5

Algorithm 4.1 4.1 4.2 4.2 4.2

Crmaz 7 7 15 15 )

d crit 20 30 30 20 70
Player 1 | 44,805,956 44,805,148 44,808,089 44,806,595 44,805,894
Player 2 283,942 284,043 283,849 283,897 283,885
Player 3 3,392,957 3,393,000 3,392,864 3,392,912 3,392,943
Player 4 772,790 772,832 772,697 772,745 772,739
Player 5 489,159 489,202 489,066 489,114 489,140
Player 6 1,056,604 1,056,647 1,056,511 1,056,559 1,056,562
Player 7 252,663 252,705 252,570 252,618 252,600
Player 8 309,643 309,743 309,550 309,598 309,650
Player 9 938,258 938,304 938,165 938,213 938,218
Player 10 602,744 602,845 602,651 602,699 602,706

Table 4.6: A change in the value of the nucleolus approximation
assigned to ten randomly chosen players by using different algo-
rithms and values of ¢,,4; and d..; in the waste management game
in the Czech Republic from the chapter 5

Algorithm 4.1 4.1 4.2 4.2 4.2

Conas 7 7 15 15 5

dorit 20 30 30 50 70
Player 1 | 44,732,604 44,708,575 44,732,565 44,701,184 44,599,321
Player 2 293,337 305,653 293,182 297,261 302,242
Player 3 | 3,402,352 3,414,668 3,402,197 3,406,276 3,411,257
Player 4 782,185 794,500 782,029 786,108 791,090
Player 5 498,554 510,870 498,399 502,478 507,459
Player 6 | 1,065,999 1,078,315 1,065,844 1,069,923 1,074,904
Player 7 262,058 274,373 261,902 265,981 270,963
Player 8 319,038 331,354 318,882 322,962 327,943
Player 9 947,653 959,968 947,497 951,576 956,558
Player 10 612,139 624,455 611,984 616,063 621,044




5 Waste Management Game
in Czech Republic

As already mentioned in Introduction, starting from 2024, landfilling is most likely going
to be banned in the Czech Republic. Insufficient capacity of the already standing incin-
erators causes that changes are expected in following years as new incinerators need to
be built.

At the Institute of Process Engineering of Brno University of Technology, several math-
ematical models were developed on this topic. Among others, in [SP14], the NERUDA
tool was presented. This tool, using optimization techniques, determines optimal number
of waste incinerators and their locations and capacities. Based on some scenarios of waste
production in the Czech Republic in following years, this tool predicts waste incinera-
tors, besides those already standing or being built in Praha, Brno, Liberec, and Plzen,
located in Ceské Budéjovice, Hradec Kralové, Meélnik, Most, Ust{ nad Labem, Jihlava,
and Otrokovice.

Besides those in the Czech Republic, waste incineration plants in other countries,
which are close enough, are involved in this problem too. This holds for Austrian and
German incinerators in Linz, Wels, Zwentendorf an der Donau, Zistersdorf, Wien, Schwan-
dorf, Niirnberg, Bamberg, Coburg, Zorbau, Leuna, Lauta, Grofirdschen, Ingolstadt, and
Burgkirchen.

In the Czech Republic, basically, there are three possible territorial divisions, into
14 districts, into 206 administrative units called obec s rozsirenou pusobnosti (ORP) or into
6,245 municipalities. Another division might be considered, but it could be complicated
to get all the data. With respect to the numbers, for the waste management game, ORP
seems to be the best choice.

The division of waste producers and waste processors within the Czech Republic is
illustrated in Fig. 5.1.

The presented models and algorithms might be applied to any situation and any set
of data. Even the set of processors is only a prediction. The input data of capacities
and productions used in this thesis are in appendix B. The data on transportation are
not included because of their size. The strategies of processors in other countries are
considered being only one gate fee option of 70 EUR/t.

Stable, and therefore expected, strategies of processors require an analysis as well as
the cooperation of producers. The analysis is divided into two sections in the same way
like the chapters 3 and 4.

5.1 Conflict of Waste Processors

Firstly, to specify the strategy sets of the waste processors in waste management game in
the Czech Republic, the bounds were computed. Due to insufficient capacity of processors
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Fig. 5.1: Map of the producers (black dots) and processors (red
squares) for the waste management game in the Czech Republic
(source of spatial data: Arc CR 500 v.3.2)

in other countries, however, the upper bounds could not be determined. Therefore, to
compute the upper bounds, the capacity of these processors is considered double. All

the computed bounds are shown in Table 5.1.

Table 5.1: Determined bounds on strategy sets for original and

double capacities of processors in other countries

Original capacities

Lower bound  Upper bound

Double capacities

Lower bound  Upper bound

Praha

Ceské Budéjovice
Brno

Hradec Kraloveé
Liberec

Plzen

Melnik

Most

Ust{ nad Labem
Jihlava

Otrokovice

106 -
88 -
105 -
107 -
104 -
95 -
97 -
91 -
90 -
108 -
109 -

102 126
88 102
89 117
95 138
98 122
92 108
93 125
88 111
86 116
104 117
0 118

To determine the strategy sets, lower bounds for the original capacities and upper
bounds for the double capacities were used. For each processor, the third strategy was

chosen exactly in the middle of these values. Table 5.2 shows these strategy sets.

For these sets of strategies, one Nash equilibrium point was found. Strategies forming
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Table 5.2: Strategy sets with the Nash equilibrium marked in bold

First strategy Second strategy  Third strategy
Praha 106 116 126
Ceské Budéjovice 88 95 102
Brno 105 111 117
Hradec Kralové 107 122.5 138
Liberec 104 113 122
Plzen 95 101.5 108
Melnik 97 111 125
Most 91 101 111
Ust{ nad Labem 90 103 116
Jihlava 108 112.5 117
Otrokovice 109 113.5 118

the Nash equilibrium are in Table 5.2 marked in bold.

5.2 Conflict of Waste Producers

For the Nash equilibrium strategies of waste processors, the characteristic function val-
ues for all individual players were computed. These values represent the minimal cost
the producers are able to achieve on their own.

For comparison, also the approximations of the Shapley value and the nucleolus were
computed. The approximations were performed for input parameters ¢,,q, of 7 producers
in a coalition and d..; of 30 km. These values represent the minimal cost the producers
are most likely able to achieve by a cooperation with all producers.

The potential in cooperation can be measured as the relative difference of these values.
Sorted by this difference in percents for the nucleolus, the Table 5.3 shows five producers
with the highest potential and five producers with the lowest potential. For the complete
list of producers, see appendix C.

It seems that the potential is high for the producers with the lowest waste production.
Hence, the approximations are probably not enough accurate. Assuming an absolute
difference as a measure of the potential and sorting by this difference for the nucleolus,
Table 5.4 is obtained. Again, for the complete list of producers, see appendix C.

Among the producers with high potential, for the nucleolus approximation, the abso-
lute difference seems to be a better measure. For these producers, therefore, the cooper-
ation seems meaningful and the potential for cooperation should be determined locally,
but more accurately, by using different methods.
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Table 5.3: Comparison of the characteristic function values for in-
dividual players and the divisions assigned to them according to
the Shapley value approximation ¢ and the nucleolus approxima-
tion v (5 producers with the highest relative difference and 5 pro-
ducers with the lowest relative difference)

v(r;) U, Vry
Rymaiov 192,487 6,376 97% 27,089 85%
Nepomuk 274,712 88,551 68% 110,215 60 %
Blovice 315,234 129,091 59% 150,737 52%
Nové Paka 320,853 134,743 58% 156,356 51 %
Pacov 323,636 137,518 58% 159,139 51%
Hradec Kralové 5,603,671 5,506,497 3% 5,514,629 3%
Liberec 5245619 5,059,481 4% 5,081,121 3%
Plzeii 5,754,708 5,568,512 3% 5,590,211 3%
Brno 13,284,192 13,094,666 1% 12,956,382 2%
Praha 44,097,029 44,805,148 0% 44,708,575 1%

Table 5.4: Comparison of the characteristic function values for in-
dividual players and the differences between these and the divisions
assigned to them according to the Shapley value approximation ¢
and the nucleolus approximation 7 (5 producers with the highest
absolute difference and 5 producers with the lowest absolute differ-

ence)

v(rs) v(ri) — ¢, o(ri) — Y
Ostrava 12,190,256 191,957 1,134,853
Frydek-Mistek 4,951,886 188,949 560,958
Olomouc 6,878,331 188,948 552,549
Havifov 4,313,879 188,227 520,260
Prostéjov 4,075,878 188,432 479,842
Chomutov 2,134,450 186,306 164,497
Ceské Budéjovice 3,579,165 186,165 164,497
Liberec 5,245,619 186,138 164,497
Tébor 2,640,946 186,118 164,497
Karlovy Vary 2,498,259 186,107 164,497




Conclusion

A game-theoretic model representing the decision-making situation in the waste man-
agement was created. The model was further divided into two parts, a noncooperative
game representing the conflict of waste processors and a cooperative game representing
the conflict of waste producers.

For the conflict of waste processors, the Nash equilibria are used to find optimal
strategies on gate fee values. The Nash equilibria guarantee a stability, the state that is
likely to stay unchanged for some time. Thus, it serves as a good prediction for the future.

For the conflict of waste producers, the cooperation is assumed and a cost distribution
is studied. The model determines the distribution using the Shapley value and the nu-
cleolus. It means that the grand coalition formation is supposed. For many producers,
it might seem naive, but this distribution can always serve as a benchmark for other
solutions showing the potential in cooperation.

For the conflict of waste producers, the core is proved to be nonempty. Whereas
the nucleolus is guaranteed to belong to the core, the same question for the Shapley value
remains unanswered. This should be, however, answered in order to guarantee a stability
of such solution.

With the number of players, the computation time for models of both conflicts grows
significantly. Therefore, other algorithms needed to be developed.

The strategy sets of waste processors in the first conflict may not contain many strate-
gies. Therefore, an algorithm to determine a lower bound and an upper bound was created.
It specifies the strategy sets as they can contain only strategies between the bounds.

In the conflict of waste producers, the computations of the Shapley value and the nu-
cleolus are not possible for more producers. Therefore, algorithms for approximations were
developed. These algorithms are based on an assumption that distant producers can not
influence each other. For different threshold values, computation tests were performed.

In the fifth chapter, the model was applied to a situation in the Czech Republic, a con-
flict of 11 decision-making waste processors and 206 decision-making waste producers.

For the conflict of waste processors, one Nash equilibrium was found. For the Nash
equilibrium strategies, the conflict of waste producers was investigated and the approx-
imations were computed. The results of the approximations are not much convincing.
Nevertheless, at least some producers with high potential in cooperation were recognized.

The problem in the approximations was that the threshold values for the algorithms
were not set correctly. Making the approximations more accurate would, however, lead
to long computation times again.

To shorten the computation time, the algorithm could yet be extended by adding other
conditions on reasonable coalitions. For example, assuming producers with large waste
production being more likely worth cooperating with seems to be one of the possibilities
for this extension.

It could be also helpful to use a different programming language for the implementa-
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tion. Whereas IBM ILOG CPLEX is commonly considered as very fast, MATLAB does
not belong among the fastest languages. The speed of the implementation of first steps
in MS Excel might seem questionable too.
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A List of Frequently Used Symbols

N ={p1,....pu}
i

v

(N, v)

© = (p1s--+Ppa)
Y= (@ijn s 7¢pn)
0=(0pss---»0py)
Y= (Vo1 Vou)
derit

Cmaz

My

ny

P = {ph apnp}
PCP
J=A{1,...,n,}
JoCJ
R={ry,....r,}
I={1,...,n.}
w;

cy

¢

c;”l

e

wy

iy

m

set of players
payoff or cost function
characteristic function

cooperative game with set of players N and characteristic
function v

Shapley value

Shapley value approximation
nucleolus

nucleolus approximation

distance beyond which a cooperation between any two players
is considered worthless

maximum number of cooperating players

number of processors

number of producers

set of processors

set of processors with only one strategy

set of indices of processors

set of indices of processors with only one strategy
set of producers

set of indices of producers

capacity of processor p;

set of strategies of processor p;

strategy of processor p; (gate fee)

lower bound on strategies of processor p;

upper bound on strategies of processor p;
production of producer r;

cost of waste transportation from producer 7; to processor p;

very small positive number
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B Input Data for Waste
Management Game
in Czech Republic

The waste incinerator’s capacities data are shown in Table B.1. The ORP’s productions
data are shown in Table B.2 and Table B.3.

Table B.1: Yearly capacity of waste processors in kt

Praha 410,000 Zwentendorf an der Donau 262,500
Ceské Budéjovice 200,000 Zistersdorf 76,650
Brno 340,000 Wien 372,750
Hradec Kralové 300,000 Schwandorf 202,500
Liberec 96,000 Niirnberg 103,500
Plzen 95,000 Bamberg 54,900
Melnik 300,000 Coburg 58,500
Most 150,000 Zorbau 148,500
Usti nad Labem 200,000  Leuna 175,500
Jihlava 40,000 Lauta 99,000
Otrokovice 40,000 Grofirdaschen 90,000
Linz 124,950 Ingolstadt 108,000
Wels 157,500 Burgkirchen 103,500

25



Table B.2: Yearly production of waste producers in kt (part 1)

As 8,011 Hlinsko 5,866
Benesov 21,186 Hlucin 11,916
Beroun 17,639 Hodonin 18,888
Bilina 5,779 Holesov 7,433
Bilovec 6,052 Holice 4,097
Blansko 14,071 Horazdovice 4,318
Blatna 4,618 Horsovsky Tyn 4,435
Blovice 3,093 Hoftice 6,120
Bohumin 11,313 Horovice 11,285
Boskovice 14,344 Hradec Kralové 51,331
Brandys n. L.-S. Boleslav 41,797 Hranice 10,695
Brno 119,806 Humpolec 5,802
Broumov 4,473 Hustopece 10,202
Bruntal 9,453 Cheb 16,836
Breclav 19,561 Chomutov 22,103
Bucovice 4,147 Chotébor 5,712
Bystrice nad Pernstejnem 4,841 Chrudim 23,157
Bysttice pod Hostynem 4,843 Ivancice 8,108
Céslav 7,931 Jablonec nad Nisou 14,040
Cernogice 44,713 Jablunkov 5,641
Ceské Lipa 24,766 Jaromér 4,446
Ceské Tiebova 5,523 Jesenik 9,436
Ceské Budéjovice 40,329  Jicéin 15,211
Cesky Brod 10,011  Jihlava 25,640
Cesky Krumlov 10,268 Jilemnice 5,843
Cesky Tésin 8,867  Jindrichuv Hradec 12,617
Dacice 6,054 Kadan 14,204
Décin 22,885 Kaplice 5,237
Dobruska 7,216 Karlovy Vary 25,171
Dobiis 7,329 Karvina 21,874
Domazlice 9,675 Kladno 34,602
Dvur Kréalové nad Labem 6,201 Klatovy 15,641
Frenstat pod Radhostém 5,052 Kolin 34,061
Frydek-Mistek 32,099 Konice 2,756
Frydlant 8,079 Kopfivnice 16,721
Frydlant nad Ostravici 9,986 Kostelec nad Orlici 6,735
Havitov 27,737 Kralovice 8,606
Havlickuv Brod 17,531 Kralupy nad Vltavou 12,472




Table B.3: Yearly production of waste producers in kt (part 2)

Kraslice 3,399 Novy Bydzov 4,977
Kravare 5,193 Novy Ji¢in 12,323
Kréliky 2,795 Nymburk 16,659
Krnov 12,029 Nytany 13,789
Kromériz 18,157 Odry 5,131
Kuiim 6,250 Olomouc 50,919
Kutné Hora 20,311 Opava 34,858
Kyjov 16,045 Orlova 12,588
Lanskroun 5,124 Ostrava 82,708
Liberec 50,333 Ostrov 7,454
Lipnik nad Be¢vou 5,085 Otrokovice 10,346
Litométice 23,938 Pacov 3,138
Litomysl 6,426 Pardubice 35,345
Litovel 7,126 Pelhfimov 13,687
Litvinov 13,171 Pisek 11,683
Louny 13,842 Plzen 60,293
Lovosice 9,881 Podborany 6,069
Luhacovice 5,126 Podébrady 12,347
Lysa nad Labem 8,570 Pohorelice 4,057
Marianské Lazné 9,080 Policka 4,735
Meélnik 17,996 Praha 421,456
Mikulov 4,836 Prachatice 8,108
Milevsko 4,892 Prostéjov 29,322
Mlada Boleslav 36,791 Prelouc 8,529
Mnichovo Hradiste 4,793 Pterov 26,006
Mohelnice 6,042 Prestice 6,006
Moravskéd Trebova 7,347 Ptibram 23,618
Moravské Budéjovice 5,779 Rakovnik 18,238
Moravsky Krumlov 6,307 Rokycany 17,998
Most 21,436 Rosice 6,974
Nachod 15,136 Roudnice nad Labem 7,595
Nameést’ nad Oslavou 2,753 Roznov pod Radhostém 10,416
Nepomuk 2,681 Rumburk 10,985
Neratovice 14,508 Rychnov nad Knéznou 9,160
Nova Paka 2,794 Rymarov 1,260
Nové Mésto na Moravé 4,690  Ricany 24,668
Nové Mésto nad Metuji 3,637 Sedlcany 7,006
Novy Bor 9,279 Semily 5,987
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Table B.4: Yearly production of waste producers in kt (part 3)

Slany 12,956 Uhersky Brod 15,164
Slavkov u Brna 5,520 Unicov 7,493
Sobéslav 7,039 Ust{ nad Labem 29,269
Sokolov 21,032 Ustf nad Orlicf 8,204
Stod 6,726 Valasské Klobouky 5,120
Strakonice 12,327 Valasské Mezitici 12,567
Stiibro 5,592 Varnsdorf 7,067
Susice 7,702 Velké Mezirici 10,862
Svétla nad Sazavou 5,995 Veseli nad Moravou 9,128
Svitavy 7,745 Vimperk 5,111
Slapanice 19,984  Vizovice 4,707
Sternberk 8,265 Vitkov 7,083
Sumperk 23362  Vlagim 10,422
Tachov 11,774 Vodnany 3,988
Tanvald 6,046 Votice 4,519
Tabor 26,771 Vrchlabi 9,545
Tele 3,524 Vsetin 14,186
Teplice 35,241 Vysoké Myto 8,258
Tisnov 8,029 Vyskov 14,495
Trhové Sviny 5,011 Zéabieh 10,543
Trutnov 21,281 Zlin 27,448
Trebic 19,105 Znojmo 24,822
Triebon 8,555 Zamberk 8,342
Tiinec 14,887  Zatec 9,150
Turnov 8,719 Zd4r nad Sdzavou 12,097
Tyn nad Vltavou 4,609 Zelezny Brod 3,054
Uherské Hradiste 24,179 Zidlochovice 10,501
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Results for Conflict
of Waste Producers
in Czech Republic

Table C.1: Comparison of the characteristic function values for
individual players and the divisions assigned to them according
to the Shapley value approximation ¢ and the nucleolus approx-

imation 7 (part 1)

v(ry) Ur, Yri
As 825,577 639,411 23% 661,079 20%
Benesov 2,261,597 2,075,490 8% 2,097,100 7%
Beroun 1,868,340 1,682,141 10% 1,703,842 9%
Bilina 565,676 379,563 33 % 401,178 29%
Bilovec 911,982 725,855 20 % 747,485 18%
Blansko 1,827,069 1,640,167 10% 1,662,571 9%
Blatna 470,150 284,043 40% 305,653 35%
Blovice 315,234 129,091 59 % 150,737 52 %
Bohumin 1,743,874 1,557,287 11% 1,579,377 9%
Boskovice 1,907,697 1,719,650 10 % 1,743,200 9%
Brandys n. L.-S. Boleslav 4,674,952 4.487.045 4% 4,386,498 6%
Brno 13,284,192 13,094,666 1% 12,956,382 2%
Broumov 580,091 393,926 32% 415,594 28 %
Bruntal 1,434,532 1,248 411 13% 1,270,035 11 %
Breclav 2,616,327 2428419 7% 2,451,829 6%
Bucovice 537,924 351,817 35% 373,427 31%
Bystrice nad Pernstejnem 590,831 404,486 32 % 426,333 28 %
Bystrice pod Hostynem 692,757 506,636 27 % 528,260 24 %
Céslav 933,522 747,415 20% 769,025 18%
Cernosice 4,892,248 4,706,105 4% 4,727.751 3%
Ceska Lipa 2,443,118 2,256,740 8% 2,278,620 7%
Ceské Tiebova 717,963 531,599 26 % 553,465 23 %
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Table C.2: Comparison of the characteristic function values for
individual players and the divisions assigned to them according
to the Shapley value approximation ¢ and the nucleolus approx-

imation v (part 2)

v(r;) P, Y
Ceské Budéjovice 3,579,165 3,393,000 5% 3,414,668 5%
Cesky Brod 1,145,214 958,575 16 % 980,717 14%
Cesky Krumlov 958,998 772,832 19% 794,500 17%
Cesky Tésm 1,405,481 1,219,145 13% 1,240,984 12%
Dacice 675,367 489,202 28 % 510,870 24 %
Décin 2,151,230 1,964,842 9% 1,986,733 8%
Dobruska 916,382 729,649 20% 751,885 18 %
Dobris 863,667 677,560 22% 699,170 19%
Domazlice 995,040 808,902 19% 830,543 17%
Dvur Krélové nad Labem 737,332 551,010 25% 572,835 22%
Frenstat pod Radhostém 761,333 575,226 24 % 596,836 22 %
Frydek-Mistek 4,951,886 4,762,937 4% 4,390,928 11%
Frydlant 875,776 689,665 21 % 711,278 19%
Frydlant nad Ostravici 1,527,414 1,340,987 12% 1,362,916 11%
Havitov 4,313,879 4,125,652 4% 3,793,619 12%
Havlickuv Brod 1,973,998 1,787,829 9% 1,809,501 8%
Hlinsko 695,749 509,640 27% 531,252 24 %
Hlucin 1,903,020 1,715,900 10% 1,662,633 13%
Hodonin 2,582,922 2,395,177 7% 2418424 6%
Holesov 1,050,995 864,803 18% 886,498 16 %
Holice 509,831 323,182 37% 345,333 32%
Horazdovice 435,006 248,899 43 % 270,509 38 %
Horsovsky Tyn 462,108 275,970 40% 297,611 36 %
Hoftice 714,780 528,169 26 % 550,283 23 %
Hotovice 1,169,759 983,596 16 % 1,005,262 14 %
Hradec Kralové 5,693,671 5,506,497 3% 5,514,629 3%
Hranice 1,547,600 1,361,226 12% 1,383,103 11%
Humpolec 675,063 488,929 28 % 510,565 24 %
Hustopece 1,359,864 1,173,757 14 % 1,195,367 12%
Cheb 1,562,363 1,376,256 12% 1,397,866 11 %
Chomutov 2,134,450 1,948,144 9% 1,969,953 8%
Chotébor 657,729 471,606 28 % 493,231 25%
Chrudim 2,743,570 2,556,717 7% 2,579,073 6%
Ivancice 1,010,208 824,009 18 % 845,711 16%




Table C.3: Comparison of the characteristic function values for
individual players and the divisions assigned to them according
to the Shapley value approximation ¢ and the nucleolus approx-

imation v (part 3)

v(r;) Y, Yri
Jablonec nad Nisou 1,490,295 1,304,171 12% 1,325,797 11%
Jablunkov 911,054 724,936 20% 746,557 18 %
Jaromér 538,623 352,122 35% 374,126 31%
Jesenik 1,376,705 1,190,540 14 % 1,212,208 12%
Jicin 1,719,571 1,533,462 11% 1,555,074 10%
Jihlava 2,781,573 2,595,408 7% 2,617,075 6%
Jilemnice 683,324 497,215 27% 518,826 24 %
Jindfichuv Hradec 1,242,812 1,056,647 15% 1,078,315 13 %
Kadan 1,414,779 1,228,331 13% 1,250,281 12%
Kaplice 438,871 252,705 42% 274,373 37%
Karlovy Vary 2,498,259 2,312,152 7% 2,333,762 7%
Karvina 3,420,872 3,233,221 5% 3,168,333 7%
Kladno 3,911,736 3,725,135 5% 3,747,238 4%
Klatovy 1,607,246 1,421,138 12% 1,442,749 10%
Kolin 3,906,750 3,720,170 5% 3,742,252 4%
Konice 394,239 206,858 48 % 229,741 42%
Koptivnice 2,522,435 2,335,408 7% 2,338,995 7%
Kostelec nad Orlici 846,244 659,682 22 % 681,747 19%
Kralovice 945,599 759,271 20% 781,102 17%
Kralupy nad Vltavou 1,363,172 1,176,571 14 % 1,198,675 12%
Kraslice 324,634 138,469 57 % 160,137 51 %
Kravaie 818,470 632,349 23% 653,973 20%
Kraliky 375,965 189,800 50 % 211,468 44 %
Krnov 1,863,284 1,677,108 10% 1,698,787 9%
Kromériz 2,526,581 2,339,309 7% 2,286,020 10%
Kufim 797,504 610,723 23% 633,007 21%
Kutné Hora 2,363,216 2,177,109 8% 2,198,719 7%
Kyjov 2,153,275 1,966,237 9% 1,988,778 8%
Lanskroun 679,997 493,343 27 % 515,500 24 %
Liberec 5,245,619 5,059.481 4% 5,081,121 3%
Lipnik nad Beé¢vou 725,087 538,961 26 % 560,590 23 %
Litométice 2,433,327 2247209 8% 2,268,830 7%
Litomysl 833,413 646,652 22 % 668,916 20 %
Litovel 999,131 812,926 19% 834,634 16 %
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Table C.4: Comparison of the characteristic function values for
individual players and the divisions assigned to them according
to the Shapley value approximation ¢ and the nucleolus approx-

imation ~ (part 4)

v(r;) P, Vr.
Litvinov 1,255,136 1,068,872 15% 1,090,638 13 %
Louny 1,344,888 1,158,163 14 % 1,180,391 12%
Lovosice 995,503 809,385 19% 831,005 17%
Luhacovice 738,721 552,614 25% 574,224 22%
Lysa nad Labem 959,833 773,330 19% 790,277 18%
Marianské Lazné 883,466 697,301 21% 718,969 19%
Meélnik 1,926,492 1,739,942 10% 1,755,162 9%
Mikulov 629,422 443,257 30% 464,925 26 %
Milevsko 495,851 309,743 38% 331,354 33%
Mladé Boleslav 3,927,460 3,740,956 5% 3,757,903 4%
Mnichovo Hradiste 510,196 324,087 36 % 345,698 32%
Mohelnice 832,552 646,070 22 % 668,055 20 %
Moravska Trebova 983,750 797,249 19% 819,253 17%
Moravské Budéjovice 680,218 494,095 27 % 515,720 24 %
Moravsky Krumlov 789,665 603,558 24 % 625,168 21 %
Most 1,993,657 1,806,889 9% 1,829,159 8%
Nachod 1,883,329 1,696,410 10% 1,718,832 9%
Nameést’ nad Oslavou 324,075 137,740 57% 159,578 51 %
Nepomuk 274,712 88,551 68 % 110,215 60 %
Neratovice 1,587,869 1,401,463 12% 1,423,372 10%
Nova Paka 320,853 134,743 58 % 156,356 51 %
Nové Mésto na Morave 561,204 374,878 33% 396,707 29%
Nové Mésto nad Metuji 454,858 268,534 41% 290,361 36 %
Novy Bor 932,049 745,661 20 % 767,552 18%
Novy Bydzov 587,278 401,169 32 % 422,780 28 %
Novy Ji¢in 1,836,703 1,650,123 10% 1,672,206 9%
Nymburk 1,853,319 1,667,064 10% 1,688,822 9%
Nytany 1,355,377 1,169,231 14 % 1,190,880 12 %
Odry 766,292 580,167 24 % 601,795 21%
Olomouc 6,878,331 6,689,383 3% 6,325,782 8%
Opava 5,444,522 5,255,597 3% 5,020,755 8%
Orlova 1,959,325 1,772,609 10% 1,794,828 8%
Ostrava 12,190,256 11,998,299 2% 11,055,403 9%
Ostrov 755,948 569,782 25% 591,450 22%




Table C.5: Comparison of the characteristic function values for
individual players and the divisions assigned to them according
to the Shapley value approximation ¢ and the nucleolus approx-

imation v (part 5)

o(r) b, ”n
Otrokovice 1,472,165 1,285,776 13% 1,231,603 16 %
Pacov 323,636 137,518 58 % 159,139 51 %
Pardubice 4,049,752 3,862,899 5% 3,870,709 4%
Pelhfimov 1,454,925 1,268,818 13 % 1,290,428 11%
Pisek 1,124,466 938,304 17% 959,968 15%
Plzen 5,754,708 5,568,512 3% 5,590,211 3%
Podborany 643,447 457,143 29% 478950 26 %
Podébrady 1,386,609 1,200,501 13 % 1,222,111 12%
Pohortelice 531,052 344,945 35% 366,555 31 %
Policka 596,417 409,886 31 % 431,920 28 %
Praha 44,997,029 44,805,148 0% 44,708,575 1%
Prachatice 788,952 602,845 24 % 624,455 21%
Prostéjov 4,075,878 3,887,446 5% 3,596,036 12 %
Ptelouc 1,015,421 828,985 18% 850,924 16 %
Prerov 3,647,503 3,459,272 5% 3,290,082 10%
Prestice 610,970 424,773 30% 446,472 27 %
Ptibram 2,485,810 2,299,703 7% 2,321,313 7%
Rakovnik 1,892,740 1,706,469 10% 1,728,243 9%
Rokycany 1,789,335 1,603,142 10% 1,624,837 9%
Rosice 843,825 657,651 22% 679,328 19%
Roudnice nad Labem 785,708 599,347 24 % 621,211 21%
Roznov pod Radhostém 1,550,913 1,364,443 12% 1,386,415 11%
Rumburk 1,133,092 946,801 16 % 968,595 15%
Rychnov nad Knéznou 1,157,809 971,081 16% 993,312 14%
Rymatov 192,487 6,376 97 % 27,989 85%
Ricany 2,740,621 2,554,209 7% 2,576,124 6%
Sedlcany 750,001 563,883 25% 585,504 22%
Semily 668,788 482,668 28 % 504,291 25%
Slany 1,337,351 1,150,790 14 % 1,172,853 12%
Slavkov u Brna 707,690 520,111 27% 470,886 33 %
Sobéslav 673,296 487,188 28 % 508,798 24 %
Sokolov 2,043,276 1,857,169 9% 1,878,779 8%
Stod 676,921 490,745 28 % 512,424 24 %
Strakonice 1,204,997 1,018,889 15% 1,040,499 14 %
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Table C.6: Comparison of the characteristic function values for
individual players and the divisions assigned to them according
to the Shapley value approximation ¢ and the nucleolus approx-

imation 7 (part 6)

v(r;) Ur, Vr.
Stribro 563,910 377,745 33% 399,413 29%
Susice 794,418 608,300 23 % 629,921 21%
Svétla nad Sazavou 689,372 503,249 27 % 524875 24 %
Svitavy 997,552 811,126 19% 833,055 16 %
Slapanice 2,522,994 2335489 7% 2,186,386 13 %
Sternberk 1,192,177 1,005,859 16 % 1,027,680 14 %
Sumperk 3,123,975 2,937,301 6% 2959478 5%
Tachov 1,187,962 1,001,797 16 % 1,023,465 14 %
Tanvald 656,277 470,155 28 % 491,780 25%
Téabor 2,640,946 2,454,828 7% 2,476,449 6%
Tele 386,783 200,665 48 % 222,286 43%
Teplice 3,524,052 3,336,917 5% 3,359,555 5%
Tisnov 1,011,278 824,977 18% 846,780 16 %
Trhové Sviny 460,487 274,322 40% 295,990 36 %
Trutnov 2,559,443 2,372,718 7% 2,394,946 6%
Ttebic 2,191,347 2,004,757 9% 2,026,850 8%
Ttebon 836,264 650,099 22% 671,767 20%
Ttinec 2,375,186 2,188,168 8% 2,210,688 7%
Turnov 946,452 760,343 20% 781,955 17%
Tyn nad Vltavou 444,317 258,210 42% 279,820 37 %
Uherské Hradiste 3,377,574 3,189,534 6% 3,041,669 10%
Uhersky Brod 2,153,343 1,966,133 9% 1,916,540 11 %
Unicov 1,065,190 878,937 17% 900,692 15%
Ust{ nad Labem 2,852,306 2,665,161 7% 2,687,809 6%
Ust{ nad Orlici 1,054,249 867,712 18% 889,751 16 %
Valasské Klobouky 767,741 581,634 24 % 603,244 21%
Valagské Mezitici 1,846,677 1,660,115 10% 1,682,179 9%
Varnsdorf 717,270 531,152 26 % 552,773 23 %
Velké Mezirici 1,307,798 1,121,186 14 % 1,143,301 13 %
Veseli nad Moravou 1,256,487 1,069,499 15% 1,091,990 13%
Vimperk 524,173 338,066 36 % 359,676 31%
Vizovice 687,424 501,316 27% 522,926 24 %
Vitkov 1,075,965 889,840 17% 911,468 15%
Vlasim 1,146,980 960,872 16 % 982,482 14 %




Table C.7: Comparison of the characteristic function values for
individual players and the divisions assigned to them according
to the Shapley value approximation ¢ and the nucleolus approx-

imation v (part 7)

v(ry) Ur, Yri
Vodnany 374,310 188,203 50 % 209,813 44 %
Votice 469,567 283,449 40 % 305,069 35%
Vrchlabi 1,127,735 941,625 17% 963,237 15%
Vsetin 2,125,120 1,938,390 9% 1,960,622 8%
Vysoké Myto 1,052,502 865,963 18 % 888,005 16 %
Vyskov 1,940,926 1,753,507 10% 1,704,122 12%
Zébieh 1,433,871 1,246,931 13% 1,269,374 11%
Zlin 3,947,818 3,759,401 5% 3,497,688 11%
Znojmo 3,061,252 2875129 6% 2,896,755 5%
Zamberk 1,076,999 890,317 17% 912,501 15%
Zatec 916,726 730,418 20% 752,228 18 %
ZdAr nad Sézavou 1,421,949 1,235,420 13 % 1,257,452 12%
Zelezny Brod 337,925 151,810 55% 173,428 49%
Zidlochovice 1,361,982 1,175,433 14 % 1,171,311 14 %
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Table C.8: Comparison of the characteristic function values for in-
dividual players and the differences between these and the divisions
assigned to them according to the Shapley value approximation
and the nucleolus approximation ~ (part 1)

v(r;) v(ri) = r, o(ri) — Yy
As 825,577 186,165 164,497
Benesov 2,261,597 186,107 164,497
Beroun 1,868,340 186,199 164,497
Bilina 565,676 186,112 164,497
Bilovec 911,982 186,127 164,497
Blansko 1,827,069 186,901 164,497
Blatna 470,150 186,107 164,497
Blovice 315,234 186,144 164,497
Bohumin 1,743,874 186,587 164,497
Boskovice 1,907,697 188,048 164,497
Brandys n. L.-S. Boleslav 4,674,952 187,907 288,454
Brno 13,284,192 189,525 327,809
Broumov 580,091 186,165 164,497
Bruntal 1,434,532 186,121 164,497
Bteclav 2,616,327 187,907 164,497
Bucovice 537,924 186,107 164,497
Bystfice nad Pernstejnem 590,831 186,345 164,497
Bystrice pod Hostynem 692,757 186,121 164,497
Céslav 933,522 186,107 164,497
Cernogice 4,892,248 186,143 164,497
Ceské Lipa 2,443,118 186,377 164,497
Ceskd Tiebova 717,963 186,364 164,497
Ceské Budéjovice 3,579,165 186,165 164,497
Cesky Brod 1,145,214 186,639 164,497
Cesky Krumlov 958,998 186,165 164,497
Cesky Tésm 1,405,481 186,336 164,497
Dacice 675,367 186,165 164,497
Décin 2,151,230 186,388 164,497
Dobruska 916,382 186,733 164,497
Dobtis 863,667 186,107 164,497
Domazlice 995,040 186,138 164,497
Dvur Krélové nad Labem 737,332 186,322 164,497
Frenstat pod Radhostém 761,333 186,108 164,497




Table C.9: Comparison of the characteristic function values for in-
dividual players and the differences between these and the divisions
assigned to them according to the Shapley value approximation
and the nucleolus approximation 7 (part 2)

v(r;) o(ri) — r, v(ri) = Y
Frydek-Mistek 4,951,886 188,949 560,958
Frydlant 875,776 186,110 164,497
Frydlant nad Ostravici 1,527,414 186,427 164,497
Havitov 4,313,879 188,227 520,260
Havlickuv Brod 1,973,998 186,170 164,497
Hlinsko 695,749 186,109 164,497
Hlucin 1,903,020 187,120 240,387
Hodonin 2,582,922 187,745 164,497
Holesov 1,050,995 186,192 164,497
Holice 509,831 186,649 164,497
Horazdovice 435,006 186,108 164,497
Horsovsky Tyn 462,108 186,138 164,497
Hortice 714,780 186,611 164,497
Hotovice 1,169,759 186,163 164,497
Hradec Kralové 5,693,671 187,174 179,042
Hranice 1,547,600 186,374 164,497
Humpolec 675,063 186,134 164,497
Hustopece 1,359,864 186,107 164,497
Cheb 1,562,363 186,107 164,497
Chomutov 2,134,450 186,306 164,497
Chotébot 657,729 186,123 164,497
Chrudim 2,743,570 186,852 164,497
Ivancice 1,010,208 186,199 164,497
Jablonec nad Nisou 1,490,295 186,124 164,497
Jablunkov 911,054 186,118 164,497
Jaromér 538,623 186,502 164,497
Jesenik 1,376,705 186,165 164,497
Jicin 1,719,571 186,109 164,497
Jihlava 2,781,573 186,165 164,497
Jilemnice 683,324 186,109 164,497
Jindrichuv Hradec 1,242,812 186,165 164,497
Kadan 1,414,779 186,448 164,497
Kaplice 438,871 186,165 164,497
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Table C.10: Comparison of the characteristic function values for in-
dividual players and the differences between these and the divisions
assigned to them according to the Shapley value approximation
and the nucleolus approximation ~ (part 3)

v(r;) v(ri) = r, o(ri) — Yy
Karlovy Vary 2,498,259 186,107 164,497
Karvina 3,420,872 187,651 252,540
Kladno 3,911,736 186,601 164,497
Klatovy 1,607,246 186,108 164,497
Kolin 3,906,750 186,580 164,497
Konice 394,239 187,381 164,497
Koptivnice 2,522,435 187,027 183,441
Kostelec nad Orlici 846,244 186,562 164,497
Kralovice 945,599 186,328 164,497
Kralupy nad Vltavou 1,363,172 186,601 164,497
Kraslice 324,634 186,165 164,497
Kravaie 818,470 186,121 164,497
Kraliky 375,965 186,165 164,497
Krnov 1,863,284 186,177 164,497
Kromériz 2,526,581 187,273 240,561
Kufim 797,504 186,781 164,497
Kutna Hora 2,363,216 186,107 164,497
Kyjov 2,153,275 187,039 164,497
Lanskroun 679,997 186,654 164,497
Liberec 5,245,619 186,138 164,497
Lipnik nad Bec¢vou 725,087 186,125 164,497
Litomérice 2,433,327 186,118 164,497
Litomysl 833,413 186,762 164,497
Litovel 999,131 186,205 164,497
Litvinov 1,255,136 186,263 164,497
Louny 1,344,888 186,725 164,497
Lovosice 995,503 186,118 164,497
Luhacovice 738,721 186,107 164,497
Lysa nad Labem 959,833 186,503 169,556
Marianské Lazné 883,466 186,165 164,497
Melnik 1,926,492 186,550 171,330
Mikulov 629,422 186,165 164,497
Milevsko 495,851 186,107 164,497




Table C.11: Comparison of the characteristic function values for in-
dividual players and the differences between these and the divisions
assigned to them according to the Shapley value approximation
and the nucleolus approximation ~ (part 4)

v(rs) o(ri) — r, v(ri) = Y
Mladé Boleslav 3,927,460 186,503 169,556
Mnichovo Hradisté 510,196 186,109 164,497
Mohelnice 832,552 186,482 164,497
Moravska Ttrebova 983,750 186,501 164,497
Moravské Budéjovice 680,218 186,123 164,497
Moravsky Krumlov 789,665 186,107 164,497
Most 1,993,657 186,768 164,497
Néchod 1,883,329 186,919 164,497
Néameést’ nad Oslavou 324,075 186,335 164,497
Nepomuk 274,712 186,161 164,497
Neratovice 1,587,869 186,406 164,497
Nova Paka 320,853 186,110 164,497
Nové Mésto na Moravée 561,204 186,326 164,497
Nové Meésto nad Metuji 454,858 186,324 164,497
Novy Bor 932,049 186,388 164,497
Novy Bydzov 587,278 186,109 164,497
Novy Ji¢in 1,836,703 186,580 164,497
Nymburk 1,853,319 186,255 164,497
Nyiany 1,355,377 186,146 164,497
Odry 766,292 186,125 164,497
Olomouc 6,878,331 188,948 552,549
Opava 5,444,522 188,926 423,767
Orlova 1,959,325 186,716 164,497
Ostrava 12,190,256 191,957 1,134,853
Ostrov 755,948 186,165 164,497
Otrokovice 1,472,165 186,389 240,561
Pacov 323,636 186,118 164,497
Pardubice 4,049,752 186,853 179,042
Pelhtimov 1,454,925 186,107 164,497
Pisek 1,124,466 186,162 164,497
Plzen 5,754,708 186,196 164,497
Podbotany 643,447 186,304 164,497
Podébrady 1,386,609 186,107 164,497
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Table C.12: Comparison of the characteristic function values for in-
dividual players and the differences between these and the divisions
assigned to them according to the Shapley value approximation
and the nucleolus approximation 7 (part 5)

v(r;) v(ri) = r, o(ri) — Yy
Pohortelice 531,052 186,107 164,497
Policka 596,417 186,531 164,497
Praha 44,997,029 191,881 288,454
Prachatice 788,952 186,107 164,497
Prostéjov 4,075,878 188,432 479,842
Prelouc 1,015,421 186,437 164,497
Pterov 3,647,503 188,231 357,422
Prestice 610,970 186,197 164,497
Ptibram 2,485,810 186,107 164,497
Rakovnik 1,892,740 186,270 164,497
Rokycany 1,789,335 186,193 164,497
Rosice 843,825 186,174 164,497
Roudnice nad Labem 785,708 186,361 164,497
Roznov pod Radhostém 1,550,913 186,470 164,497
Rumburk 1,133,092 186,291 164,497
Rychnov nad Knéznou 1,157,809 186,727 164,497
Rymartov 192,487 186,111 164,497
Ricany 2,740,621 186,413 164,497
Sedlcany 750,001 186,118 164,497
Semily 668,788 186,120 164,497
Slany 1,337,351 186,560 164,497
Slavkov u Brna 707,690 187,578 236,804
Sobeéslav 673,296 186,107 164,497
Sokolov 2,043,276 186,107 164,497
Stod 676,921 186,177 164,497
Strakonice 1,204,997 186,107 164,497
Stiibro 563,910 186,165 164,497
Susice 794,418 186,118 164,497
Svétla nad Sazavou 689,372 186,123 164,497
Svitavy 997,552 186,426 164,497
Slapanice 2,522,994 187,505 336,608
Sternberk 1,192,177 186,318 164,497
Sumperk 3,123,975 186,674 164,497




Table C.13: Comparison of the characteristic function values for in-
dividual players and the differences between these and the divisions
assigned to them according to the Shapley value approximation
and the nucleolus approximation ~ (part 6)

v(r;) v(ri) =y, o(ri) — Yy
Tachov 1,187,962 186,165 164,497
Tanvald 656,277 186,122 164,497
Tabor 2,640,946 186,118 164,497
Telc 386,783 186,118 164,497
Teplice 3,524,052 187,135 164,497
Tisnov 1,011,278 186,301 164,497
Trhové Sviny 460,487 186,165 164,497
Trutnov 2,559,443 186,726 164,497
Ttebic 2,191,347 186,590 164,497
Ttebon 836,264 186,165 164,497
Ttinec 2,375,186 187,018 164,497
Turnov 946,452 186,109 164,497
Tyn nad Vltavou 444,317 186,107 164,497
Uherské Hradiste 3,377,574 188,040 335,905
Uhersky Brod 2,153,343 187,210 236,804
Unicov 1,065,190 186,253 164,497
Ust{ nad Labem 2,852,306 187,145 164,497
Ust{ nad Orlic{ 1,054,249 186,537 164,497
Valasské Klobouky 767,741 186,107 164,497
Valasské Mezifici 1,846,677 186,561 164,497
Varnsdorf 717,270 186,118 164,497
Velké Mezifici 1,307,798 186,612 164,497
Veseli nad Moravou 1,256,487 186,988 164,497
Vimperk 524,173 186,107 164,497
Vizovice 687,424 186,107 164,497
Vitkov 1,075,965 186,125 164,497
Vlasim 1,146,980 186,107 164,497
Vodnany 374,310 186,107 164,497
Votice 469,567 186,118 164,497
Vrchlabi 1,127,735 186,110 164,497
Vsetin 2,125,120 186,729 164,497
Vysoké Myto 1,052,502 186,540 164,497
Vyskov 1,940,926 187,419 236,804
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Table C.14: Comparison of the characteristic function values for in-
dividual players and the differences between these and the divisions
assigned to them according to the Shapley value approximation 1)
and the nucleolus approximation v (part 7)

v(ri) v(ri) — ¥, v(ri) — Y,
Zabieh 1,433,871 186,940 164,497
Zlin 3,047,818 188,417 450,131
Znojmo 3,061,252 186,123 164,497
Zamberk 1,076,999 186,682 164,497
Zatec 916,726 186,307 164,497
Zdar nad Sézavou 1,421,949 186,530 164,497
Zelezny Brod 337,925 186,115 164,497
Zidlochovice 1,361,982 186,549 190,672
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