N

N

Values for multi-choice cooperative games with
applications to sharing the cost of a gas distribution
network
David Lowing

» To cite this version:

David Lowing. Values for multi-choice cooperative games with applications to sharing the cost of
a gas distribution network. Economics and Finance. Université de Lyon, 2022. English. NNT:
2022LYSES022 . tel-04017188v2

HAL Id: tel-04017188
https://hal.science/tel-04017188v2
Submitted on 9 Mar 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/tel-04017188v2
https://hal.archives-ouvertes.fr

UNIVERSITE I
DE LYON .
= UNIVERSITE

JEAN MONNET
SAINT-ETIENNE

El;

N°® d’ordre NNT : 2022LYSES022

THESE de DOCTORAT DE L’UNIVERSITE DE LYON
opérée au sein de

L’Université Jean Monnet Saint-Etienne

Ecole Doctorale N° 486
Ecole Doctorale Sciences Economiques et de Gestion

Spécialité de doctorat : Sciences Economiques
Discipline : Théorie des jeux coopératifs

Soutenue publiquement le 27/06/2022, par :
David Lowing

Values for multi-choice cooperative games
with applications to sharing
the cost of a gas distribution network

Devant le jury composé de :

Josune ALBIZURI, Professeure, Universidad del Pais Vasco, Rapporteure

Justin LEROUX, Professeur, HEC Montréal, Rapporteur

Inés MACHO-STADLER, Professeure, Universitat Autonoma de Barcelona, Examinatrice
Noemi NAVARRO, Maitresse de conférences HDR, Université de Rennes 1, Examinatrice

Philippe SOLAL, Professeur, Université de Saint—Etienne, Directeur de these

Stéphane GONZALEZ, Maitre de conférences, Université de Saint—Etienne, Co-directeur
de these

Christophe AGOGUE, Administrateur ENGIE GRDF, Encadrant entreprise



Déclaration

Ce document est diffusé sous le contrat Creative Commons “Paternité — pas
d’utilisation commerciale - pas de modification” : vous étes libre de le reproduire,
de le distribuer et de le communiquer au public a condition d’en mentionner le nom
de l'auteur et de ne pas le modifier, le transformer, ’adapter ni 'utiliser a des fins
commerciales. L’Université Jean Monnet n’entend ni approuver, ni désapprouver
les opinions particulieres du candidat : ces opinions doivent étre considérées comme
propres a leur auteur.

David Lowing

Mars 2022






Remerciements

Ces trois dernieres années ont été particulieres, voire difficiles pour beaucoup de
monde. Pour ma part, elles se sont excessivement bien passées, et pour cela, je pense
qu’il me faut remercier les nombreuses personnes qui m’ont entouré lors de ce long
et fastidieux périple qu’est le Doctorat.

Mes premieres pensées vont tout naturellement vers mes encadrants, tant gaziers
qu’académiques. Sans leur soutien et leur bienveillance, je n’aurais jamais pu pro-
duire ce document, ni méme passer de si belles années a faire de la recherche. C’est
donc de tout cceur que je remercie mes encadrants chez GRDF, a commencer par
Vincent Chevallier, mon ancien responsable hiérarchique, pour avoir été un guide et
un ami tout au long de ma these, notamment lors des moments les plus difficiles. Je
remercie Christophe Agogue, administrateur ENGIE chez GRDF, pour sa gentillesse,
sa bienveillance et pour avoir accepté de participer a mon jury de these. Merci a
Laurent Renat, ancien directeur économie régulation chez GRDF, pour ses excellents
conseils, sa bonne humeur et pour sa curiosité sans fin concernant mes travaux.

Du coté académique, je dois énormément a mes deux encadrants qui m’ont ap-
porté tellement que je ne saurais énumérer tout ce que j’ai appris a leur coté. Merci
donc a mon directeur de these, Philippe Solal, pour son encadrement exceptionnel
durant ces trois années. Sa patience, sa pédagogie et ses innombrables relectures
m’ont formé a ce métier de chercheur, que jamais je n’aurais pensé autant aimer au
début de cette these. Philippe a toujours été la quand j’étais dans le besoin. Pas un
seul instant je me suis retrouvé perdu et désorienté en trois ans, puisque Philippe a
su me guider et m’orienter systématiquement dans la bonne direction.

Merci aussi a mon co-directeur de these, Stéphane Gonzalez, pour sa bienveil-
lance et pour tous ses bons conseils. C’est lors du Symposium de théorie des jeux
organisé par 'Institut Henri Poincaré en 2018 que j’ai rencontré Stéphane et que j’ai
pu étre témoin, pour la premiere fois, de sa créativité. Cette méme créativité qui m’a
motivé et inspiré pendant toute ma these. Ce que m’a apporté Stéphane complete
parfaitement ce que m’a apporté Philippe, et pour cette raison, je pense que jamais
je n’aurais pu réver meilleur duo en guise de direction de these.

Enfin, je tiens a remercier Justin Leroux pour avoir participé au développement
de ma these. Malgré la distance géographique qui nous sépare, Justin a su faire acte
de présence pour me guider tout du long. Je lui renouvelle mes remerciements pour
avoir accepté de faire partie de mon jury en qualité de rapporteur.

Je tiens également a adresser mes sinceres remerciements aux autres membres de
mon jury. Merci a Josune Albizuri pour avoir accepté d’étre rapporteure, et merci a
Inés Macho-Stadler ainsi qu’a Noemi Navarro d’avoir examiné ce manuscrit.



Mes moments passés au sein de GRDF m’auront permis de rencontrer des gens
formidables. Merci donc a Francoise Penaud, Elodie Cador et Alban Thomas pour
leur travail en tant que directrice et délégués de la direction économie régulation.
Merci a Régis Boa, économiste chez GRDF, pour toutes les fois ou il m’a aidé et
accompagné. Sa présence m’aura été précieuse, tant pour sa bonne humeur que
pour son travail rigoureux. Merci a Nikola Gerasimovic pour m’avoir accompagné
dans tous les restaurants de la rue Saint-Anne a Paris et pour avoir écouté mes
problemes de chercheur des heures durant. Enfin, merci a tous ceux avec qui j’ai eu la
chance d’échanger au sein de GRDF, a savoir, Adeline Lecomte, Frederic Trongneux,
Alexandre Pierru, Olena Pierret, Salifou Fofana, Nicolas Hubert, Morgan Kazmier-
czak, Sébastien boiteux, Eloise Cabrol, Margaux Jossier et Mohamed Es Shai.

Je me dois aussi de remercier d’autre personnalités académiques, sans qui je
n’aurais certainement pas fait le choix de poursuivre en these. Merci a Lisa Anoulies,
pour m’avoir donné mon tout premier cours de théorie des jeux en Licence 3 et
m’avoir fait aimer cette discipline. Merci a Bruno Nazaret, pour m’avoir redonné
le gout des mathématiques lors de son cours d’analyse fonctionnelle en Master 1.
Enfin, merci a Michel Grabisch, pour m’avoir introduit aux jeux coopératifs, pour
avoir accepté d’encadrer mon mémoire de Master 2 et pour m’avoir transmis cette
fameuse offre de these.

Toujours dans les personnalités académiques, notamment celles du GATE, je
tiens a remercier Julien Salanié pour avoir participé au lancement de cette these et
pour étre un excellent directeur de laboratoire. Merci a Eric Rémila d’avoir par-
ticipé a la supervision de mes travaux aux cotés de Stéphane et Philippe. Merci a
Sylvain Ferrieres pour toutes les enrichissante discutions qu’il a eues avec moi, tant
personnelle qu’académique. Merci a Sylvie Grenier et Sylvia Coperey Llorca pour
leur soutien administratif sans faille. Enfin, merci a tous les autres membres du
GATE que je n’ai pas pu citer pour les pauses-déjeuner animées, les anecdotes sur
les anciens éléves en finance ou sur la téléréalité francaise.

En-dehors du GATE;, je dois témoigner ma gratitude envers Annick Laruelle pour
I’échange enrichissant qu’elle m’a accordé lors de mon premier comité de suivi de
these. Merci a Sylvain Béal d’avoir été présent pour le second comité et pour m’avoir
invité a présenter un travail de recherche au séminaire du CRESE en 2021. J’ai passé
un moment fantastique lors de ma visite au CRESE et pendant mes échanges avec
Sylvain. Ce sont ces moments qui me font aimer la recherche et le monde académique.
Merci a Alexandre Skoda pour m’avoir invité a présenter un travail de recherche au
séminaire MDOD en 2022. Je remercie Vincent Merlin pour m’avoir invité a la Sum-
mer School en théorie du choix social lors de I'été 2019, Encarnacién Algaba pour
m’avoir invité a la conférence EURO en 2021, et Michel Grabisch pour m’avoir in-
vité au Workshop OSGAD en 2021. Enfin, merci a Yukihiko Funaki, Frank Huettner
et Michel Grabisch pour leurs questions pertinentes lors de mes interventions aux
conférences internationales SING et EURO en 2021.



Cette these n’aurait pas été aussi enivrante sans la présence de mes camarades
doctorants et ex-doctorants. En particulier, je tiens a remercier Adhen Benlahlou
pour m’avoir accueilli au sein du GATE et m’avoir fait découvrir les bases de la
recherche. Merci a Alain N’Ghauran pour m’avoir accueilli et pour davoir partagé
son expérience de doctorant CIFRE au GATE. Merci a Rachid Achbah, Rodrigue
Dogble Codjovi, tous deux doctorants a COACTIS, et a Ivan Mitrouchev, dorénavant
maitre de conférences a I’Université de Strasbourg, pour avoir été de si sympathiques
voisins de bureau. Merci a Nesrine Bouzeghoub, Ignacio Hauser, Cyril Chambrefort
et a Jordan Nagadzina-Sanchez, tous doctorants au GATE, pour étre de si bons com-
pagnons de route. Enfin, je tiens a remercier tout particulierement mon co-auteur,
mon “Kouhai”, Kevin Techer. C’est lors du premier confinement en mars 2020 que
nos directeurs de these nous ont incité a collaborer sur notre premier projet commun.
Depuis, Kevin fait partie intégrante de mon processus de réflexion et de recherche.
Sans lui, je doute que cette these se soit déroulée de la méme fagon.

Mes dernieres pensées vont bien sir a ma famille et a mes amis. Il me faut
remercier mes amis qui m’ont accompagné lors de mon parcours universitaire pré-
doctoral, a savoir Baptiste, Florianne, Guillaume, Ines, Jad et Nhi. Je les remercie
pour avoir été la lors des hauts et des bas qui ont jonché ma these. Merci a mes
autres amis proches, Camille, Clément, Estelle, Guillaume, Nicolas, Sébastien et bien
d’autres, pour m’avoir accompagné et soutenu pendant ces trois années et au-dela.
Merci a mon parrain Marc, ma tante Jacqueline, ma nourrice Andrée et Marie-Claude
pour avoir été présents pour ma famille en toute circonstance.

Je dédie cette these a ma mere qui a toujours été la pour moi, et a mon pere qui
veille sur moi depuis la ou il est.






Contents

(1 Chapitre 1: Introduction| 11
[I.1 La distribution de gaz en kFrance|. . . . . . . . . ... ... ... ... 11
(1.2 Leprobleme . . . . . . ... ... ... 13
[1.3  Méthode axiomatique|. . . . . . ... .. ... 17
(1.4 Objectit de la these| . . . . . . .. ... ... ... ... ... 18
L5 Jeux et structured . . . . . .. . ... o 20
[1.6 Indépendance aux demandes supérieures| . . . . . . . ... ... ... 24
(1.7 Péréquation| . . . . . . . ... 25
(1.8 Apercudela these . . . . ... .. ... ... ... . 25

(1.8.1 Chapitre 2: Préliminaires|. . . . . . . . . ... ... ... ... 25
[1.8.2  Chapitre 3: Valeurs pour jeux multi-choix muni d’une struc- |
| ture de permission| . . . . . . .. ... 26
[1.8.3 Chapitre 4: Marginalisme, égalitarisme et efficacité dans les |
| jeux multi-choix . . . . . . ... 000000 27
[1.8.4  Chapitre 5: Valeurs pour jeux multi-choix muni d’une struc- |
| ture de prioritel . . . . . . ... 28
[1.8.5 Chapitre 6: Partager les couts d'un réseau de distribution de |
| GAZ| . . 29
[1.8.6 Chapitre 7: Remarques|. . . . . . . ... ... ... ... ... 29

(1 Chapter 1: Introduction| 33
[L1 Gas distribution in Francel . . . . . . . ... ... 33
(1.2 The gas distribution problem| . . . . . ... ... .. ... .. .... 35
(1.3 The axiomatic methodl . . . . . . . . . . ... ... ... 39
(1.4  Purpose of the thesig . . . . . .. ... ... ... ... ... .. 40
(L5 Games and structures|. . . . . . ... ... ... L 42
[1.6 Independence of higher demands|. . . . . . . . ... ... ... ... . 45
(1.7 Uniformity|. . . . . . . . . . 46
(.8 Qutline of the thesis . . . . .. ... ... ... ... ... ...... 46

(1.8.1 Chapter 2: Preliminaries| . . . . . . ... ... .. ... .... 46
(1.8.2 Chapter 3: Values tfor multi-choice games with a permission |
I structurel . . . ... oo 47




[1.8.3 Chapter 4: Marginalism, egalitarianism and efliciency in multi- |

| choice games| . . . . . ... ... oL 48
[1.8.4  Chapter 5: Values for multi-choice games with a priority struc- |

[ turel . ... 49
[1.8.5 Chapter 6: Sharing the cost of a gas distribution networkl . . . 50

[1.8.6 Chapter 7: Concluding remarks| . . . . . ... ... ... ... 51

2 Chapter 2: Preliminaries| 54
2.1 TU-games| . . . . . . . . . 54
2.1.1 Basic definitionsl. . . . . . . . . . ... 55

[2.1.2  Solution concepts| . . . . . . . .. ... o7

2.1.3 Axiomatic characterizations . . . . .. ... ... ... .. .. 60

[2.2  TU-games with a permission structure] . . . . . . . .. .. ... ... 67
221 Themodell. . . .. .. ... 67

2.2.2 The Permission valuel . . . . . . .. ... ... ... 70

2.2.3 Axiomatic characterizations . . . . . . ... ... ... .. 73

2.3 'TU-games with a priority structure| . . . . . . . . .. ... ... ... 74
231 Themodell. . . .. .. .. 75

2.3.2  Axiomatic Characterizations . . . . . . .. ... ... ... .. 76

[2.4  Multi-choice games| . . . . . . . ..o 78
241 Themodell. . . . ... .. oo 78

[2.4.2  Solution concepts| . . . . . . . . ... 82

2.4.3  Axiomatic characterizations . . . . . ... .. ... ... ... 89

[2.4.4  Consistent discrete cost sharing methods| . . . . . . . ... .. 93

I3 Chapter 3: Values for Multi-Choice Games with a Permission (tree) |

L__Structurel 98
3.1 Introductionl . . . . . . . . . ... 98
[3.2  Pal-permission structures|. . . . . . . ... ... oL 101
(3.3 Feasible multi-choice coalitionsl. . . . . . . . . . .. .. ... ... 102
[3.4  Values for multi-choice games with a pal-permission structurel . . . . 106
[3.5 Pal-permission structures induced by a permission tree structure] . . . 108
[3.6 Three new values for multi-choice games with a permission structure| 109
B.7 Axjomatic characterizationsl . . . . . ... ... ..o 111

3.7.1 Characterization of fC0™ . 0L 112
3.7.2 Characterization of fC0U| . . ... 120
3.7.3 Characterization of f“&) . . .. ... 125
3.8 Conclusionl. . . . . . . . . . 130

[4 Chapter 4: Marginalism, Egalitarianism and Efficiency in Multi- |

[___Choice Games| 132
4.1 Introductionl . . . . . . . . ... 132
4.2 Multi-efficient solution concepts| . . . . . . . . . ... ... ... ... 134




[4.2.1  Multi-efhiciency| . . . . . . .. ... 135

[4.2.2  'The multi-choice Shapley value| . . . . . . . ... ... ... . 135

[4.2.3  The multi-choice Equal division valuel . . . . . . . .. ... .. 138

[4.2.4  The multi-choice Egalitarian-Shapley values . . . . . . . . .. 138

K3 Axiomatic characterizations . . . . . ... ... .. ... 000 139
[4.3.1 Characterizations ot the multi-choice Shapley valuel . . . . . . 139

[4.3.2 Characterization of the multi-choice Equal Division value| . . . 156

[4.3.3  Characterization of the multi-choice Egalitarian Shapley values| 159

M4 Additional remarks . . . . . .. ... oL 169
45 Conclusion|. . . . . . . . . 172

[>  Chapter 5: Values for Multi-Choice Games with a Priority Struc- |
[_turel 174
[b.1  Introductionl . . . . . . . ... 174
[>.2  Axiomatic study| . . . . . ... 176
[6.2.1  Balanced contributions . . . . . . .. ... 177

[5.2.2  Decisive players and priority relations|. . . . . . . .. ... .. 184

[>.3  Priority relations structured by classes . . . . . ... ... ... ... 189
[5.3.1 The multi-choice Priority value as a sequential allocation process/190

b4  Conclusion|. . . . . . . . . 197

[6 Chapter 6: Sharing the Cost of a gas Distribution Networkl 199
6.1 Introductionl . . . . . . . . .. ... 199
6.2 Themodell . . . . .. ... . . 203
6.2.1 Notation and Definitionsf . . . . . . . . ... ... ... .. 203

[6.2.2  T'he gas distribution problem| . . . . .. ... ... ... ... 205

6.3 Rules and their axiomatic characterizations|. . . . . . . ... ... .. 208
6.3.1  The Connection rulel . . . . . ... ... ... ... ...... 208

[6.3.2  The Uniform rulel . . . . . ... ... ... ... ... ... .. 215

633 The Mixedrules. . . . .. ... ... 0. 217

[6.4 Rules and multi-choice games| . . . . . . .. ... ... ... .. 226
[6.4.1 The gas distribution game| . . . . . . . . .. ... ... 226

[6.4.2  Rules and solution concepts for multi-choice games| . . . . . . 227

6.5 Conclusion|. . . . . . . . . ... 232

[7 Chapter 7: Concluding Remarks| 234
(1 _OVerviewl. . . . . . . . . . e e e e e 234
[7.2  Discussion on Chapters 2, 3and of. . . . . . . ... ... ... .... 235
(7.3 Discussion on Chapters4and d| . . . . ... ... ... .. ... .... 237
[7.4  Discussion on Chapters 2,3 and 4] . . . . . . ... ... ... ..... 238




10



Chapitre 1: Introduction

1.1 La distribution de gaz en France

Le gaz naturel est une énergie fossile (aussi appelée énergie primaire) car il n’est pas
produit par la transformation d’une autre énergie (contrairement a ’électricité). Le
gaz naturel peut étre utilisé a des fins domestiques, mais il est également utile dans
d’autres domaines tels que 'industrie, ’agronomie et les transports. Sa consomma-
tion n’a cessé de croitre ces dernieres années, principalement grace a ses qualités envi-
ronnementales : il n’émet pratiquement pas de particules fines et est I’hydrocarbure
libérant le moins de gaz a effet de serre dans 'atmosphere. Avant d’étre livré aux
consommateurs, le gaz naturel doit étre extrait du sol, traité et enfin transporté
jusqu’au lieu de consommation.

Ces dernieres années, le biogaz est devenu une sérieuse alternative au gaz na-
turel, car plus écologique. On le produit en cuve par la fermentation de matieres
organiques en ’absence d’oxygene. Sa production permet de recycler des déchets
organiques tout en évitant ’épuisement des ressources naturelles de la planete. Les
sites de production de biogaz sont situés relativement proches des lieux de consom-
mation. Ainsi, le biogaz nécessite généralement moins de moyens afin d’étre livré
aux consommateurs.

Nous étudions 'activité de distribution de gaz, qui est ’étape finale du proces-
sus de livraison du gaz. Tout d’abord, expliquons brievement les différentes étapes
constituant ce processus. En premier lieu, les producteurs sont en charge d’extraire
le gaz des sols. Celui-ci est alors traité et est ensuite transporté aux points d’entrée
frontaliers via des gazoducs internationaux ou des méthaniers. Depuis ces points
d’entrée frontaliers, le réseau de transport prend le relais et achemine le gaz a haute
pression, via de larges canalisations en acier, jusqu’a l'entrée des villes (ou vers un
stockage). Enfin, le réseau de distribution réceptionne le gaz & l'entrée des villes
pour ensuite I’acheminer jusqu’au consommateur. Toutes les étapes constituant la
livraison de gaz sont résumées dans la Figure [I.1]
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Méthaniers Stockage

Gazoducs internationnaux Réseau de transport

A,

Réseau de distribution — Consommateur

Bio gaz

Figure 1.1

Un réseau de distribution de gaz peut étre représenté par un graphe arbores-
cent avec une source unique. Les nceuds de l'arbre représentent les consomma-
teurs et les arcs les canalisations. Notons qu’un réseau de distribution de gaz peut
éventuellement avoir plusieurs sources. Cependant, dans cette these, nous supposons
qu'un réseau de distribution de gaz n’a qu'une unique source (voir la figure pour
un exemple de trois réseaux représentés par des graphes arborescents avec source
unique).

En France, le marché de la distribution d’énergie a été ouvert a la concurrence le
ler juillet 2007. Cette ouverture a permis la création d’un marché unique a 1’échelle
européenne et la possibilité pour un consommateur de choisir librement son gestion-
naire de réseau de distribution de gaz parmi la cinquantaine existant en France. La
distribution de gaz en France est une mission de service public. Elle s’exerce sous
une triple autorité : I’Etat, les collectivités locales et la Commission de régulation
de I'énergie (CRE). L'Etat fixe le cadre général du marché de 'énergie en garantis-
sant le respect des regles de la concurrence et des missions de service public. Les
collectivités locales supervisent la distribution du gaz a plus petite échelle et veillent
a son bon fonctionnement. La CRE veille au bon fonctionnement du marché frangais
de I’énergie et a ce que tous les opérateurs de réseaux gaziers bénéficient des mémes
conditions d’acces au réseau de distribution. L’opérateur de distribution de gaz le
plus important en France est (de loin) GRDF (Gaz Réseau Distribution France). Cet
opérateur gere un réseau de distribution de gaz de plus de 200.000 km de long avec
plus de 10.000 salariés pour alimenter plus de 11 millions de clients.
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1.2 Le probleme

L’activité de GRDF engendre de nombreux cofits, dont certains ne sont pas directe-
ment affectables a un consommateur donné. Par exemple, il existe des couts liés a
I’acces au réseau de transport et des cotits liés a l'acces aux sites de production de
biogaz. De plus, 'entretien du réseau, sa surveillance et ses éventuelles extensions
génerent des cotits supplémentaires. GRDF souhaite facturer ces cotits aux consom-
mateurs. Chaque consommateur signe un contrat de distribution avec GRDF (ou un
autre gestionnaire de réseau de distribution). Ce contrat contient deux informations
majeures. Tout d’abord, il précise la catégorie a laquelle appartient le consomma-
teur. GRDF classe les consommateurs en fonction d’'un systeme de catégorisation
bien établis. La demande effective d’'un consommateur est 'information la plus
déterminante pour sa catégorisation. Cette demande effective correspond au plus
haut volume de gaz que le consommateur s’attend a consommer sur une courte
période de temps. Typiquement, cela correspond a la quantité qu'un ménage pense
consommer pendant les jours les plus froids de ’hiver. Pour une entreprise de trans-
port, cela correspond a la période de 'année ou la flotte de 'entreprise est la plus
sollicitée. Pour une industrie, cela correspond a la période de I'année ou 'activité de
production est a son plus haut niveau. Sans perte de généralité, nous supposons que
I’ensemble des demandes effectives coincide avec le systeme de catégorisation établi
par GRDF. Ensuite, le contrat liant le consommateur et GRDF spécifie le montant
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que chaque consommateur doit payer en fonction de sa demande effective. Ce mon-
tant est déterminé par un tarif de distribution, appelé “Acces des Tiers au Réseau
de Distribution” (ATRD). L’ATRD se présente sous forme d’une grille précisant le
montant que les consommateurs doivent payer en fonction de leur demande effective.
GRDF cherche a recouvrir I’ensemble des couts via ’ATRD. Pour ce faire, GRDF
doit déterminer une méthode afin de partager ces cotits entre les consommateurs. La
performance de GRDF dépend fortement de la maniere dont ces cotits sont répartis.
En particulier, une méthode de partage des cofits est pertinente si elle répond aux
principes attendus par le gestionnaire de réseau.

Il existe deux grands principes défendus par GRDF concernant les méthodes de
partage des cotits: le principe de péréquation et le principe d’indépendance aux
demandes SupérieuresE]. Tout d’abord, le principe de péréquation stipule que deux
consommateurs ayant les mémes demandes effectives doivent se voir facturer le méme
montant, indépendamment de leur localisation géographique. Par exemple, il ne
devrait pas y avoir de différence en termes de tarif appliqué entre les zones rurales et
les zones urbaines, bien que les cotits sous-jacents soient différents. Ce principe vise
a réduire les inégalités de traitement entre les différents consommateurs. Ce principe
est tres répandu en France, non seulement dans le domaine de la fourniture de gaz,
mais aussi dans celui de la fourniture d’électricité, d’eau et d’autres services publics
(voir [Fleurbaey & Trannoy| (1998))). Ce principe fait méme partie du droit frangais :
“Constitution-article 72-2, révision du 28 mars 2003 |. . .] la loi assure des mécanismes
de péréquation pour promouvoir I’égalité entre les territoires”. Deuxiemement, le
principe d’indépendance aux demandes supérieures indique qu'un consommateur ne
doit pas avoir a payer pour des demandes supérieures aux siennes. Ce principe permet
d’éviter les situations ou la présence d’un consommateur ayant une demande élevée
implique des cotits supplémentaires pour les consommateurs ayant de plus modestes
demandes. Par exemple, il semble injustifié d’augmenter la facture d’'un ménage
lorsqu’'une usine consommant de larges volumes de gaz emménage a proximité.

La plupart, sinon la totalité, des méthodes de partage des cotits utilisées par
GRDF sont inspirés du modele standard de partage des cotits (version discrete) (voir
par exemple [Moulin| (2003) et |[Hougaard, (2018))). Dans ce qui suit, nous présentons
brievement la méthode d’Aumann-Shapley (version discrete) et la méthode de Shapley-
Shubik (version discrete), qui sont deux méthodes de partage des cotlits couramment
utilisées par GRDF. Fixons un ensemble fini N de n consommateurs de gaz. Chaque
consommateur ¢ € N possede une demande effective ¢; déclarée aupres du gestion-
naire de réseau. Ce dernier ne dispose d’aucune information concernant les autres
demandes qu’'un consommateur effectue tout au long de 'année, en dehors de sa
demande effective. Par conséquent, chaque consommateur ¢ € N est doté d'un en-
semble discret {0, 1,. .., ¢;} représentant toutes les demandes potentielles que i est en
mesure de faire au cours d’une année. Le profil ¢ = (q1, ..., q,) collecte I'intégralité
des demandes effectives des consommateurs. Le probleme de partage des cotits de

'Le principe de péréquation se traduira par “Uniformity” en anglais.
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GRDF peut étre représenté par le couple (¢,C), ou C est une fonction mesurant
le cotit d’exploitation d'un réseau de distribution en mesure de satisfaire tout profil
de demande dans lequel chaque consommateur ¢ € N demande au plus sa demande
effective ¢;. Formellement, la fonction C' est en mesure d’évaluer le cout C(s) de tout
réseau de distribution cong¢u pour satisfaire a un profil de demande s < ¢g. La fonc-
tion C' est croissante et vérifie C'(0,...,0) =0, ce qui signifie que C(t) < C(s) pour
tout t < s < ¢. Le montant C(gq) correspond au cotut total du réseau de distribu-
tion de gaz. Par exemple, prenons un ensemble de 4 consommateur N = {a,b, ¢, d}.
Le profil des demandes effectives est ¢ = (2,1,1,1), ce qui signifie que a possede
une demande effective de 2 alors que b, ¢ et d ont une demande effective de 1. Une
fonction C est capable de mesurer le cout de tout réseau de distribution congu pour
répondre a un profil de demande s < ¢. Par exemple, C' est en mesure d’évaluer le
cout du profil (1,1,0,0) dans lequel a demande 1, b demande 1 et ¢ et d demandent
0. Bien sur, ce profil est hypothétique et ne correspond pas aux demandes effectives
réelles. Mais il est nécessaire de considérer un tel scénario pour pouvoir calculer
les méthodes d’Aumann-Shapley et de Shapley-Shubik. GRDF cherche a recouvrir
tous les couts via ’ATRD. Cela signifie que le tarif défini par GRDF doit recouvrir
C(q) en I'allouant au sein de I’ensemble des consommateurs. Maintenant, nous intro-
duisons quelques prérequis sur les jeux coopératifs afin de comprendre les méthodes
d’Aumann-Shapley et de Shapley-Shubik. Le modele standard des jeux coopératifs
sont les jeux a utilité transférable (jeux TU en abrégé). Les jeux TU modélisent
des situations dans lesquelles certains joueurs peuvent former des coalitions pour
engendrer une certaine utilité. Formellement, un jeu TU est un couple (N,v), ou
N est un ensemble fini de joueurs et v est une fonction caractéristique en mesure
d’évaluer 'utilité de chaque coalition de joueurs £ C N. Un vecteur de gain attribue
un certain gain a chacun joueur en fonction des différentes utilitéq engendréeq par la
fonction caractéristique. Une solution sur une classe de jeux TU attribue un unique
vecteur de gain a chaque jeu de cette classe. La valeur de Shapley (voir Shapley
(1953))) est probablement la solution la plus connue pour les jeux TU. Elle est cal-
culée comme suit. Supposons que la grande coalition NV, dans laquelle tous les joueurs
cooperent, soit formée étape par étape selon un certain ordre linéaire sur I’ensemble
des joueurs. A chaque étape, un joueur rejoint la coalition courante et obtient sa
contribution marginale (correspondant a la variation de gain engendrée lorsque ce
joueur rejoint la coalition). La valeur de Shapley attribue a chaque joueur sa contri-
bution marginale espérée en supposant que chaque ordre linéaire sur ’ensemble des
joueurs se survienne avec la méme probabilité. Nous avons maintenant les éléments
nécessaire pour présenter brievement la méthode d’Aumann-Shapley et la méthode
de Shapley-Shubik.

La méthode de Shapley-Shubik : étant donné une coalition £ C N de consomma-
teurs, calculons le couit associé aux demandes effectives des consommateurs dans la
coalition. Ce cotit est représenté par v(E) = C(qg, 0n\g), ol (¢g,0n\g) est le profil
dans lequel les consommateurs dans £ demandent leur demande effective et les con-
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sommateurs en dehors de E ont une demande nulle. La méthode de Shapley-Shubik
calcule la valeur de Shapley du jeu TU (N,v). Autrement dit, le cott imputé a
un consommateur est déterminé par sa contribution marginale espérée dans ce jeu.
Remarquez que la méthode de Shapley-Shubik ne tient pas compte de I’ensemble de
demandes {0,1,...,¢} dont est doté chaque consommateur i € N. Cette méthode
suppose que chaque consommateur atteint sa demande effective sans passer par des
niveaux de demande intermédiaires.

La méthode d’Aumann-Shapley : étant donné un consommateur ¢ € N, chaque unité
demandée par ¢ peut étre vue comme une unité a part. Il existe donc un ensemble
N? = U;enyN; d’unités, ou |V;| = ¢;. Chaque N; peut étre vu comme un ensem-
ble contenant ¢; unités identiques de gaz associées au consomateur 7. On supposera
qu'un consommateur ¢ peut donc effectuer une demande de d; < ¢; unités de gaz.
Soit £ C N4, on note d(E) = (|E N N;|)ien les unités de gaz demandées par chaque
consommateurs dans F et on note v¢(E) = C(d(F)) le cout associé a ces demandes.
La valeur de Shapley du jeu (N?,v) attribue un certain paiement a chaque élément
de N%. Pour chaque i € N, la somme de tous les paiements des éléments de N;
constitue son allocation par la méthode d’Aumann-Shapley. Observons que, con-
trairement a la méthode de Shapley-Shubik, la méthode d’Aumann-Shapley prend
en compte I'ensemble discret des demandes {0, 1,...,¢;} de chaque consommateur
1 € N. Cette méthode suppose donc que chaque consommateur atteint progressive-
ment sa demande effective.

Puisque nous sommes dans le cadre de la distribution de gaz, deux critiques peu-
vent étre formulées a I’égard de ces méthodes. Premierement, les principes attendus
par GRDF ne sont pas satisfais par ces méthodes. Par définition de ces méthodes,
I'indépendance aux demandes supérieures n’est clairement pas satisfaite. Si un con-
sommateur augmente sa demande, alors d’autres consommateurs avec des demandes
plus faibles peuvent potentiellement étre affectés. De plus, le principe de péréquation
n’est également pas satisfait par ces deux méthodes. En effet, ces méthodes étant
basées sur les contributions marginales des consommateurs dans certain jeux TU,
il est peu probable que deux consommateurs ayant la méme demande effective se
voient facturer le méme montant.

Deuxiemement, aucune de ces méthodes ne prend en compte le réseau de distri-
bution comme une information indépendante du probleme. Cela est du au fait que
I'information fournie par le réseau est souvent contenue dans la fonction de cotts.
En clair, le probleme de partage des coiits de GRDF devrait étre écrit (q, CNet),
la fonction CV¢ mesurant les coiits en se basant sur les informations fournies par
le réseau de distribution. Cette fonction peut étre vue comme la combinaison de
deux informations : le réseau de distribution Net et les caractéristiques économiques
de GRDF C' (par exemple, les coiits d’acces au réseau de transport et aux produc-
teurs de biogaz, I'activité administrative, la gestion des contrats, etc.) La méthode
d’Aumann-Shapley ou de la méthode de Shapley-Shubik ont leurs avantages tech-
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niques mais aussi leurs inconvénients puisque CV¢ comprime une grande quantité
d’information. De plus, une telle compression d’information a des conséquences sur la
méthode axiomatique, qui est centrale dans cette these. La méthode axiomatique est
utilisée pour déterminer une solution a partir de certains axiomes qui expriment des
principes raisonnables ou désirables qu'une solution pourrait ou devrait satisfaire.
Un axiome tire profit de l'information du probléeme pour formuler une propriété.
Ainsi, si le probleme comprime les informations fournies par le réseau de distribution
et les caractéristiques économiques de GRDF, cette compression aura un effet direct
sur la pertinence et le contenu des axiomes. Nous proposons de dissocier Net et C' en
deux informations distinctes, et de considérer un nouveau probleme représenté par
le triplet (¢, C, Net). De cette facon, le réseau de distribution sera une information
indépendante des autres informations du probleme. D’un point de vue théorique,
cette approche permet une étude axiomatique plus fine du probleme de partage des
cotits de GRDF. Ce point est détaillé dans la section[I.5] La section suivante présente
la méthode axiomatique.

1.3 Meéthode axiomatique

Cette section est fortement inspirée de Thomson (2001). Une étude axiomatique
d’une situation a plusieurs agents commence par la spécification d’une classe de
probléemes. Un probleme est un ensemble d’alternative disponibles pour des agents
ainsi qu'un ensemble d’information sur les agents (s’ils sont joueurs, consomma-
teurs, électeurs, etc.). Des informations supplémentaires peuvent étre fournies avec
le probleme (préférences des agents, une structure sur I’ensemble des agents, etc.)
Présentons quelques situations pour illustrer le large éventail de problemes possibles.
Un probleme de choix social consiste en un ensemble non structuré d’alternative
réalisables, ainsi que les préférences des agents sur cet ensemble. Le probleme con-
siste alors a choisir une ou plusieurs alternative en fonction des préférences des agents.
Pour les problemes de négociation et d’allocation des cotits, ’ensemble des alternative
consiste uniquement en un ensemble de vecteurs d’utilités réalisables. Le probleme
consiste alors a sélectionner un sous-ensemble de ces vecteurs. Dans les problemes de
banqueroute, il existe une quantité donnée d’un bien parfaitement divisible, et chaque
agent réclame une certaine quantité de ce bien. Le probleme est alors de partager la
quantité totale de ce bien entre les agents en supposant que cette quantité n’est pas
suffisante pour satisfaire a toutes leurs réclamations.

Etant donné une classe de problemes D, une solution sur D est une fonction
qui associe un ensemble d’alternative a chaque probleme dans D. Une solution est
représentée par f et ’ensemble des alternative est représenté par X. Par conséquent,
une solution peut étre écrite sous la forme f : D — X. Les solutions peuvent
étre un ensemble d’alternative dans certains modeles et peuvent étre un singleton
dans d’autres. Que l'objectif soit descriptif ou prescriptif, les solutions-singleton
(aussi appelées “valeur”) sont souvent préférées, car une solution capable de faire
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des prédictions ou des recommandations spécifiques a plus de chances d’étre selec-
tionnée par un décideur. Cependant, les solutions-singleton peuvent étre tres diffi-
ciles a caractériser et pour de nombreux modeles, les solutions ensemblistes sont donc
préférées. Dans la théorie de la négociation et des problemes de choix social, la plu-
part des concepts de solution sont des solutions-singleton. Dans les jeux coopératifs
et les problemes de partage des cotits, les deux types de concepts de solution sont
populaires.

Une étude axiomatique commence par la spécification d’une classe de problemes,
elle-méme suivie par la formulation d’une liste de propriétés souhaitables ou raisonnables
(axiomes) pour les solutions aux problemes de cette classe. L’étude se termine
par la description de ’ensemble des solutions satisfaisant a diverses combinaisons
d’axiomes. L’étude doit également proposer une analyse de I'indépendance logique
entre les axiomes, car c¢’est un moyen efficace d’évaluer leur puissance relative. En
outre, il est tout aussi utile de formuler et d’explorer des variantes des axiomes, car
il n’est pas rare que les idées générales qui les inspirent aient pu étre obtenues par
des formulations mathématiques légerement différentes mais tout aussi désirable.
Une étude axiomatique aboutit souvent a des théoremes de caractérisation. Ces
théoremes identifient une solution satisfaisant a une liste donnée d’axiomes. Une
étude axiomatique peut également produire des théoremes d’impossibilité, indiquant
I'incompatibilité d’une certaine liste d’axiomes sur une certaine classe de problemes.
Pour des raisons pratiques, ’étude peut commencer par les solutions. Bien que les
axiomes soient conceptuellement les premiers a devoir étre considérés, il est utile
d’avoir a notre disposition plusieurs concepts de solution. En effet, cela nous permet
d’évaluer la force des axiomes en testant les conjectures concernant la compatibilité
des axiomes et I'indépendance logique entre eux. Précisement, étant donné un certain
théoreme de caractérisation, on dira que les axiomes sont logiquement indépendants
si, en supprimant I'un d’entre eux, la caractérisation ne tient plus. L’indépendance
logique des axiomes est importante car elle garantit que le théoreme de caractérisation
soit aussi général que possible. En pratique, pour établir I'indépendance logique d'un
axiome par rapport aux autres dans une caractérisation, il suffit d’établir une solu-
tion, différente de celle qui est caractérisée, satisfaisant a tous les axiomes sauf celui
qui nous intéresse.

1.4 Objectif de la these

L’objectif de cette these est de fournir des méthodes afin de répartir les cotits de
GRDF entre ses consommateurs. Contrairement aux méthodes d’Aumann-Shapley
et de Shapley-Shubik, nos méthodes doivent réussir a prendre en compte le réseau
de distribution comme une information indépendante du reste du probléeme et étre
cohérentes avec les principes attendus par GRDF. A T'aide d’un partage des cotts,
GRDF souhaite mettre en place une grille tarifaire. L’idée centrale d’un tarif est de
fournir une grille spécifiant un montant a payer par les consommateurs en fonction
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de leur demande. Une méthode de partage des cotits doit donc étre adaptée pour
en dériver une grille tarifaire et étre capable de spécifier un montant a payer par les
consommateurs en fonction de leur demande.

Nous utilisons les jeux coopératifs pour déterminer des méthodes pertinentes. Ces
jeux ont été grandement étudiés et appliqués aux problemes de partage des cofits et
autres situations connexes. Cependant, la plupart des concepts de solution des jeux
TU allouent un gain par joueur (par exemple, la valeur de Shapley, la valeur de
division égalitaire, voir Béal et al|(2016), ou les valeurs de Shapley égalitaires, voir
Joosten| (1996))) sans aucune précision sur la fagon dont ce gain varie en fonction de
la demande du joueurE] Du point de vue de GRDF, les concepts de solution issus des
jeux TU ne sont clairement pas suffisants pour établir une grille tarifaire. Pour palier
cet inconvénient, la these se concentre sur une extension des jeux TU: les jeux multi-
choix. Les jeux multi-choix, introduits par Hsiao & Raghavan (1992) et van den
Nouweland, (1993), sont une extension naturelle des jeux TU dans lesquels chaque
joueur peut choisir parmi plusieurs niveaux d’activité auxquels il peut coopérer au
sein d’une coalition.

Par le passé, les jeux multi-choix ont été appliqués avec succes en économie. Par
exemple, Branzei et al. (2009) étudie les jeux multi-choix qui découlent de situations
de marché avec deux factions. L’une des factions est constituée d’un groupe de
joueurs puissants ayant des choix de type oui ou non. L’autre faction est constituée
de joueurs non puissants avec plusieurs choix concernant le degré de coopération au
sein de la faction; Grabisch & Rusinowska (2010) généralise un modele d’influence
oui-non a un cadre multi-choix. Les auteurs étudient une situation dans laquelle
certains agents font partie d’un réseau social. Chaque agent a un ensemble ordonné
d’actions possibles et est influencé par ses voisins dans le réseau lorsqu’il choisit son
action; enfin, Techer (2021) aborde le probleme du cott social, introduit a 1'origine
par |Coase| (1960)), en utilisant des jeux multi-choix. L’auteur étudie des situations
dans lesquelles un pollueur interagit avec plusieurs victimes potentielles, et vise a
négocier un accord stable concernant le niveau de pollution. Le pollueur a plusieurs
niveaux auxquels il souhaite produire et polluera proportionnellement, tandis que les
victimes peuvent participer ou non aux négociations.

Soit N un ensemble de joueurs. Dans un jeu multi-choix, chaque joueur ¢ € N est
en mesure de choisir parmi plusieurs niveaux d’activité auxquels il peut coopérer. Le
niveau 0 signifie qu’il ne coopere pas et le niveau m; représente son niveau d’activité
maximal. Le profil m = (my, ..., m,) rassemble tous les niveaux d’activité maximaux
des joueurs. Un profil s < m est une coalition (multi-choix). Un jeu multi-choix est
un couple (m,v) ou v est la fonction caractéristique qui associe a chaque coalition
s < m une valeur réelle et qui vérifie v(0,...,0) = 0, ou (0,...,0) est la coalition
vide. La sous-classe des jeux multi-choix on m = (1,...,1) peut étre vue comme
la classe complete des jeux TU sur N. De plus, la classe des problemes de partage
des couts (discrets) peut étre vue comme la sous-classe des jeux multi-choix non

2Les concepts de solution-singletons des problemes de partage des cofits discrets allouent
également un gain unique par joueur.
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décroissants. Lorsque 'on se place dans le cadre du probleme de la conception
d’un tarif, les niveaux d’activité représentent les demandes des consommateurs. Un
vecteur de paiement (multi-choix) décrit dans quelle mesure le paiement de chaque
joueur varie en fonction de son niveau d’activité, ce qui permet d’établir une grille
tarifaire. Une solution-singleton (que l'on appellera “valeur” par la suite) sur une
classe de jeux multi-choix attribue un vecteur de paiement unique a chaque jeu dans
cette classe. Une solution ensembliste définie sur une classe de jeux multi-choix
attribue un ensemble (éventuellement vide) de vecteurs de paiements a chaque jeu
dans cette classe.

Dans cette these, nous introduisons de nouveaux concepts de solution pour les
jeux multi-choix. En particulier, nous étudions des situations dans lesquelles le jeu
est doté d’une structure qui tire partie de l'information fournie par le réseau de
distribution afin d’établir des relations entre les consommateurs. De cette facon, les
concepts de solution pourront prendre en compte I'information fournie par le réseau
de distribution. De plus, certains des concepts de solution réussiront a satisfaire aux
principes attendus par GRDF. Nous soulignons que tous les concepts de solution
proposés dans cette these ne parviennent pas forcément a satisfaire les principes
poursuivis par GRDF et a prendre en compte le réseau en méme temps.

Le reste de cette introduction est organisé comme suit. Nous discutons de
'interaction entre les jeux coopératifs et les structures dans la section [I.5] Les
concepts de solution des jeux multi-choix et le principe d’indépendance aux deman-
des supérieures sont abordés dans la section [1.6] La section discute du principe
de péréquation. Enfin, la section présente un résumé de cette these et détaille les
contributions des différents chapitres.

1.5 Jeux et structures

Dans un jeu TU, on suppose généralement que la coopération entre un groupe de
joueurs n’est pas entravée par un quelconque facteur exogene. Cependant, en pra-
tique, plusieurs structures exogene peuvent avoir un impact sur la formation des
coalitions, 1’évaluation des coalitions ou le processus d’allocation. Des jeux TU dotés
d’une structure sur I’ensemble des joueurs ont été introduits pour modéliser des situ-
ations ou la formation ou I’évaluation des coalitions peuvent dépendre de contraintes
de communication, de coalition ou hiérarchiques.

Les contraintes de communication, modélisées par un graphe non orienté (par ex-
emple, la ﬁgure, sont abordées dans|Myerson| (1977). Les joueurs sont représentés
par les nceuds d’un graphe non orienté dans lequel les arétes représentent les canaux
de communication entre les joueurs. Une coalition de joueurs ne peut coopérer que
si elle peut communiquer par un chemin qui se trouve a l'intérieur de cette coalition.
Le modele des jeux TU avec contraintes de communication peut étre représenté par
un triplet (N, v, L), ou (N,v) est un jeu TU et (N, L) est un graphe non orienté
représentant les contraintes de communication. Ce modele distingue la fonction car-

20



actéristique de la structure. Comme mentionné dans la Section [I.2], cette approche
permet de mener une étude axiomatique sur un probleme (N, v, L) ou (N, v) et (N, L)
sont deux informations distinctes. Myerson, (1977)) caractérise axiomatiquement un
concept de solution calculé comme la valeur de Shapley du jeu (N, v), ott v est une
fonction caractéristique qui combine v et L. La valeur v(E) d'une coalition £ C N
dans le jeu (N,vl) est calculée comme la somme de la valeur de chaque coalition
connectée maximale (par rapport au graphe de communication) contenue dans F.
Ainsi, les contraintes de communication affectent I’évaluation des coalitions.

La facon dont v et L sont combinés en v’ est entierement déterminée par les ax-
iomes, ce qui signifie qu'un autre ensemble d’axiomes pourrait conduire a un résultat
différent. Cela illustre bien l'un des avantages théoriques de la distinction entre
la fonction caractéristique et la structure : il existe différents ensembles d’axiomes
possibles qui donnent lieu a différentes combinaisons de v et L.

Les contraintes de coalition liées a I'existence d’unions a préexistantes modélisent
des situations dans lesquelles les joueurs sont amenés a s'unir de fagcon prédéterminées.
Elles sont représentées par une partition de I’ensemble des joueurs (par exemple, la
figure [1.4). Ces structures sont discutées dans [Aumann & Dreze (1974) et [Owen
(1977). Différentes interprétations de ce modele sont possibles. Dans |Aumann &
Dreze, (1974), les joueurs appartenant a différentes unions a priori ne peuvent pas
coopérer, ce qui n’est pas le cas dans Owen (1977)), mais la formation d'une coalition
doit étre compatible avec les unions. Ainsi, les contraintes coalitionnelles formées par
la partition de ’ensemble des joueurs en unions affectent la formation des coalitions.
Le modele des jeux TU avec contraintes de coalition peut étre représenté par un
triplet (N, v, W), ou (IV,v) est un jeu TU et (N, W) est une partition de I’ensemble
des joueurs représentant les contraintes de coalition. De méme que pour les con-
traintes de communication, ce modele distingue le jeu de la structure. Aumann &
Dreze| (1974) et Owen| (1977) proposent deux valeurs pour les jeux TU avec des con-
traintes de coalition et les caractérisent axiomatiquement. |Aumann & Dreze, (1974)
proposent un concept de solution calculé, pour chaque ¢+ € N, comme la valeur de
Shapley du jeu (W(i),v"®), ott W (i) est une union contenant le joueur i € N,
et vW@ est la restriction de v au domaine W (i). Owen (1977) propose la valeur
d’Owen qui peut étre considérée comme une procédure en deux étapes. Dans la
premiere étape, un jeu TU entre les unions préexistantes est utilisé pour déterminer
le gain total obtenu par chaque union a priori. Dans la seconde, un jeu TU au sein de
chaque union a priori est utilisé pour allouer a ses membres le gain total obtenu par
I'union a priori dans la premiere étape. La valeur d’Owen est obtenue en appliquant
la valeur de Shapley dans les deux étapes.
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Les structures de permission, modélisées par des graphes dirigés (par exemple,
Figure [1.5]), furent introduites par |Gilles et al| (1992). Ces structures décrivent des
situations dans lesquelles les joueurs ont besoin de la permission d’autres joueurs
avant d’étre autorisés a coopérer au sein d'une coalition. Un jeu TU muni d’une
structure de permission peut étre représenté par un triplet (N, v, D), ou (IN,v) est
un jeu TU et (N, D) est un graphe dirigé représentant la structure de permission.
van den Brink & Gilles (1996)) introduit la valeur de permission pour de tels jeux.
Cette valeur est calculée comme la valeur de Shapley du jeu TU (N,vP), o vP(FE)
mesure la valeur de la plus grande coalition réalisable contenue dans £ C N. Dans ce
contexte, une coalition est réalisable si elle contient tous les supérieurs des membres
de la coalition. Tout comme dans les situations avec contraintes de communication, la
structure affecte I’évaluation des coalitions. Plusieurs caractérisations axiomatiques
de la valeur de permission ont été proposées par van den Brink & Gilles (1996)),
van den Brink et al|(2015) et van den Brink et al|(2018) entre autres.

Enfin, les structures de priorité, modélisées par ordre partiel, furent introduites
par Béal et al|(2021a)). Elles décrivent des situations dans lesquelles certains joueurs
ont la priorité sur d’autres joueurs dans le processus d’allocation. Le modele des
jeux TU avec une structure de priorité peut étre représenté par un triplet (N, v, D),
ou (N,v) est un jeu TU et (IV,D) est un ordre partiel représentant la structure
de priorité. |Béal et al|(2021a) introduisent la valeur de priorité pour les jeux TU
muni d’une structure de priorité. Selon cette valeur, la structure affecte le processus
d’allocation, mais n’a pas d’effet sur la formation ou I’évaluation des coalitions. Deux
caractérisations axiomatiques de la valeur de priorité sont proposées par Béal et al.
(2021a)). De toute évidence, le modele des jeux TU avec une structure de priorité est
tres similaire aux jeux TU avec une structure de permission. Cependant, les deux
modeles ont une interprétation et une utilisation différentes de la structure.

Dans cette these, nous étudions les jeux multi-choix muni d’une structure. Quelques
études ont été menées sur ce sujet. Par exemple, |[Béal et al.| (2012)) aborde le theme
des jeux multi-choix avec des contraintes de communication et caractérise axioma-
tiquement une solution étendant la solution proposée par Herings et al.| (2008)) pour
les jeux TU avec des contraintes de communication. |Albizuri (2009)) étudie les jeux
multi-choix avec des unions préexistantes. L’auteur caractérise axiomatiquement une
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solution qui étend la valeur d’Owen (voir Owen| (1977))).

Dans les jeux TU, les joueurs n’ont qu’un seul niveau d’activité auquel participer
au sein d’une coalition. Par conséquent, la structure est facile a interpréter puisqu’elle
établit des relations entre les joueurs. Dans les jeux multi-choix, ces relations sont
plus difficiles a déterminer en raison de la multiplicité des niveaux d’activité. Par
exemple, considérons une structure de permission. Une relation de permission directe
entre deux joueurs est claire si les deux joueurs n’ont que deux choix : 0 ou 1, ¢’est-a-
dire s’ils cooperent ou non. En effet, supposons que i € N ait besoin de la permission
de k € N pour coopérer. Si k joue 1, alors i est autorisé a jouer 1. Au contraire,
si k joue 0, alors ¢ n’est pas autorisé a jouer 1. Maintenant, supposons que k ait 3
niveaux d’activité, et supposons que m; = 2. Quel niveau d’activité doit jouer k afin
de permettre au joueur i de jouer son niveau d’activité 1 7 Il n’y a pas de maniere
triviale de déterminer un tel niveau. Un scénario possible serait le suivant : ¢ ne peut
coopérer que si k coopere. Dans ce cas, ¢ a besoin que k joue son niveau d’activité 1
(ou plus) avant de coopérer lui-méme (voir figure [L.6). Un autre serait : ¢ ne peut
pas coopérer a moins que k ne coopere a son niveau d’activité maximal. Dans ce
cas, ¢ a besoin que k joue son niveau d’activité 3 avant de pouvoir coopérer lui-méme
(voir figure . Ceci rend I’étude des jeux multi-choix muni d’'une structure plus
complexe que les jeux TU muni d'une structure.

k1 . k2 - k3 bl — k2 —— k.3

k Autorise 7
k Autorise 7

il — 2 i1 2

Figure 1.6 Figure 1.7

Les niveaux d’activité d'un joueur sont supposés linéairement ordonnés : un
joueur k ne peut pas jouer 2 s’il ne joue pas 1 au préalable. En un sens, les niveaux
d’activité des joueurs font déja partie d’une structure. Cette idée est illustrée en
dessinant des fleches entre les niveaux d’activité de chaque joueur dans les figures
et Un premier objectif de cette these est de fournir des moyens pertinents
de combiner la structure sur I'ensemble des niveaux d’activité et la structure sur
’ensemble des joueurs en une structure sur ’ensemble des niveaux d’activité (tout
comme nous l'avons fait dans la figure et . Nous abordons cette question en
considérant les structures de permission et les structures de priorité. Nous étudions
comment ces structures peuvent étre combinées avec la structure sur ’ensemble des
niveaux d’activité, puis nous fournissons des concepts de solution basés sur ces com-
binaisons. Cette discussion est particulierement intéressante pour GRDF car elle
fournit différentes interprétations sur la facon dont les caractéristiques géographiques
du réseau affectent ses caractéristiques économiques.
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1.6 Indépendance aux demandes supérieures

Des propriétés similaires au principe d’indépendance aux demandes supérieures exis-
tent déja dans la littérature économique. Par exemple, la méthode serial cost sharing
pour les problemes de partage des couts discrets, introduite par |Moulin & Shenker
(1992), satisfait a la propriété. Plus récemment, |Albizuri et al.| (2020) ont étudié
des solutions pour des problemes de négociation satisfaisant a une propriété simi-
laire d’indépendance aux demandes supérieures. Dans cette section, nous discutons
du principe d’indépendance aux demandes supérieures dans le cadre des jeux multi-
choix.

Une solution pour jeux multi-choix suit le principe d’indépendance aux demandes
supérieures si le montant alloué a un niveau d’activité d’un joueur est indépendant
aux niveaux d’activité supérieurs au sien. Malheureusement, la plupart des con-
cepts de solution pour jeux multi-choix ne vérifient pas ce principe. Ces solutions
sont généralement des extensions de la valeur de Shapley au cadre multi-choix. La
premiere extension est introduite par Hsiao & Raghavan|(1992)). Les auteurs étudient
les jeux multi-choix dans lesquels les joueurs partagent tous le méme niveau d’activité
maximal. Les niveaux d’activité sont pondérés, ce qui permet aux auteurs d’étendre
l'idée des valeurs de Shapley pondérées (voir |[Kalai & Samet| (1987)) des jeux TU aux
jeux multi-choix. Cette valeur ne vérifie pas le principe d’indépendance aux deman-
des supérieures. van den Nouweland et al.| (1995) se focalisent sur la classe complete
des jeux multi-choix et proposent une seconde extension de la valeur de Shapley,
que 'on écrira vdN. Supposons que la grande coalition m se forme étape par étape,
selon un certain ordre, en partant de la coalition vide (0, ...,0), ce qui signifie qu’a
chaque étape, un joueur augmente son niveau d’activité d’une unité. Ainsi, a chaque
étape, la contribution marginale d’un joueur a la coalition correspond a la variation
de valeur que subit la coalition lorsque ce joueur augmente son niveau d’activité
d’une unité. La valeur vdN alloue a chaque joueur l'espérance de ses contributions
marginales, en supposant que la grande coalition puisse se former selon tout ordre
admissible, ou chaque ordre admissible a la méme probabilité de survenir. |Calvo
& Santos (2000) montrent que la valeur vdN coincide avec la méthode d’Aumann-
Shapley discrete sur la classe des problemes de partage des cotits discrets. Ainsi,
la valeur vdN ne verifie pas le principe d’indépendance aux demandes supérieures.
D’autres extensions peuvent étre trouvées dans Derks & Peters (1993), Peters &
Zank (2005) et |Grabisch & Lange (2007). Aucune de ces solutions ne satisfait au
principe d’indépendance aux demandes supérieures (voir Chapitre 2). Ce principe
est également lié & un concept de stabilité : le Coeur d’un jeu multi-choix introduit
par Grabisch & Xie| (2007) (le Coeur, en abrégé). Le Coeur est un ensemble de solu-
tions pour jeux multi-choix contenant tous les vecteurs de gains stables. Un vecteur
de gain est stable si aucune coalition ne peut obtenir, par elle-méme, une meilleure
utilité que celle prescrite par le vecteur de gain. Pour qu’un vecteur de gain soit dans
le Coeur, il doit nécessairement satisfaire la propriété de multi-efficience. Cette pro-
priété stipule que, pour tout niveau d’activité, si tous les joueurs sont d’accord pour
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jouer ce niveau (ou leur niveau d’activité maximal s’ils sont incapables d’atteindre ce
niveau), alors ils devraient obtenir la méme valeur que celle prescrite par le vecteur de
gain dans le Coeur. Ce type d’accord est appelé une coalition synchronisée. Si une
valeur satisfait au principe d’indépendance aux demandes supérieures et recouvre
également la valeur de la grande coalition, alors elle est multi-efficiente. Cela rend
le principe d’indépendance aux demandes supérieures particulierement désirable.

1.7 Péréquation

Le principe de péréquation préconise une égalité de traitement entre deux consomma-
teurs ayant la méme demande effective. En termes de jeux multi-choix, cela signifie
que deux joueurs ayant le méme niveau d’activité maximal doivent recevoir le méme
gain. De méme que pour le principe d’indépendance aux demandes supérieures, au-
cun concept de solution des jeux multi-choix ne satisfait au principe de péréquation
puisque la plupart d’entre eux sont calculés en fonction des contributions marginales
des joueurs.

Au sein de la classe des jeux TU, la division égalitaire, qui divise également
le gain de la grande coalition entre les joueurs, satisfait clairement au principe
de péréquation. Etonnamment, il existe tres peu d’études dans la littérature qui
étendent la division égalitaire des jeux TU aux jeux multi-choix. A notre connais-
sance, la seule solution qui étende la division égalitaire est la solution égalitaire multi-
choix contrainte introduite par Branzei et al.|(2014). Nous introduisons une extension
de cette valeur satisfaisant au principe de péréquation et au principe d’indépendance
aux demandes supérieures dans le chapitre 4.

1.8 Apercu de la these

1.8.1 Chapitre 2: Préliminaires

Le second chapitre de cette these contient des préliminaires sur les jeux TU, sur les
jeux TU muni d’une structure et sur les problemes de partage de cotits discrets. Tout
d’abord, nous introduisons des définitions de base sur les jeux TU, ainsi que sur les
concepts classiques de solution ainsi que sur leur caractérisation axiomatique. En-
suite, nous présentons deux modeles de jeux TU muni d’'une structure : les jeux muni
d’une structure de permission (voir Gilles et al.|(1992))) et les jeux muni d’une struc-
ture de priorité (voir Béal et al| (2021al)). Ensuite, nous introduisons des définitions
sur les jeux multi-choix et discutons des extensions de certain concepts de solution
des jeux TU aux jeux multi-choix. Enfin, nous présentons les problemes de partage
de cotits discrets (voir Moulin (1995)). Nous présentons plusieurs concepts de solu-
tion pour les problemes de partage des cotuits discrets, tels que la serial cost sharing
method (voir [Moulin & Shenker (1992))) et la pseudo average method (voir [Moulin
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(1995))). Nous faisons aussi le paralléle entre les problemes de partage de couts et les
jeux multi-choix.

1.8.2 Chapitre 3: Valeurs pour jeux multi-choix muni d’une
structure de permission

Les structures de permission modélisent des situations dans lesquelles certains joueurs
ont besoin de la permission d’autres joueur pour coopérer. Il s’avere que 1'on peut
établir des relations de permission entre les consommateurs de gaz. En effet, his-
toriquement, le réseau de distribution a été construit de maniere progressive en fonc-
tion des demandes croissantes des consommateurs. Ainsi, certains consommateurs
n’auraient jamais été en mesure de demander du gaz si d’autres consommateurs
n’avaient pas été connectés au préalable : on peut considérer qu’il s’agit d’une rela-
tion de permission.

Ce chapitre traite des jeux multi-choix muni d’une structure de permission (ar-
borescente). Nous étudions comment une structure de permission sur I’ensemble des
joueurs peut étre combinée avec différents niveaux de participation. Une structure
de permission est représentée par un graphe dirigé D. van den Brink & Gilles (1996))
combinent la fonction caractéristique d’'un jeu TU (N, v) avec une structure de per-
mission en une nouvelle fonction v (voir la section . Ce chapitre propose une
étude similaire réalisée dans le cadre des jeux multi-choix. Cependant, comme men-
tionné dans la section il n’y a pas de maniere triviale d’aggréger une structure de
permission avec plusieurs niveaux d’activité. Pour ce faire, nous procédons en deux
étapes.

Dans un premier temps, nous introduisons les structures de pal—permissionﬂ Ces
structures dépeignent des relations de permission entre les niveaux d’activité des
joueurs. Par exemple, les graphes dirigés représentés sur la figure et la figure
1.7 peuvent étre considérés comme des structures de pal-permission. Cette approche
généralise le modele introduit par |Gilles et al.| (1992). Nous introduisons la valeur
de pal-permission pour les jeux multi-choix muni d’une structure de pal-permission.
Cette valeur est calculée comme la valeur DP (voir Derks & Peters (1993)) du jeu
multi-choix (m, v?), ol v? est une combinaison d’un jeu multi-choix (m,v) et d’une
structure de pal-permission ). Cette combinaison étend la combinaison v proposée
par van den Brink & Gilles) (1996)).

Ensuite, nous étudions les jeux multi-choix muni d’une structure de permission,
cette fois ci, définie sur ’ensemble des joueurs. Nous exploitons le fait que ’ensemble
des niveaux d’activité de chaque joueur soit totalement ordonné. De nouveaux ax-
iomes sont proposés et nous permettent de caractériser trois nouvelles valeurs pour
les jeux multi-choix muni d’une structure de permission. Chacune coincide avec
une valeur de pal-permission pour jeux multi-choix muni d’une structure de pal-
permission telle que décrite dans la premiere étape. Cette approche est intéressante

3abréviation de player-activity level permission
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pour plusieurs raisons. D’abord, elle distingue a priori une structure de permis-
sion entre les joueurs (les relations inter-joueurs) de l'ordre linéaire sur les niveaux
d’activité de chaque joueur (les relations intra-joueurs). Puis, I’étude axiomatique
met en lumiere la maniere dont les relations inter-joueurs et intra-joueurs se com-
binent pour former une structure de pal-permission. L’étude axiomatique fait ap-
paraitre des structures de permission tres différentes, qui ont des interprétations
naturelles mais néanmoins différentes.

Ce chapitre met en lumiere les difficultés qui surviennent lorsqu’on essaie de
combiner un jeu multi-choix avec une structure sur I’ensemble des joueurs. Notons
que l'on ne tient pas compte de l'indépendance aux demandes supérieures ou du
principe de péréquation.

1.8.3 Chapitre 4: Marginalisme, égalitarisme et efficacité
dans les jeux multi-choix

Ce chapitre se concentre sur les jeux multi-choix sans structure. Il aborde le com-
promis entre le marginalisme et 1’égalitarisme, qui est 1'une des principales ques-
tions dans les problemes d’allocation économique. Le marginalisme soutient les al-
locations basées sur la contribution marginale d’un joueur aux coalitions, tandis
que l’égalitarisme est en faveur d’une allocation égale de l'utilité. Le principe de
péréquation peut étre vu comme une forme d’égalitarisme.

Dans le contexte des jeux TU, ce compromis peut étre vu comme un arbitrage
entre la valeur de Shapley et la division égalitaire puisque ces deux valeurs sont
respectivement considérées comme l'incarnation du marginalisme et de I’égalitarisme.
Cet arbitrage peut peut se faire par des combinaisons convexes entre la valeur de
Shapley et la division égalitaire (voir Joosten| (1996), van den Brink et al. (2013,
Casajus & Huettner| (2013), Abe & Nakadal (2019)) et Béal et al| (2021b)). Nous
discutons de ce compromis dans le cadre des jeux multi-choix. L’indépendance aux
demandes supérieures et la péréquation sont pris en compte dans ce chapitre.

Tout d’abord, nous proposons une extension de la valeur de Shapley, appelée
valeur de Shapley multi-choix. Elle est calculée comme suit. Supposons que la
grande coalition se forme étape par étape en partant de la coalition vide. A chaque
étape, un joueur augmente son niveau d’activité d'une unité, disons de 7 a j + 1,
mais ce, a condition que tous les autres joueurs (qui sont capables de jouer j) aient
déja atteint leur niveau j. Ce processus de formation de coalition est un ordre re-
streint. La valeur de Shapley multi-choix attribue a chaque joueur I'espérance de ses
contributions marginales a chacun de ses niveau d’activité en supposant que chaque
ordre restreint survienne a probabilité égale. Cette valeur se situe dans le Coeur de
tout jeu multi-choix super-modulaire. Un jeu multi-choix super-modulaire peut étre
vu comme un jeu dans lequel les incitations a rejoindre une coalition augmentent au
fur et a mesure que la coalition grandit. En outre, le valeur de Shapley multi-choix
satisfait au principe d’indépendance aux demandes supérieures.

Ensuite, nous proposons une extension de la division égalitaire, appelée valeur
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de division égalitaire multi-choix. Cette valeur divise de maniere égale le surplus de
gain entre deux coalitions synchronisées consécutives parmi les joueurs capables de
jouer les niveaux d’activité requis. Cette valeur n’est pas une extension triviale de
la valeur de division égalitaire: c’est une solution égalitaire qui satisfait au principe
d’indépendance aux demandes supérieures et au principe de péréquation. Cette
valeur est clairement souhaitable puisqu’elle satisfait a tous les principes poursuivis
par GRDF.

A notre connaissance, aucun travail antérieur n’a abordé le compromis entre
marginalisme et égalitarisme dans le contexte des jeux multi-choix. Dans ce chapitre,
nous étudions ce compromis a I’aide de la valeur de Shapley multi-choix et de la valeur
de division égalitaire multi-choix. A cette fin, nous proposons les valeurs de Shap-
ley égalitaires multi-choix. Cette famille de valeurs est composée de combinaisons
convexes de la valeur de Shapley multi-choix et de la division égalitaire multi-choix.
Nous fournissons plusieurs caractérisations axiomatiques de ces nouveaux concepts
de solution en utilisant des axiomes classiques ainsi que de nouveaux axiomes pour
les jeux multi-choix.

1.8.4 Chapitre 5: Valeurs pour jeux multi-choix muni d’une
structure de priorité

Une structure de priorité capture les asymétries entre joueurs, celles-ci pouvant
refléter des droits, des besoins ou des mérites, etc. Des relations de priorité ap-
paraissent naturellement entre les consommateurs de gaz. Par exemple, il sem-
ble raisonnable de donner la priorité a la fourniture d’un hopital plutot qu’a celle
d’un parc d’attractions. En hiver, il semble raisonnable de donner la priorité a
I’approvisionnement des ménages avant celui des équipements publics.

Ce chapitre traite des jeux multi-choix muni d’une structure de priorité. Nous
introduisons une valeur pour cette classe de jeux : la valeur de priorité multi-choix.
Elle étend la valeur de priorité pour les jeux TU avec une structure de priorité
introduite par Béal et al.|(2021a)). Notre valeur peut étre vue comme une procédure
lexicographique définie comme suit. Pour chaque coalition (multi-choix), choisissons
les joueurs ayant les niveaux d’activité les plus élevés dans la coalition. Parmi ces
joueurs, sélectionnons ceux qui n’ont pas de supérieurs selon la structure de priorité.
Le surplus généré par la coalition, c’est-a-dire son dividende d’Harsanyi, est divisé
de maniere égale entre les joueurs sélectionnés.

Puisque la valeur de priorité multi-choix discrimine d’abord les joueurs selon leur
niveau d’activité, elle satisfait au principe d’indépendance aux demandes supérieures.
Cette valeur est la premiere a combiner un principe poursuivi par GRDF avec une
information fournie par le réseau de distribution de gaz. Deux caractérisations ax-
iomatiques de cette valeur sont proposées. L’une est une caractérisation classique qui
utilise un axiome d’additivité, la seconde est basée sur un axiome de contributions
équilibrées (voir Myerson| (1980)).
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1.8.5 Chapitre 6: Partager les coiits d’un réseau de distri-
bution de gaz

Un probleme de partage de cotits dans le cadre de la distribution de gaz peut étre
représenté par un triplet (¢, CV, Net), ol q est le profil des demandes effectives,
Net est le réseau de distribution, et C™V¢ est une fonction de cotit intégrant des
informations de Net. Rappelons que CN¢ peut étre vue comme une combinaison
d’une fonction de cout C et de Net. Dans le Chapitre [1.2] il est préconisé d’étudier
le probleme (q, C, Net), dans lequel C est indépendant de Net, plutot que (g, CNe).
Ici, nous nous focaliserons sur le triplet (g, CV¢, Net) plutot que sur (¢, C, Net),
car la fonction de cotit est censée mesurer le cotit des canalisations du réseau. Par
conséquent, la fonction de cott doit inévitablement prendre en compte Net. Cepen-
dant, nous nous différencions du cas ot 'on ne considere que (g, CV*) et gardons
Net comme une donnée supplémentaire afin de ne négliger aucune information du
réseaul.

Nous proposons trois regles distinctes de partage des cotits qui dépendent du
réseau et des demandes des consommateurs. A cette fin, un nouveau principe est
introduit. Pour approvisionner un consommateur en gaz, toutes les canalisations
reliant ce consommateur a la source doivent étre mobilisées. En d’autres termes, ce
consommateur dépend d’un certain nombre de canalisations. Il semble raisonnable
de facturer a ce consommateur les cotits générés par ces canalisations. D’une maniere
plus générale, les consommateurs ne devraient payer que pour la portion du réseau
qu’ils utilisent. Cette idée se nomme : le principe de raccordement.

La premiere regle est appelée regle de raccordement, et elle satisfait au principe
d’indépendance aux demandes supérieures ainsi qu’au principe de raccordement.
La deuxieme regle s’appelle la regle de péréquation, et elle satisfait au principe
d’indépendance aux demandes supérieures ainsi qu’au principe de péréquation. De
la méme maniere que le marginalisme est incompatible avec I’égalitarisme, le principe
de raccordement est incompatible avec le principe de péréquation. Pour faire un com-
promis entre ces deux principes, nous introduisons les regles mixtes qui constituent
un arbitrage entre la regle de raccordement et la regle de péréquation. Pour chaque
regle, une caractérisation axiomatique est fournie.

La regle de raccordement coincide avec la valeur de Shapley multi-choix (intro-
duite au Chapitre 4) d’un jeu multi-choix spécifique dérivé du réseau et des demandes
des consommateurs. De plus, la regle de raccordement est dans le Coeur de ce jeu
multi-choix. De meéme, la regle de péréquation coincide avec la division égalitaire
multi-choix (introduite au chapitre 4) et les regles Mixtes coincident avec les valeurs
de Shapley égalitaires multi-choix (introduites au chapitre 4).

1.8.6 Chapitre 7: Remarques

Il existe deux principes désirables pour GRDF : le principe de péréquation et le
principe d’indépendance aux demandes supérieures. L’information fournie par le
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réseau de distribution est également importante. Tout cela est étudié de maniere
progressive au long de la these. Le chapitre 3 ne prend en compte que les informations
fournies par le réseau de distribution. Le chapitre 4 ne prend en compte que les deux
principes désirés par GRDF. Le chapitre 5 ne prend en compte qu’'un seul de ces
principes et le couple avec les informations fournies par le réseau de distribution.
Enfin, le chapitre 6 prend en compte les deux principes ainsi que les informations
fournies par le réseau de distribution.

Chapitre 2: Préliminaires

Chapitre 3: Valeurs pour jeux multi-

. . . +— réseau
choix muni d’une structure de permission

Chapitre 4: Marginalisme, égalitarisme
et efficacité dans les jeux multi-choix

+— péréquation
+ indépendance

Y

Chapitre 5: Valeurs pour jeux multi-
choix muni d’une structure de priorité

+— indépendance
+ réseau

Chapitre 6: Partager les cotts

’ ’ s +— péréquation
d’un réseau de distribution de gaz

+ indépendance
+ réseau

Chapitre 7: Remarques

Figure 1.8

Des remarques supplémentaires concernant les travaux de cette these sont détaillées
au Chapitre 7. Ces remarques mettent en évidence les liens entre les différents
chapitres.

- Chapitres 3, 4 et 6 : nous proposons de nouveaux concepts de solution pour
les jeux multi-choix muni d’une structure de permission ainsi que pour les
jeux multi-choix muni d’une structure de priorité. Ces nouveaux concepts de
solution sont définis en utilisant des éléments du chapitre 3 et du chapitre 4.
De plus, sous certaines conditions, I'un de ces concepts de solution coincide
avec la regle de connexion du chapitre 6.

- Chapitres 5 et 6 : nous discutons de ce qui se passe si I'on applique la valeur de
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priorité multi-choix a un jeu multi-choix dérivé d’un probléeme de distribution
de gaz.

- Chapitres 3, 4 et 5 : nous introduisons les structures de pal-priorité pour les
jeux multi-choix et introduisons une valeur sur cette classe de jeux. Nous
montrons que cette valeur coincide, sous certaines conditions, avec la valeur de
priorité multi-choix, du chapitre 5, ou avec la valeur de Shapley multi-choix,
du chapitre 4.
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Chapter 1: Introduction

1.1 Gas distribution in France

Natural gas is a fossil energy, also called primary energy, because it does not come
from the transformation of another energy (unlike electricity). Natural gas is used
for domestic purposes, but it is also useful in other areas such as industry, agronomy
and transportation. Its consumption has been steadily growing in the past few
years, mostly because of its environmental qualities: it emits almost no fine particles
and is the hydrocarbon that releases the least amount of greenhouse gases into the
atmosphere once consumed. Before being delivered to the consumers, natural gas
must be extracted from the ground, processed and finally transported to the place
of consumption.

In recent years, the production of biogas has become a serious and more ecological
alternative to natural gas. Biogas is produced by the fermentation of organic matter
in the absence of oxygen. Its production allows to recycle organic wastes while
preventing the depletion of the planet’s natural resources. Biogas production sites
are located relatively close to the places of consumption and it therefore generally
requires less effort to be delivered to the consumers.

This thesis is motivated by gas distributionE] which is the final step of the gas
delivering process from the extraction sites (or biogas production sites) to the con-
sumers. We briefly explain the various steps involved in gas delivering. Gas produc-
ers are in charge of extracting gas, which is then transported to border entry points
through international pipelines or by LNG tankers. In the case of LNG tankers, the
gas must be regasificated from its liquid state to its gas state before any use. The
transmission network carry the gas at high pressure through large-diameter steel
pipes, from border entry points or LNG regasification sites to the entrance of cities.
Contrary to natural gas extraction sites, bio gas production sites are directly con-
nected to the entrance of the cities and towns. Ultimately, the distribution network
carry the gas from the entrance of the cities to the final consumer, through smaller
diameter pipelines. All the steps of gas delivering are summarized in Figure [1.1]

LA particular attention is given to gas distribution in France.
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Figure 1.1

A gas distribution network connects consumers to a source in gas through pipelines.
The source can either be a transmission network or a biogas production site. A gas
distribution network can be illustrated by a rooted tree graph in which the nodes
represent the consumers and the arcs represent the pipelines. Note that a gas distri-
bution network can be connected to multiple sources. In this case, a gas distribution
network cannot be represented by a rooted tree graph with a unique source. In this
thesis, we consider the case where a gas distribution network is connected to only one
source (see Figure for an example of three gas distribution networks represented
by rooted tree graphs).

In France, the energy distribution market was opened to competition on July 1,
2007. It allowed the creation of a single market on an European scale and the possi-
bility for a consumer to freely choose its gas distribution network operator among the
fifty or so that currently exist in France. Gas distribution in France is a public service
mission. It is carried out under a triplet authority: the State, the local authorities
and the Energy Regulation Commission (CRE-French acronym). The State sets the
general framework for the energy market by guaranteeing compliance with both the
rules of competition and public service missions. Local authorities supervise gas
distribution on a smaller scale and ensure its safe running. The CRE ensures that
the French energy market runs smoothly and that all gas network operators have
the same access conditions to the distribution network. The most prominent gas
distribution operator in France is (by far) GRDF (Gaz Réseau Distribution France).
This operator manages an over 200,000 km long gas distribution network with over
10,000 employees to supply more than 11 millions of customers.
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1.2 The gas distribution problem

In order to carry out its task properly, GRDF is confronted with various costs, some
of which are not directly assignable to a given consumer. For instance, there are some
costs related to the access to the transmission network and some costs related to the
access to biogas production sites. In addition, the maintenance of the network, its
monitoring and possible extensions generate additional costs. These costs are called
operation costs and are ultimately billed to the consumers. Each consumer signs a
distribution contract with GRDF (or another distribution network operator), which
specifies two major pieces of information. First, it specifies the category to which
the consumer belongs. GRDF classifies the consumers according to a well-established
categorization system. The category of a consumer is highly related to its gas usage
over the course of a year. In particular, the effective demand of a consumer is
the most meaningful information for GRDF, and it determines the category of a
consumer. The effective demand of a consumer corresponds to the highest volume
in gas a consumer expects to demand over a short period of time. Typically, this
corresponds to the amount a household expects to consume during the coldest days
of winter. For a transportation company, this corresponds to the period of the year
when the company’s fleet is the most solicited. For an industry, this corresponds to
the period of the year when the production activity is at its greatest level. Without
loss of generality, we assume that the set of effective demands coincides with the
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categorization system established by GRDF. The distribution contract between a
consumer and GRDF specifies the effective demand of the consumer. Second, the
contract specifies the amount each consumer has to pay depending on its effective
demand. This amount is determined by a distribution rate, which is called “Third-
party access to the distribution network” (ATRD - French acronym). The ATRD
establishes a grid that specifies the amount the consumers have to pay depending
on their demand. GRDF seeks to recover all the operation costs via the ATRD. To
that end, GRDF must determine a method to share the operation costs among the
consumers. The competitiveness of GRDF significantly depends on how these costs
are divided. In particular, a cost sharing method is relevant if it meets the principles
retained and the objective pursued by the network operator.

There are two major principles retained by GRDF regarding the cost sharing
methods: the Uniformity principle and the Independence of higher demands princi-
pleE] First, the Uniformity principle simply states that two consumers with the same
demands should be charged the same amount regardless of their geographical local-
ization. For instance, there should be no difference in terms of rate applied in rural
areas compared to urban areas, although the underlying costs are different. This
principle aims to reduce inequality of treatment between different consumers. This
principle is highly prevalent in France, not only in the field of gas delivering, but also
in electricity delivering, water delivering and other public services (see Fleurbaey &
Trannoy (1998)). This principle is even part of French law: “Constitution-article
72-2, révision du 28 mars 2003 |...] the law ensures uniformity mechanisms to pro-
mote equality among territories” (author’s translation). Second, the Independence
of higher demands principle indicates that a consumer should not have to pay for
demands higher than its own. This principle allows to avoid situations where the
presence of a consumer with a high demand implies additional costs to consumers
with lower demands. For example, it seems unjustified to increase the bill of a
household whenever a factory with a large gas consumption moves in next door.

Most, if not all, cost sharing methods used by GRDF are solution concepts taken
from the standard model of cost sharing problems. In the following, we briefly present
the (discrete) Aumann-Shapley method and the (discrete) Shapley-Shubik method,
which are two cost sharing methods commonly used by GRDF. To that end, we
represent the problem of GRDF as a discrete cost sharing problem (see e.g. Moulin
(2003) and Hougaard (2018))).

Fix a discrete finite set N of n gas consumers. Consider that each consumer
1 € N has an effective demand ¢; declared to the operator. The network operator
has no information regarding the other demands that a consumer makes throughout
a year, aside from its effective demand. Therefore, each consumer ¢ € N is endowed
with a discrete set of potential demands {0, 1, ..., ¢;} that represents all the potential
demands ¢ can make throughout a year. The profile of all effective demands is given
by ¢ = (q1,-.-,¢,). GRDF’s cost sharing problem can be viewed as a couple (¢, C),

2The Uniformity principle translates into “péréquation” in French.
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where the map C' measures the cost of operating the distribution network designed
to meet any demand profile in which each consumer ¢ € N demands at most its
effective demand ¢;. Formally, the map C' measures the cost C(s) of operating a
distribution network designed to meet any profile of demand s < ¢. The map C
verifies C'(0,...,0) = 0 and is a non-decreasing map, meaning that C(t) < C(s)
for each t < s < ¢g. The cost of operating the gas distribution network is given by
C(q). For instance, consider that the set of consumers is given by N = {a,b, c,d}.
The profile of effective demands is given by ¢ = (2,1,1, 1), meaning that a has an
effective demand of 2 whereas b, ¢ and d have an effective demand of 1. A map C
measures the cost of operating a distribution network designed to meet any demand
profile s smaller than ¢. For instance, C' measures the cost of (1,1,0,0), the profile
in which a demands 1, b demands 1 and ¢ and d demand 0. Of course, this scenario is
hypothetical and does not correspond to the effective demands. But it is necessary to
consider such scenario to use the Aumann-Shapley and the Shapley-Shubik methods.
Since C' is non-decreasing, the cost C'(1,1,0,0) is smaller than the cost C(1,1,1,0),
in fact, any demand profile smaller than ¢ has a smaller cost than C(g). Ultimately,
GRDF seeks to recover all the operation costs via the ATRD. This means that the
rate defined by GRDF should recover C(q), which is equivalent to sharing C(q)
among the consumers.

Next, we introduce some prerequisites from cooperative games necessary to under-
stand the Aumann-Shapley and the Shapley-Shubik methods. The standard model
of cooperative games is transferable utility games (TU-games for short). TU-games
model situations in which some players (possibly consumers) can form coalitions to
generate a worth. A TU-game consists of a couple (N, v), where N is a discrete and
finite set of players and v is a characteristic function that measures the worth of
each coalition of players £ C N. A payoff vector for a TU-game assigns a payoff to
each player. A single-valued solution on a class of TU-games assigns a unique payoff
vector to each game in this class. The Shapley value (see Shapley]| (1953))) is probably
the most prominent single-valued solution for TU-games. It is computed as follows.
Assume that the grand coalition NV, in which all players cooperate, is being formed
step by step according to a certain linear order over the player set. At each step, a
player joins the coalition and obtains its marginal contribution (corresponding to the
variation in worth generated when this player joins the coalition). The Shapley value
assigns to each player its expected marginal contribution assuming that each linear
order over the player set occurs with equal probability. We now have the material
to briefly present the Aumann-Shapley method and the Shapley-Shubik method.

The Shapley-Shubik method: given a coalition & C N of consumers, the method
considers the cost associated with the effective demands of those consumers, which is
given by v(E) = C(qg, 0n\g), where (¢g, 0n\ ) is the profile in which consumers in £
demand their effective demand and consumers outside of E have a null demand. The
Shapley-Shubik method computes the Shapley value of the transferable utility game
(N,v). Put differently, the cost share of a consumer is determined by its expected
marginal contribution to this game. Observe that the Shapley-Shubik method has no
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consideration for the discrete set of demands {0, 1,...,¢;} that each consumer i € N
is endowed with. This method assumes that each consumer attains its effective
consumption without passing through intermediary consumption levels.

The Aumann-Shapley method: given a consumer ¢ € N, each unit demanded by
1 is viewed as a different consumer. Thus, there is a set of N9 = U;cnyN; consumers,
where |N;| = ¢;. Each N; can be viewed as a multi-set that contains ¢; of the
same unit. When a consumer selects a certain number d; of units of gas in N;, it
is equivalent to saying that ¢ demands d; units of gas. Given E C N9 denote by
d(E) = (|E N Ny|)iey the units of gas demanded by consumers in £ and denote
the cost associated with those demands by v9(E) = C(d(E)). The Shapley value
of (N9,v) allocates to each element in N7 a certain payoff. For each i € N, the
sum of all the payoffs of the elements of NV; constitutes the allocation for consumer
1 provided by the Aumann-Shapley method. Observe that, contrary to the Shapley-
Shubik method, the Aumann-Shapley method considers the discrete set of demands
{0,1,...,¢;} that each consumer i € N is endowed with through the set N9. This
method assumes that each consumer attains its effective consumption gradually.

Since we consider the framework of gas distribution, two criticisms can be voiced
regarding these two methods. First, the principles pursued by GRDF are violated by
these methods. By definition of the solutions, the Independence of higher demands
is violated. If a consumer increases its demand, then other consumers with lower
demands can be potentially impacted. Additionally, the Uniformity principle is also
violated by the two solutions. Both methods are based on the marginal contributions
of the consumers to some specific TU-games. Therefore, it is unlikely that consumers
with the same effective demand will be charged the same amount.

Second, none of these methods consider the distribution network as an indepen-
dent information within the cost sharing problem. This is because the information
provided by the network is often contained in the map that measures the opera-
tion costs of GRDF. To be precise, the cost sharing problem of GRDF should be
written (g, CN), where the map CV measures the operation costs by relying on
the information provided by the distribution network. This map can be viewed
as the combination of two information: the distribution network Net and the eco-
nomic characteristics of GRDF C' (e.g. access costs to the transmission network and
to biogas producers, executive activity, contract management, etc.). Applying the
Aumann-Shapley method or the Shapley-Shubik method to the problem (g, C™V¢*) has
its technical advantages but also its drawbacks since CV¢* compresses a large amount
of information. The main drawback lies in its consequences on the axiomatic method,
which is central in this thesis. Such a method is used to determine a solution to a
class of problems on the basis of its properties (axioms). An axiom takes advantage
of the information of the problem to formulate a property. Therefore, if the problem
compresses the information provided by the distribution network and the economic
characteristics of GRDF, this compression has a direct impact on the relevance of
the axioms. We propose to dissociate Net and C' as two separate pieces of informa-
tion, and to consider a new problem denoted by the triplet (¢, C, Net). This way,
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the distribution network is an information independent from the other information
of the problem. From a theoretical point of view, this approach allows for a finer
axiomatic study of GRDF’s cost sharing problem. This point is detailed in section
[1.5] The next section presents the axiomatic method.

1.3 The axiomatic method

This section is highly inspired from [Thomson (2001). An axiomatic study of a sit-
uation in which several agents interact begins with the specification of a class of
problems. A problem is given by a set of alternative available to the agents and
information about the agents (whether they are players, consumers, voters, etc).
Additional information can be provided with the problem (preferences of the agents,
a structure over the set of agents, etc). To illustrate the wide range of possible
problems, a social choice problem consists of an unstructured set of feasible alterna-
tive, together with the preferences of the agents over this set. The problem is then
to elect one or several alternative based on the agents’ preferences. For bargaining
problems and cost allocation problems, the set of alternative consists only of a set of
attainable utility vectors. The problem is then to select one subset of these vectors.
In bankruptcy problems, there is a given amount of a perfectly divisible good, and
each agent claims a certain amount of this good. The problem is then to share the
total amount of this good among the agents under the assumption that this amount
is not sufficient to satisfy all their claims.

Given a class of problems D, a solution on D is a map that associates a non-
empty set of alternative to each problem in D. A solution is denoted by f and the
set of alternative X. Therefore, a solution can be written as f : D — X. Solutions
can be set-valued in some models and must be single-valued in others. Whether
the goal is descriptive or prescriptive, single-valued solutions are preferred, since a
solution that makes specific predictions or recommendations is more likely to be
useful. However, single-valued solutions can be very hard to characterize, and for
many models, set-valued solutions are retained. In bargaining theory and social
choice problems, most solution concepts are single-valued solutions. In cooperative
games and cost allocation problems, both types of solutions are popular.

An axiomatic study begins with the specification of a class of problems, which
is followed by the formulation of a list of desirable properties (axioms) of solutions
for problems in this class. The study ends with the description of the set of solu-
tions satisfying various combinations of the axioms. The study should also offer an
analysis of the logical independence between the axioms, since it is an effective way
to assess their relative power. Moreover, formulating and exploring variants of the
axioms is equally useful as it is not rare that the general ideas that inspire them
could have been given in slightly different and almost as appealing mathematical
formulations. An axiomatic study often results in characterization theorems. These
theorems identify a single-valued or a set-valued solution satisfying a given list of
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axioms. An axiomatic study may also produce impossibility theorems, stating the
incompatibility of a certain list of axioms on a certain class of problems. For prac-
tical reasons, the study may begin from the solutions. Although axioms come first
conceptually, it is useful to have at our disposal several solution concepts. Indeed,
this allows us to assess the strength of the axioms, testing conjectures regarding the
compatibility of the axioms and the logical independence between them. We develop
the latter point. Given a certain characterization theorem, we say that the axioms
are logically independent if by deleting any one of them, the characterization does
not holds anymore. The logical independence of the axioms is important since it
ensures that the characterization theorem is as general as possible. In practice, to
establish the logical independence of one axioms from the others in a characterization
result, it is sufficient to exhibit one solution, different from the characterized one,
which satisfies all the axioms but the one we are interested in.

1.4 Purpose of the thesis

The ultimate objective of this thesis is to provide cost sharing methods to divide
GRDF’s operation costs among the consumers. In opposition to the Aumann-Shapley
and the Shapley-Shubik methods, these methods should consider the distribution net-
work as a separate information from the game and be consistent with the principles
pursued by GRDF. By dividing operation costs, GRDF wishes to estalish a rate
grid. The basic idea of a rate is to provide a grid that specifies an amount to pay
for each potential demand of the consumers. A cost sharing method for GRDF must
therefore be adapted to establish a rate grid.

The theory of cooperative games is used to determine relevant methods. TU-
games have been extensively studied and applied to cost sharing problems and related
situations. However, most solution concepts from TU-games allocate a payoff per
player (e.g. the Shapley value, the Equal Division value, see Béal et al. (2016)), or
the Egalitarian Shapley values, see |[Joosten| (1996)) without any details on how this
payoff varies according to its demand.ﬁ] From the point of view of GRDF, solution
concepts from TU-games are clearly not enough to establish a rate grid. To overcome
this drawback, the thesis focuses on an extension of TU-games, known as multi-choice
games.

Multi-choice games, introduced by Hsiao & Raghavan| (1992) and van den Nouwe-
land| (1993)), are a natural extension of TU-games in which a player can choose several
activity levels at which it can cooperate within a coalition.

Multi-choice games have been successfully applied to economic theory. For in-
stance, Branzei et al.| (2009) study multi-choice games that arise from market situ-
ations with two factions. One faction consists of a group of powerful players with
yes-or-no choices and clan behavior. The other faction consists of non-powerful play-

3Single-valued solution concepts from discrete cost sharing problems also allocate a unique payoff
per player.
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ers with several choices regarding the extent at which cooperation with the clan can
be achieved; |Grabisch & Rusinowska| (2010) generalize a yes-no influence model to
a multi-choice framework. The authors consider a situation in which some agents
are part of a social network. Each agent has an ordered set of possible actions and
is influenced by its neighbors in the network when choosing its action; and Techer
(2021)) addresses the social cost problem, originally introduced by |Coase| (1960)), us-
ing multi-choice games. The author studies situations in which one polluter interacts
with several potential victims, and aims at negotiating a stable agreement regarding
the level of pollution. The polluter has several levels at which it wishes to pollute,
whereas the victims can either participate or not in the negotiations.

Let N be the set of players. In a multi-choice game, each player i € N is allowed
to choose several activity levels at which it can cooperate, from 0, meaning that it
does not cooperate, up to m;, representing its maximal activity level. The profile
m = (mq,...,m,) collects all the maximal activity levels of the players. A profile
s < m is called a (multi-choice) coalition. A multi-choice game is a couple (m,v)
where v is the characteristic function that associates to each coalition s < m a real
worth and verifies v(0,...,0) = 0, where (0,...,0) is the empty coalition. The sub-
class of multi-choice games where m = (1,...,1) is the full class of TU-games with
the fixed player set N. Moreover, the class of (discrete) cost sharing problems can
be viewed as the class of non-decreasing multi-choice games. Therefore, multi-choice
games are a more general framework than (discrete) cost sharing problems. For the
rest of the thesis, we assume that activity levels and demands are two equivalent
concepts. A (multi-choice) payoff vector describes how much each player’s payoff
varies according to its activity levels, which is suitable to establish a rate grid. A
single-valued solution (a value, for short) on a class of multi-choice games assigns a
unique payoff vector to each game in this class. A set-valued solution on a class of
multi-choice games assigns a (possibly empty) set of payoff vectors to each game in
this class.

In this thesis, we introduce new solution concepts for multi-choice games. In
particular, we consider situations in which the game is endowed with a structure. A
structure takes advantage of the information provided by the distribution network
and uses it to establish relationships between the consumers. This way, the solution
concepts take into account the information provided by the distribution network.
Moreover, some of the solution concepts follow the principles pursued by GRDF:
the Uniformity principle and the Independence of higher demands principle. We
point out that not all solution concepts proposed in this thesis manage to satisfy the
principles pursued by GRDF and take the network into account at the same time.

The rest of this introduction is organized as follows. The interaction between
cooperative games and structures is discussed in section [I.5] Solution concepts from
multi-choice games and the Independence of higher demands principle are discussed
in section [1.6] Additionally, the Uniformity principle is discussed in Section [I.7]
Finally, Section presents an overview of this thesis and details the contributions
of the different chapters.

41



1.5 Games and structures

In cooperative games, it is generally assumed that cooperation among a group of
players is not constrained. However, in practice, several structures may have an
impact on the formation of coalitions, the evaluation of coalitions or the allocation
process. TU-games endowed with a structure on the player set have been intro-
duced to model situations where the formation or evaluation of coalitions depends
on communicational, coalitional or hierarchical constraints.

Communication constraints, modeled by an undirected graph (e.g. Figure ,
are discussed in Myerson, (1977)). Players are located on the nodes of an undirected
graph where the edges represent the communication channels between pairs of play-
ers. A coalition of players can cooperate only if they can communicate through a
path that lies within this coalition. The model of TU-games with communication
constraints can be represented by a triplet (N,v, L), where (N,v) is a TU-game
and (N, L) an undirected graph representing the communication constraints. Ob-
serve that this model distinguishes the characteristic function from the structure. As
mentioned in Section [I.2] this approach allows to conduct an axiomatic study on a
problem (N,v, L) where (N,v) and (N, L) are two different pieces of information.
Myerson (1977) axiomatically characterizes a solution concept computed as the Shap-
ley value of the game (N,v%), where v’ is a characteristic function that combines
v and L. The worth vZ(E) of a coalition E C N in the game (N, vl) is computed
as the sum of the worth of each maximal connected coalition (with respect to the
communication graph) contained in E. Thus, communication constraints affect the
evaluation of coalitions.

The way v and L are combined into v is entirely determined by the axioms,
which means that another set of axioms could lead to a different result. This empha-
sises one of the theoretical advantages of distinguishing the characteristic function
from the structure: there are different possible sets of axioms resulting in different
combinations of v and L.

Coalitional constraints, where players meet together in coalitions and form a pri-
ori unions, are modeled by a partition of the player set (e.g. Figure . These
structures are discussed in [Aumann & Dreze (1974) and [Owen (1977). Different
interpretations of this model are possible. In |Aumann & Dreze (1974) players be-
longing to different a priori unions can not cooperate, whereas in (Owen| (1977) the
formation of a coalition must only be consistent with the a priori unions. Thus, coali-
tional constraints affect the formation of coalitions. The model of TU-games with
coalitional constraints can be represented by a triplet (V,v, W), where (N,v) is a
TU-game and (N, W) is a partition of the player set representing the coalitional con-
straints. Similarly to communication constraints, this model distinguishes the game
from the structure. |[Aumann & Dreze (1974) and (Owen| (1977) propose two values
for TU-games with coalitional constraints and axiomatically characterize them. Au-
mann & Dreze (1974) propose a solution concept computed, for each i € N, as the
Shapley value of the game (W (i), 0" @), where W (i) is the a priori union containing
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player i € N and v is the restriction of v to the domain W (i). [Owen (1977)
proposes the Owen value that can be viewed as a two-step procedure. In the first,
a TU-game among a priori unions is used to determine the total payoff obtained by
each a priori union. In the second, a TU-game within each a priori union is used
to allocate the total payoff obtained by the a priori union in the first step to its
members. The Owen value is obtained by applying the Shapley value at each step.

A D <
b
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Figure 1.3: L Figure 1.4: W Figure 1.5: D

Permission structures, modeled by directed graphs (e.g. Figure , are intro-
duced by |Gilles et al.| (1992)). Such structures describe situations in which players
need the permission from other players before they are allowed to cooperate within
a coalition. The model of TU-games with a permission structure can be represented
by a triplet (N, v, D), where (N,v) is a TU-game and (N, D) is a directed graph
representing the permission structure. van den Brink & Gilles (1996) introduce the
Permission value for TU-games with a permission structure. This value is computed
as the Shapley value of the TU-game (N, v?), where v”(E) measures the worth of the
largest feasible coalition contained in £ C N. In this context, a coalition is feasible
if it contains all the superiors of the coalition members. As in situations with com-
munication constraints, the structure affects the evaluation of the coalitions. Several
axiomatic characterizations of the Permission value can be found in van den Brink
& Gilles| (1996), van den Brink et al. (2015) and jvan den Brink et al.| (2018).

Finally, priority structures, modeled by acyclic directed graphs (e.g. Figure ,
are introduced by |Béal et al. (2021a)). They describe situations in which some players
have priority over other players in the allocation process. The model of TU-games
with a priority structure can be represented by a triplet (N, v, D), where (N,v) is
a TU-game and (NN, D) is a directed graph representing the priority structure. Béal
et al. (2021a)introduce the Priority value for TU-games with a priority structure.
The structure affects the allocation process: the surplus generated by each coalition
is allocated among the players in the coalition that have no superior present within
the coalition. Two axiomatic characterizations of the Priority value are proposed
by Béal et al.| (2021a). Obviously, the model of TU-games with a priority structure
is very similar to TU-games with a permission structure. However, the two models
have a different interpretation and use of the structure.
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In this thesis, we study multi-choice games endowed with a structure. A few
studies have been conducted on this topic. For instance, Béal et al.| (2012) consider
multi-choice games with communicational constraints and axiomatically characterize
a solution that extends the Average tree solution (see |Herings et al. (2008)) from
TU-games with communication constraints. |Albizuri (2009) considers multi-choice
games with a coalition structure in which players come together in coalitions and
form a coalition structure. The author axiomatically characterizes a solution that
extends the Owen value (see Owen| (1977))) from TU-games with a coalition structure
to multi-choice games with a coalition structure.

Observe that, in TU-games, players have only one activity level at which they
can participate in a coalition. Therefore, the structure is easy to interpret since it
establishes relationships between the participating players. In multi-choice games,
these relationships are harder to determine due to the multiplicity of the activity
levels. For instance, let us consider a permission structure. A direct permission
relationship between two players is clear if the two players only have two choices:
0 or 1, i.e., if they cooperate or not. Indeed, assume that ¢ € N needs permission
from k£ € N to cooperate. Then, if k£ plays 1, then ¢ is authorized to play 1. On the
contrary, if k plays 0, then ¢ is not authorized to play 1. Now, assume that k has 3
activity levels, meaning that m; = 3, and assume that m; = 2. What gives player ¢
the permission to play its activity level 17 There is no trivial way to determine which
activity level of k is necessary to authorize ¢ to play 1. For instance, one possible
scenario is: ¢ cannot cooperate unless k£ cooperates. In this case, ¢ needs k to play
its activity 1 (or above) before cooperating itself (see Figure . Another possible
scenario is: ¢ cannot cooperate unless k cooperates at its maximal activity level. In
this case, i needs k to play its activity 3 before cooperating itself (see Figure [1.7]).
This makes the study of multi-choice games endowed with a structure more complex
than TU-games endowed with a structure.

k1 . k,2 . k3 k1 . k2 - k.3

k Authorizes 1
k Authorizes 7

i1 —i2 i1 2

Figure 1.6 Figure 1.7

Observe that the activity levels of a player are already linearly ordered: a player
k cannot play 2 unless it plays 1 beforehand. In a sense, the activity levels of the
players are already part of a structure in which they are linearly ordered. This
idea is illustrated by drawing arrows between the activity levels of each player in
Figure and [[.7 A first objective of this thesis is to provide relevant ways to
combine the structure over the set of activity levels and the structure over the set of
players into one structure over the set of player-activity level pairs (just as we did
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in Figure and . This issue is addressed by considering permission structures
and priority structures. We study how these structures can be combined with the
structure over the set of activity levels, and provide solution concepts based on these
aggregations. This discussion is particularly worthwhile for GRDF since it provides
different interpretations on how the geographical characteristics of the network affect
its economic characteristics.

1.6 Independence of higher demands

Properties similar to the Independence of higher demands principle exist in the eco-
nomic literature. The serial cost sharing method for discrete cost sharing problems,
introduced by Moulin & Shenker (1992), satisfies the property of Independence of
higher demands. Recently, Albizuri et al.| (2020) study solutions for bargaining prob-
lems that satisfy the independence to higher claims property. In this section, we dis-
cuss the Independence of higher demands principle in the framework of multi-choice
games.

A solution concept for multi-choice games follows the Independence of higher
demands principle if the amount allocated to the activity level of a player is in-
dependent from higher activity levels. Unfortunately, most solution concepts from
multi-choice games do not satisfy this principle. Values for multi-choice games are
usually extensions of the Shapley value. The first extension is introduced by [Hsiao
& Raghavan| (1992)). The authors consider multi-choice games in which players all
share the same maximal activity level. Weights on the activity levels are used, which
allow the authors to extend the idea of the weighted Shapley values (see Kalai &
Samet| (1987)) from TU-games to multi-choice games. This value does not satisfy the
Independence of higher demands principle. van den Nouweland et al. (1995)) consider
the full class of multi-choice games and provide a second extension of the Shapley
value, denoted by vdN. Assume that the grand coalition m forms step by step, ac-
cording to a certain order, starting from the empty coalition (0, ..., 0), meaning that,
at each step, a player increases its activity level by one unit. Thus, at each step, a
player’s marginal contribution to the coalition corresponds to the variation in worth
the coalition undergoes when this player increases its activity level by one unit. The
vdN value allocates to each player the sum of its expected marginal contributions,
assuming that the grand coalition can form according to any admissible order, where
each admissible order occurs with the same probability. |Calvo & Santos (2000) show
that the vd N value coincides with the discrete Aumann-Shapley method on the class
of discrete cost sharing problems. This shows that the vdN value does not satisfy
the Independence of higher demands principle. Other extensions can be found in
Derks & Peters (1993)), Peters & Zank| (2005) and (Grabisch & Lange| (2007). None
of these solutions satisfy the Independence of higher demands (see Chapter 2). The
Independence of higher demands principle is also related to a concept of stability:
the Core of a multi-choice game introduced by |Grabisch & Xie (2007)) (the Core, for
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short). The Core is a set-valued solution for multi-choice games that contains all
stable payoff vectors. A payoff vector is stable if no coalition can achieve, by itself, a
better worth than the one prescribed by the payoff vector. For a payoff vector to be
in the Core, it necessarily needs to satisfy the multi-efficiency property. This prop-
erty states that, for any activity level, If all the players agree on playing this level (or
their maximal activity level if they are unable to reach this level), then they achieve
the same worth as the one prescribed by the payoff vector in the Core. This kind of
agreement is called a synchronized coalition. If a value satisfies the Independence of
higher demands principle and also recovers the worth of the grand coalition, then it
satisfies multi-efficiency. This makes the Independence of higher demands principle
particularly desirable.

1.7 Uniformity

The Uniformity principle advocates for an equality of treatment between two con-
sumers with the same effective demand. In terms of multi-choice games, this means
that two players with the same maximal activity level should receive the same pay-
off. Similarly to the Independence of higher demands principle, no solution concept
from multi-choice games satisfies the Uniformity principle since most of them are
computed according to the contributions of the players to coalitions.

On the class of TU-games, the Equal division value, which equally divides the
worth of the grand coalition among the players, clearly satisfies the Uniformity prin-
ciple. Surprisingly, there are very few studies in the literature that extend the
Equal division value from TU-games to multi-choice games. To our knowledge, the
only single-valued solution extending the Equal division value from TU-games to
multi-choice games is the multi-choice constrained egalitarian solution introduced
by Branzei et al.| (2014). We introduce an extension that satisfies the Uniformity
principle and the Independence of higher demands principle in Chapter 4.

1.8 Outline of the thesis

1.8.1 Chapter 2: Preliminaries

The first chapter of this thesis contains preliminaries on cooperative games (TU and
multi-choice games), TU-games endowed with a structure and discrete cost shar-
ing problems. First, basic definitions from TU-games, along with classical solution
concepts and their axiomatic characterization are introduced. Then, two models of
TU-games with a structure defined on the player set are discussed: games with a
permission structure (see Gilles et al.| (1992)) and games with a priority structure
(see Béal et al| (2021a))). The two models fit GRDF’s cost sharing problem since
they both consider a directed graph as an exogenous information. Next, specific
definitions from multi-choice games are introduced. Extensions of solution concepts
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from TU-games to multi-choice games and their axiomatic characterizations are dis-
cussed. Finally, discrete cost sharing problems (see [Moulin| (1995)), are introduced.
Several solution concepts for discrete cost sharing problems such as the discrete se-
rial sharing methods (see Moulin & Shenker (1992)) and the discrete pseudo average
method (see Moulin (1995)) are presented. Special attention is given to how solu-
tion concepts from discrete cost sharing problems relate to solution concepts from
multi-choice games.

1.8.2 Chapter 3: Values for multi-choice games with a per-
mission structure

Permission structures model situations in which some players may need permission
from other players to cooperate. It turns out that permission relationships between
gas consumers arise in the framework of gas distribution. The gas distribution net-
work has a history: it has been constructed in a progressive way according to the
increasing demands of the consumers. As such, some consumers would never have
been able to demand gas if other consumers were not connected beforehand: this
can be seen as a permission relationship.

This chapter focuses on multi-choice games with a permission (tree) structure.
We investigate how a permission structure on the player set can be combined with
different levels of participation. A permission structure is represented by a directed
graph D. van den Brink & Gilles (1996) combine the characteristic function of a TU-
game (N,v) with a permission structure into a new function v? (see Section .
This chapter proposes a similar study performed within the framework of multi-
choice games. However, as mentioned in Section [I.5] there is no straightforward
way to interpret a permission structure if the players have several activity levels. To
conduct this study, we proceed in two-steps.

In a first step, pal—permissionlﬂ structures are introduced. These structures de-
scribe permission relationships between the activity levels of the players. For in-
stance, the directed graphs depicted in Figure [1.6| and Figure [1.7| can be viewed as
pal-permission structures. Pal-permission structures allow us to consider multi-choice
games with a pal-permission structure. This approach generalizes in a straightfor-
ward way the model introduced by |Gilles et al.| (1992)). The pal-Permission value for
multi-choice games with a pal-permission structure is introduced. This value is com-
puted as the DP value (see Derks & Peters (1993)) of the multi-choice game (m, v?),
where v? is a combination of a multi-choice game (m,v) and a pal-permission struc-
ture (). This combination extends the combination v? proposed by van den Brink
& Gilles| (1996) for TU-games with a permission structure.

In a second step, multi-choice games with a permission structure on the player
set are considered. We exploit the fact that the set of activity levels of each player
is totally ordered. New axioms are proposed and allow us to characterize three

4player-activity level permission
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new values for multi-choice games with a permission structure. Each one coincides
with a pal-Permission value on multi-choice games enriched with a pal-permission
structure as described in the first step. They differ in the way the pal-permission
structure emerges from the set of axioms. This approach is interesting for several
reasons. First, it distinguishes a priori a permission structure between the players
(the inter-player relationships) from the linear order on the activity levels of each
player (the intra-player relationships). Then, the axiomatic study sheds light on how
the inter-player and intra-player relationships are combined to form a pal-permission
structure. Quite different pal-permission structures emerge from the axiomatic study,
which have natural but different interpretations.

All in all, this chapter sheds light on the additional difficulties that arise when
one tries to combine a multi-choice game with a structure on the player set, but
does not take into account the Independence of higher demands or the Uniformity
principle.

1.8.3 Chapter 4: Marginalism, egalitarianism and efficiency
in multi-choice games

This chapter focuses on multi-choice games without any structure. This study ad-
dresses the trade-off between marginalism and egalitarianism, which is one of the
main issues in economic allocation problems. Marginalism supports allocations based
on a player’s marginal contribution to coalitions, while egalitarianism is in favor of an
equal allocation at the expense of the differences between players’ marginal contribu-
tion to coalitions. The Uniformity principle can be seen as a form of egalitarianism.

In the context of TU-games, this trade-off can be seen as a compromise between
the Shapley value and the Equal division value since the two values are often seen as
the embodiment of marginalism and egalitarianism, respectively. This compromise
can be made by considering convex combinations of the Shapley value and the Equal
division value (see |Joosten| (1996)). These convex combinations of the Shapley value
and the Equal division value have been recently studied by van den Brink et al.
(2013), |Casajus & Huettner| (2013)), |Abe & Nakadal (2019) and Béal et al.| (2021b)).
This chapter investigates the trade-off between marginalism and egalitarianism in the
context of multi-choice games. The Independence of higher demands and Uniformity
principles are taken into account.

An extension of the Shapley value, called the multi-choice Shapley value, is pro-
posed. This value is computed as follows. Assume that the grand coalition forms
step by step starting from the empty coalition. At each step, one player increases its
activity by one unit, let us say from j to j + 1, under the condition that all other
players (that are capable to play j) have already reached their level j. This coalition
formation process is called a restricted order. The multi-choice Shapley value as-
signs to each player the sum of its expected marginal contribution assuming that each
restricted order occurs with equal probability. This value assigns a payoff vector in
the Core, for each super-modular multi-choice game. A super-modular multi-choice
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games can be viewed as a game in which the incentives for joining a coalition increase
as the coalition grows. Furthermore, this value satisfies the Independence of higher
demands principle.

Then, an extension of the Equal division value, called the multi-choice Equal
division value is proposed. This value equally divides the surplus in worth between
two consecutive synchronized coalitions among the players able to play the required
activity levels. Thus, this value is not a trivial extension of the Equal division
value: it is an egalitarian solution that satisfies the Independence of higher demands
principle and the Uniformity principle. This value is clearly desirable since it satisfies
all the principles pursued by GRDF.

To our knowledge, no previous work has addressed the trade-off between marginal-
ism and egalitarianism in the context of multi-choice games. This trade-off is made
by compromising between the multi-choice Shapley value and the multi-choice Equal
division value. To that end, the multi-choice Egalitarian Shapley values for multi-
choice games are introduced. This family of values is composed of convex combi-
nations of the multi-choice Shapley value and the multi-choice Equal division value.
We provide several axiomatic characterizations of these new solution concepts, by
invoking classical axioms as well as new axioms for multi-choice games.

1.8.4 Chapter 5: Values for multi-choice games with a pri-
ority structure

A priority structure captures asymmetries between players which may reflect exoge-
nous rights, different needs or merit, and so on. Priority relationships naturally arise
between GRDF’s consumers. For instance, it seems reasonable to prioritize the sup-
ply of a hospital rather than the supply of an amusement park. During winter, it
seems reasonable to prioritize the supply of households before public facilities.

This chapter considers multi-choice games with a priority structure. A value for
multi-choice games with a priority structure is introduced. This value is called the
multi-choice Priority value, and it extends the Priority value for TU-games with a
priority structure introduced by [Béal et al.| (2021a). Our value can be viewed as a
lexicographic procedure defined as follows. For each (multi-choice) coalition, choose
the players with the highest activity levels in the coalition. Among these players,
select the players with no superiors in the priority structure. The surplus generated
by the coalition, i.e., its Harsanyi dividend is equally divided among the selected
players.

Regarding the Priority value for TU-games with a priority structure, the sur-
plus generated by a coalition is shared according to one criterion: the inter-player
relationships given by the priority structure. Our extension of this value shares the
surplus generated by a coalition according to two criteria: the inter-player relation-
ships given by the priority structure and the intra-player relationships given by the
linear order of the activity levels. First, players are discriminated according to their
activity level, then the remaining players are selected according to their position in
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the directed graph.

Since the multi-choice Priority value first discriminates the players according to
their activity level, it satisfies the Independence of higher demands principle. This
result is the first result that combines a principle pursued by GRDF with an infor-
mation provided by the gas distribution network. Two axiomatic characterizations
of this value are proposed. One is a classical characterization that uses an additivity
axiom, the second is based on a balanced contributions axiom (see Myerson| (1980)).

1.8.5 Chapter 6: Sharing the cost of a gas distribution net-
work

This chapter introduces the class of gas distribution cost sharing problems (gas dis-
tribution problems for short). A gas distribution problem can be represented by a
triplet (g, V¢!, Net), where q is the profile of effective demands of some consumers,
Net is the distribution network, and CV¢ is a cost function that uses the information
provided by Net. Recall that CV¢ can be viewed as a combination of a cost function
C and Net. In Section[1.2] it is advocated that considering the problem (g, C, Net),
in which C is independent from Net, instead of (¢, CV¢), is more desirable. In this
chapter, the triplet (q, CN¢!, Net) is considered instead of (q,C, Net), because the
cost function is supposed to measure the cost of the pipelines in the network. There-
fore, the cost function inevitably has to take Net into account. However, we differ
from the case where one considers (q, C™V¢*) and keep Net as a separate data, so that
we do not neglect any information from the gas distribution network.

We define solution concepts on the class of gas distribution problems that asso-
ciate a payoff to each demand of each consumer, and call them cost sharing rules.
Three distinct rules that depend on the network and the demands of the consumers
are proposed. To that end, a new principle is introduced. Consider a gas distribu-
tion network in which all consumers, except one, have a null demand in gas. To
supply this consumer with gas, all the pipelines connecting this consumer to the
source must be involved. In other words, this consumer depends on a number of
pipelines in addition to the one to which it is the tail. It should be reasonable to
charge this consumer for the costs of operating these pipelines. In a more general
way, consumers should pay for the portion of the network they use. This idea is the
Connection principle.

The first rule is called Connection rule, and it satisfies the Independence of higher
demands principle and the Connection principle. The second rule is called the Uni-
form rule, and it satisfies the Independence of higher demands principle and the
Uniformity principle. In the same way that marginalism is incompatible with egal-
itarianism, the Connection principle is incompatible with the Uniformity principle.
To make a trade-off between these two principles, the Mixed rules, which compromise
between the Connection rule and the Uniform rule, are proposed. For each rule, an
axiomatic characterization is provided.

The Connection rule coincides with the multi-choice Shapley value (introduced
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in Chapter 4) of a specific multi-choice game derived from the network and the
demands of the consumers. Moreover, the Connection rule is in the Core of this
specific multi-choice game. Similarly, the Uniform rule coincides with the multi-
choice Equal division value (introduced in Chapter 4) and the Mixed rules coincide
with the multi-choice Egalitarian Shapley values (introduced in Chapter 4).

1.8.6 Chapter 7: Concluding remarks

Two major principles are pursued by GRDF': the Uniformity principle and the Inde-
pendence of higher demands principle. The information provided by the distribution
network is also important. These considerations are studied in a progressive way
throughout the thesis. Chapter 3 only considers the information provided by the dis-
tribution network. Chapter 4 only considers the two principles pursued by GRDF.
Chapter 5 only considers one of these principles and the information provided by
the distribution network. Finally, Chapter 6 considers the two principles and the
information provided by the distribution network.

Chapter 2: Preliminaries

Chapter 3: Values for multi-choice
games with a permission structure

+— Network

Chapter 4: Marginalism, egalitarianism

i ; i i <— Uniformity
and efficiency in multi-choice games

+ Independence

Y

Chapter 5 Value; fgr multi-choice +— Independence
games with a priority structure + Network

Chapter 6: Sharing the cost

e <— Uniformity
of a gas distribution network

+ Independence
+ Network

Chapter 7: Additional remarks

Figure 1.8

The sixth chapter of this thesis provides additional remarks. These remarks
highlight the links between the different chapters.
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- Chapter 3, 4 and 6: new solution concepts for multi-choice games with a pal-
permission structure and multi-choice games with a permission structure are
proposed. These new solution concepts are defined using elements from Chap-
ter 3 and Chapter 4. Then, observe that, under certain conditions, one of these
solution concepts coincides with the Connection rule from Chapter 6.

- Chapter 5 and 6: we discuss what happens if one applies the multi-choice
priority value to a multi-choice game derived from a gas distribution problem.

- Chapter 3, 4 and 5: we introduce pal-priority structures for multi-choice games.
Such structures can be understood as priority structures defined over the set of
player-activity level pairs. We introduce a value for multi-choice games with a
pal-priority structure, and show that it coincides with the multi-choice Priority
value, from Chapter 5, and the multi-choice Shapley value, from Chapter 4,
under certain conditions.
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Chapter 2: Preliminaries

This chapter provides preliminary definitions and notation for the thesis and is or-
ganized as follows. The first section presents transferable utility games, solution
concepts for such games and their axiomatic characterizations. The second section
presents the model of transferable utility games with a permission structure as intro-
duced by |Gilles et al.| (1992). The Permission value and two of its axiomatic charac-
terizations are discussed. Then, the third section presents the model of transferable
utility games with a priority structure as introduced by Béal et al| (2021a). The
Priority value and two of its axiomatic characterizations are discussed. The fourth
section presents multi-choice games as introduced by |[Hsiao & Raghavan! (1992) and
van den Nouweland| (1993). Extensions of solution concepts from TU-games to multi-
choice games and their axiomatic characterizations are discussed. Finally, discrete
cost sharing problems in the sense of [Moulin (1995)) are introduced. Several solu-
tion concepts for discrete cost sharing problems are presented. Special attention is
given to how solution concepts from discrete cost sharing problems relate to solution
concepts from multi-choice games.

2.1 TU-games

A situation in which a group of players can obtain certain payoffs by cooperation can
be described by a cooperative game with transferable utility, or simply a TU-game.
TU-games are appropriate tools to address many economic allocation problems. For
instance, [Littlechild & Owen| (1973)) apply TU-games to address the allocation of
aircraft landing fees problem. Another application is proposed by [Ambec & Spru-
mont| (2002). The authors use TU-games to model river sharing problems that deal
with the fair allocation of water among a set of players. As a final example, Ni &
Wang (2007) model the polluted river problem with TU-games. In such setting, a
set of players, located along a polluted river, seek to determine a way to share the
cost of cleaning the river. This section introduces the model of TU-games along with
some definitions. We discuss several solution concepts on this class along with their
axiomatic characterizations.
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2.1.1 Basic definitions

Let N C N be a non-empty and finite set of players. Each subset E € 2V is referred
to as a coalition of cooperating players. The grand coalition N represents a
situation in which all players cooperate. Coalition () represents a situation in which
no player cooperates, it is called the empty coalition. For each E € 2V, the integer
|E| € N denotes the cardinality of coalition F.

Definition 1 (Transferable utility game). A transferable utility game, or sim-
ply a TU-game, is a couple (N,v) consisting of a finite player set N C N and a
characteristic function v : 2N — R, with the convention that v() = 0.

The real number v(F) can be interpreted as the worth the players in F generate
when they cooperate. The class of TU-games with the finite set of players N C N is
denoted by GV. The class of all TU-games with a finite set of players is denoted by
G = UycnGY.

A TU-game is non-negative if each coalition generates a non-negative worth in
this game. Formally, (N, v) € G is non-negative if

VE €2V, w(E)>0.

In some TU-games, a larger coalition always implies a higher worth. Such TU-
games are called monotonic TU-games. Formally, (N,v) € G is monotonic if

VE, T €2, [ECT] = [v(E)<v(T)].

A monotonic game is non-negative by the convention v(()) = 0.
The sub-class of monotonic TU-games is denoted by G,,, and verifies G, C G.
In some situations, cooperation is useless because the players do not manage to
generate any surplus through cooperation. An additive TU-game models this idea.
In such game, the worth of a coalition is equal to the sum of each coalition member’s
marginal contribution to the empty coalition. Formally, (N,v) € G is additive if

vE 2", o(B) =3 u({i})
i€k
On the contrary, in some situations, cooperation is clearly beneficial to players.
In particular, two coalitions of players may have an interest in merging in the sense
that the worth they would generate together outperforms the sum of their worth.

Super-additive TU-games model this idea.
A TU-game (N,v) € G is super-additive if

VE, T €2 ENT =0, v(E)+v(T)<v(EUT).

A stronger requirement than super-additivity is super-modularity. A TU-game (N,v) €
G is super-modular if

VE, T €2V, v(E)+v(T) <v(EUT)+v(ENT).
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The class of super-modular games is denoted by G, C G. If a game is super-
modular, then it is super-additive by the convention v(f)) = 0. Similarly, a TU-game
(N,v) € G is sub-modular if

VE, T €2V, o(E)+v(T)>v(EUT)+v(ENT).

In a TU-game, different types of players can be distinguished. In particular, these
types can be defined according to the marginal contributions of the players to the
coalitions. Take any (NV,v) € G. The marginal contribution of a player i € N to
a coalition £ € 2¥\} in (N, v) is defined as

V(B U{i}) — vo(B).

Note that, for each (N,v) € G,,, the marginal contribution of each player is always
non-negative. Two players i, j € N are equal in (NN, v) if they have the same marginal
contributions to coalitions. Formally, such players are defined as

VE € 2N\ (B U {i}) = o(E U {5}).

A player i € N is a veto player in (NV,v) if a non-null worth cannot be achieved
without its cooperation in a coalition. Formally, such player is defined as

VE € 2N\ y(E) =0.

Two veto players both have the same marginal contributions to coalitions since their
cooperation is necessary to generate a non-null worth. Thus, two veto players are
equal, but the converse is not true.

A player i € N is a null player in (/V,v) if it has null marginal contributions to
coalitions. Formally, such player is defined as

VE € 2N\ (B U {i}) = u(E).

A player i € N is a nullifying player in (N, v) if its cooperation within a coalition
implies a null worth for this coalition. Formally, such player is defined as

VEc2V :E>i, v(E)=0.

Take any G C G and any (N,v) € GV. Since 2V is a finite set, a characteristic
function v : 2% — R can be described by the vector (v(E))pear € R2"'. Therefore,
the class GV is a linear sub-space of R2™ | Tt follows that (N, v) can be expressed as
a linear combination of 2%l — 1 linearly independent games, since v(f)) = 0. In his
original chapter, Shapley (Shapley| (1953)) identifies a salient basis: the basis formed
by unanimity games. For any non-empty coalition £ € 2, the unanimity game ug
with ruling coalition F is defined as

1if ECT,

0 otherwise. (2.1)

us() = {
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Therefore, for each N, and each (N,v) € GV, there exists a unique decomposition
of v in terms of unanimity games

v= Y Ay (B)ug. (2.2)

Ee2N\{0}

The coordinate A, (FE) is the Harsanyi dividend (see Harsanyi (1958)) of a coalition
E € 2V, This dividend reflects the net surplus generated by E. Formally, Harsanyi
dividends are defined as

AVE) = u(E) = 37 Au(T). 23)

TCE

Example 1. Consider a TU-game (N,v) € G and take two players i,j € N. The
surplus of the coalition {i,j} is the difference between the worth of the coalition
minus the dividends of all its sub-coalition {i} and {j}. The dividend of a singleton
is equal to the worth of the singleton. Formally, the dividend of coalition {i,j} is

Au({i,g}) = v({i,j}) —v({i}) —o({s})-

2.1.2 Solution concepts

One of the basic issues in the theory of cooperative TU-games is as follows: “If the
grand coalition forms, how to divide its worth among the players”. This issue is
addressed through solution concepts for TU-games. In a TU-game (N, v) € G, each
player i € N may receive a payoff. A payoff vector z € RN is a | N|-dimensional
vector that assigns a payoff z; € R to each player ¢ € N.

Take any (N,v) € G. A payoff vector x € RV is efficient if it redistributes the
worth of the grand coalition among the players, formally

> a=w(N). (2.4)

€N

A payoff vector = € RVl is individual rational if the payoff of each player is higher
than its stand-alone worth in the game, formally

z; > v({i}). (2.5)

A payoff vector 2 € RV is coalitionally rational if no coalition of players has an
interest to split off from the grand coalition. Formally

VE €2V, N x> u(E). (2.6)

el

A single-valued solution on G (a value for short) is a map f that assigns a unique
payoff vector f(N,v) to each (N,v) € G. A set-valued solution on G is a map F
that assigns a (possibly empty) set of payoff vectors F(N,v) to each (N,v) € G.
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There are several well-known solution concepts for TU-games that have given rise to
many studies.

The Core (see |Gillies (1953) and Shapley| (1955)) is probably the most well-known
set-valued solution for TU-games. This solution concept is often viewed as the set of
stable payoff vectors since each payoff vector in this set is efficient and coalitionally
rational.

Definition 2 (Core). For each (N,v) € G, the Core C(N,v) of (N,v) is defined
as the set of payoff vectors satisfying both (2.4) and ([2.6)).

Another well-known set-valued solution for TU-games is the Weber set (Weber
(1988)). To define this solution, denote the set of all (linear) orders on N by Oy.
Assume that the grand coalition forms step by step, starting from the empty coalition.
At each step, a player enters the coalition. The players enter according to an order
0 € On. The step (i) is the step at which i € N enters. When a player enters,
it contributes positively or negatively to the worth of the coalition. The marginal
vector of (N,v) with respect to the order 6 collects all the marginal contributions
of the players when they enter the coalition according to 6. This vector is denoted
by m? and is defined as

md = v(E% U {i}) — v(E™), (2.7)

where E% = {j € N : 0(j) < 0(i)} is the set of predecessors of i € N with respect to
6. The Weber set is defined as the convex hull of the set of all n! marginal vectors.
Observe that this set is always non-empty.

Definition 3 (Weber set). For each (N,v) € G, the Weber set is defined as
W(N,v) = conv{m? : § € Oy}

Proposition 1 (Weber| (1988)), Derks| (1992)). For each (N,v) € G,
C(N,v) CW(N,v).

In a super-modular TU-game, cooperation is clearly beneficial to players. There-
fore, no coalition of players has an interest to split off from the grand coalition. The
next result, proved by |Shapley| (1971)), indicates that the Core and the Weber set
coincide on the class of super-modular TU-games. This directly implies that the
Core is non-empty on the class of super-modular TU-games.

Proposition 2 (Shapley (1971)). For each (N,v) € Ggpn,
W(N,v) = C(N,v).

The Shapley value (see |Shapley| (1953)) is probably the most prominent single-
valued solution for TU-games. This value admits a number of different expressions,
but we only retain two of them since the others are not useful for the rest of the
thesis.
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Definition 4 (Shapley value). Take any (N,v) € G. The Shapley value is the
average of all marginal vectors, meaning that the payoff of each player corresponds
to its average marginal contribution to coalitions. Formally, the Shapley value can
be written as

Vie N, Shy(N,v) Zm (2.8)
06@1\7

The Shapley value can be defined using Harsanyi dividends. The value divides the
dividend of each coalition equally among its members. Therefore, for each (N,v) € G,
the Shapley value can be written as

Vie N, Shi(Nov)= Y (2.9)

Ec2N:E>i

By definition, the Shapley value is always in the Weber set of any game. Therefore,
this value is always in the Core of super-modular games.

The Shapley value is often seen as an embodiment of marginalism. On the con-
trary, the Equal division value ensures an identical payoff to each player by dividing
the worth of the grand coalition equally among the players. Naturally, this value is
often seen as an embodiment of egalitarianism.

Definition 5 (Equal division value). For each (N,v) € G, the Equal division
value is defined as

o(N)

Vi€ N, ED;(N,v)=
n

(2.10)
The Equal division value is part of a larger family of values called (non-negative)
Weighted division values, which are introduced in Béal et al.| (2016]). A value in this
class divides the worth of the grand coalition among the players according to certain
weights. Let = {w € R¥|(w;)ien} be an infinite set of strictly positive weights.

Definition 6 (Weighted division values). Take any w € Q. For each (N,v) €
G, the Weighted division value W ED is defined as

Vie N, WEDY(N,v) = e——u(N). (2.11)

ZjeN Wi

For any weights w € 2 such that w; = w; for any two distinct players 4,5 € IV, the
Weighted division value W ED* coincides with the Equal division value on any game
in G.

One of the main issues in economic allocation problems is the trade-off be-
tween marginalism and egalitarianism. Marginalism supports allocations based on a
player’s marginal contributions, while egalitarianism is in favor of an equal allocation
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at the expense of the differences between players’ marginal contributions. In the con-
text of TU-games, this trade-off can be seen as a compromise between the Shapley
value and the Equal division value. This compromise can be made by considering
convex combinations between the Shapley value and the Equal division value (see
Joosten| (1996)). These convex combinations of the Shapley value and the Equal
division value have been recently studied by van den Brink et al.| (2013), Casajus &
Huettner| (2013)), /Abe & Nakada, (2019) and Béal et al.[(2021b). These combinations
form a set-valued solution called Egalitarian Shapley values and denoted by ESh.

Definition 7 (Egalitarian Shapley values). Take any o € [0, 1]. For each (N,v) €
G, the Egalitarian Shapley value ESh® is defined as

Vie N, ESh$(N,v)=aSh;(N,v)+ (1 —a)ED;(N,v). (2.12)

2.1.3 Axiomatic characterizations

This section presents and discusses classical axioms for solution concepts on G. Com-
bining these axioms, we present at least one axiomatic characterization for each value
introduced in the last section. Consider a value f on G.

The first axiom is ubiquitous in almost every axiomatic characterization, as it
transcribes the simple idea that the total worth of the grand coalition should be
entirely allocated among the players.

Axiom 1 (Efficiency). For each (N,v) € G,

> fi(Nv) = v(N). (2.13)

€N

Note that Efficiency only makes sense under the assumption that the grand coalition
forms. There exists some axioms that play a similar role than Efficiency but do not
take this assumption for granted. For instance, |Pérez-Castrillo & Wettstein| (2001))
and [Béal et al.|(2021b)) study the Cohesive efficiency axiom. This axiom states that
the sum of the payoffs should be equal to the maximal total worth that the players
are able to achieve by organizing themselves into a partition.

When dealing with a problem, it can be useful to divide this problem into several
smaller problems. By doing so, it is desirable that the sum of the outcomes of the
smaller problems is equal to the outcome of the original problem. The next axiom
translates this idea to the framework of TU-games. It is frequently used in many
axiomatic characterizations. This axiom states that the solution is additive with
respect to TU-games with the same player set.

Axiom 2 (Additivity). For each (N,v),(N,w) € G,

f(N,v+w) = f(N,v) + f(N,w).
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A slightly stronger axiom is also common in the literature. This axiom states that
the solution is linear with respect to TU-games with the same player set.

Axiom 3 (Linearity). For each (N,v),(N,w) € G and ) € R,
f(N,v+ Aw) = f(N,v) + Af(N,w).

Obviously,
Linearity = Additivity

If a player is unproductive or causes harm to others, it seems reasonable to
penalize them accordingly. The next axiom, introduced by Shubik! (1962)), indicates
that if a player never contributes to the worth of the coalitions, then it should not
receive anything from the value.

Axiom 4 (Null player property). For each (N,v) € G, if a player i € N is a
null player, then

fz‘(N,U> = O

A player can harm the other players in a coalition if its cooperation nullifies the
worth of the coalition. van den Brink| (2007) introduces an axiom that advocates for
a null payoff to any nullifying player.

Axiom 5 (Nullifying player property). For each (N,v) € G, if a player i € N
15 a nullifying player, then

fi(N,0) = 0.

When the worth of the grand coalition is non-negative, it is reasonable that any
player ends up with a non-negative payoff. In particular, null players need not to
receive a negative payoff. Since they do not harm any the players, they should obtain
non-negative payoffs. Casajus & Huettner| (2013) models this idea and proposes an
axiom that guarantees a non-negative payoff to null players whenever the worth of
the grand coalition is non-negative.

Axiom 6 (Null player in a productive environment). For each
(N,v) € G such that v(N) > 0 and each null player i € N in (N,v),

fi(N,U) Z O

If a value satisfies the Null player property, then if satisfies Null player in a productive
environment, but the converse is not true.

Null player property = Null player in a productive environment
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In some situations, it may be desirable that the payoff of a player does not depend
on exogenous factors. [Shapley| (1953) proposes an axiom ensuring anonymity between
the players. This means that the payoff of a player does not depend on its label i € N.
A preliminary definition is necessary to introduce the axiom. Take any order 6 € O .
The game (N, 0v) is defined as

VE €2, u(Uep{f(i)}) = v(E).

In this game, each player in E has a new label but keeps the same marginal contri-
butions to coalitions.

Axiom 7 (Anonymity). For each (N,v) € G and each order § on N,
f’L(N7 U) = fH(Z)(N7 02})

Alternatively, the payoff of a player may depends on its marginal contributions
to coalitions. Maschler & Peleg (1966) introduce an axiom that requires players to
obtain no lower payoffs than less productive players.

Axiom 8 (Desirability). For each (N,v) € G, if for two distinct players i,j € N
it holds that v(E U {i}) > v(E U {j}), for each E € 2N\UW3} then

fi(N,v) > f;(N,v). (2.14)

In case two players have the same marginal contribution to coalitions. Desirability
implies that these two players receive the same payoff. Shubik (1962)) proposes an
axiom that formalizes this idea.

Axiom 9 (Equal treatment of equals). For each (N,v) € G, if two distinct
players i,7 € N are equals, then

fi(N,v) = f;(N,v).

If a value satisfies Anonymity, then it satisfies Equal treatment of equals. The
converse is not true. Similarly, if a value satisfies Desirability then it satisfies Equal
treatment of equals. The converse is also not true.

Anonymity = Equal treatment of equals
Desirability = Equal treatment of equals

Two veto players both have the same marginal contributions to coalitions since
their presence is necessary to generate a non-null worth. Equal treatment of equals
indicates that such players should receive the same payoffs. Béal & Navarro| (2020))
propose an axiom that formalizes this idea.
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Axiom 10 (Veto players property). For each (N,v) € G and two distinct veto
players 1,7 € N,

fi(N,v) = f;(N,v).

If a value satisfies Equal treatment of equals, then it satisfies the Veto players prop-
erty. The converse is not true.

Equal treatment of equals = Veto players property

The same payoff for two equal players can be viewed as a strong requirement, es-
pecially if exogenous factors may justify different payoffs for such equal players. The
next axiom follows this idea and proposes a qualitative version of Equal treatment
of equals. This axiom relaxes Equal treatment of equals and states that two equal
players may receive a payoff of the same sign (see (Casajus| (2018)). Define the sign
of a real number as

+1 ifx >0,
Ve eR, sign(z)=<¢ -1 ifz <0,

0 otherwise.

Axiom 11 (Sign symmetry). For each (N,v) € G and each i,j € N such that i
and j are equal,

sign(fi(N,v)) = sign(f;(N,v)).
Clearly, if a value satisfies Equal treatment of equals, then it satisfies Sign symmetry.
Equal treatment of equals = Sign symmetry

Some axioms indicate how the payoff of players may vary when some inputs of the
problem vary. If a player leaves the game, this may affect other players’ payoffs. For
instance, Null player out introduced by Derks & Haller| (1999) states that if a null
player leaves the game, then the payoff of the other players remain unchanged. This
axiom will be formally introduced later in Section [2.3.2] [Myerson| (1980) introduces
an axiom stating that for any two players, the amount that each player would gain
or lose by the other’s withdrawal from the game should be equal.

Axiom 12 (Balanced contributions). For each (N,v) € G and each i,j € N,
fi(N;v) = [i(N A7}, 0) = [;(N;0) = [(N A\ {i}, ).

Casajus (2017) proposes the Weak balanced contributions axiom, which relaxes
Balanced contributions. This axiom requires that the amount that each player would
gain or lose by the other’s withdrawal from the game should be of the same sign.

Some axioms assume that the characteristic function may vary. [van den Brink
(2002) introduces a fairness axiom for TU-games that makes such assumption. This
axiom states that if one adds a game (N,v) € G to another game (N,w) € G in
which two players ¢ and j are equal, then the payoffs of the players i and j change
by the same amount.
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Axiom 13 (Fairness). Ifi,j € N are equal in (N,w) € G, then
V(N,v) € G, fi(v+w)— fi(v) = fi(v+w)— f;v).

Casajus| (2011]) shows that Fairness is equivalent to the Differential marginality
axiom. Differential marginality compares two different games. It indicates that the
difference between two players’ payoffs is completely determined by the difference
between their productivities. Then, Weak Differential marginality is introduced
by Casajus & Yokote (2017). This axiom indicates that the payoffs of the two players
vary in the same direction if the difference between their productivities is the same
is both situations.

If a value satisfies Equal treatment of equals and Additivity, then it satisfies Fair-
ness. The converse is not true. Moreover, if a value satisfies the Null player property
and Fairness, then it satisfies Equal treatment of equals. Again, the converse is not
true. Clearly, these implications still holds if one replaces Fairness by Differential
marginality.

Equal treat of eq +Additivity = Fairness/Diff marginality
Null player prop+Fairness/Diff marginality = Equal treat of eq

As a reminder, Desirability compares the payoffs of two players with different
productivities in a unique situation. Young| (1985) proposes an axiom that compares
the payoffs of a single player in two different situations. This axiom guarantees that
a player whose marginal contributions weakly increases does not end up with a lower
payoff.

Axiom 14 (Strong monotonicity). For each (N,v),(N,w) € G and each i € N
such that

VE €2\ w(BU{i}) - o(E) > w(E U {i}) — w(E),
it holds that

fi(N,v) > fi(N,w).

Requiring that the payoff of a player does not decrease if its marginal contri-
butions do not decrease (as required by Strong monotonicity) irrespective of what
is to be allocated is a very strong requirement. Indeed, this property may imply a
decrease in payoff for other players if the total worth to be shared does not increase
significantly. The next axiom requires that the worth of the grand coalition does not
decrease on top of the original conditions stated in Strong monotonicity (see van den
Brink et al.| (2013)).

Axiom 15 (Weak monotonicity). For each (N,v),(N,w) € G such that v(N) >
w(N), and each i € N such that

VE € 2N\ (B U {i}) —v(E) > w(E U {i}) — w(E),
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it holds that
fi(N,v) > fi( N, w). (2.15)

If a value satisfies Strong monotonicity, then it satisfies Weak monotonicity. The
converse is not true.

Strong monotonicity = Weak monotonicity

Strong monotonicity also implies Marginality (see Young (1985)), which states that
if the marginal contribution of a player does not change from one game to another,
so does its payoff in these games.

We now have the material to present some axiomatic characterizations of the
Shapley value, the Equal division value, the Egalitarian Shapley values and the
Weighted division values. This list of characterizations is not exhaustive, but each
characterization will prove to be useful for the rest of this thesis.

Theorem 1 (Shubik (1962)). A solution f on G satisfies Efficiency, Additivity,
the Null player property and Fqual treatment of equals if and only if f = Sh.

This characterization still holds if one replaces Equal treatment of equals in the
axioms of Theorem (1| by the Veto players property (see Béal & Navarro| (2020))) or
by Sign symmetry (see (Casajus (2018))).

Additivity and Linearity are often criticized for their lack of economic interpre-
tation, and are often accused of only being of technical usefulness. Several studies
proposed axiomatic characterization of the Shapley value without relying on these
axioms. |Myerson| (1980]) proposes an axiomatic characterization of the Shapley value
that relies on only two axioms, none of them being Additivity or Linearity.

Theorem 2 (Myerson (1980)). A solution f on G satisfies Efficiency and Bal-
anced contributions if and only iof f = Sh.

Young (1985)) proposes another characterization by replacing Additivity and the
Null player property by Strong monotonicity in Theorem [I}

Theorem 3 (Young (1985)). A solution f on G satisfies Efficiency, Equal treat-
ment of equals and Strong monotonicity if and only if f = Sh.

It is possible to replace Strong monotonicity by Marginality in Theorem [3| (see Young
(1985) and [Pintér (2015))). |Casajus (2018) shows that one can relax Equal treatment
of equals in Theorem |3|into Sign symmetry without affecting the result.

Theorem 4 (Casajus| (2018)). A solution f on G satisfies Efficiency, Sign sym-
metry and Strong monotonicity if and only if f = Sh.
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Another approach that does not rely on Additivity/Linearity is proposed by
van den Brink| (2002). The author shows that Fairness captures enough informa-
tion to characterize the Shapley value in presence of Efficiency and the Null player

property.

Theorem 5 (van den Brink| (2002)). A solution f on G satisfies Efficiency, the
Null player property and Fairness if and only if f = Sh.

Since Fairness is equivalent to Differential marginality, one can substitute Fairness
by Differential marginality in Theorem |5 Additionally, |Casajus & Yokote (2017)
show that the characterization still holds if one weakens Differential marginality into
Weak Differential marginality. Finally, |Casajus (2017) shows that Efficiency, Weak
marginal contribution and Weak Differential marginality are enough to characterize
the Shapley value.

Efficiency seems to be mandatory to characterize the Shapley value, but it is
in fact possible to do without. For instance, Finy & Haimanko (2011) manages
to characterize the Shapley value without Efficiency. |Casajus (2014)) drops both
Efficiency and Additivity and still manages to characterize the Shapley value. Finally,
Béal et al| (2015)) provides an axiomatic characterization of the Shapley value that
does not rely on Efficiency, Additivity or even Equal Treatment of Equals.

The characterization of the Shapley value provided by |Shubik| (1962) can be
slightly modified to characterize other values. van den Brink (2007) provides an
axiomatic characterization of the Equal division value by substituting the Null player
property by the Nullifying player property.

Theorem 6 (van den Brink (2007)). A solution f on G satisfies Efficiency, Ad-
ditivity, the Nullifying player property and Equal treatment of equals if and only if
f=FED.

Béal et al.|(2016]) show that one can substitute Equal treatment of equals in Theorem
[6|by the Null player in a productive environment axiom and obtain a characterization
of the Weighted division values.

Theorem 7 (Béal et al. (2016)). A solution f on G satisfies Efficiency, Linear-
ity, the Nullifying player property and Null player in a productive environment if and
only if f = WED?*, for some w € (.

Casajus (2018) points out that, for each w € 2, a Weighted division value satis-
fies Sign symmetry and the Nullifying player property. (Casajus & Huettner| (2013)
replace Linearity and the Nullifying player property in Theorem [7| by Linearity and
Desirability to characterize Egalitarian Shapley values.

Theorem 8 (Casajus & Huettner| (2013)). A solution f on G satisfies Efficiency,
Additivity, Desirability and Null player in a productive environment if and only if
f=ESh®, for some a € [0, 1].
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At last, we present a second axiomatic characterization of the Egalitarian Shapley
values proposed by van den Brink et al|(2013).

Theorem 9 (van den Brink et al. (2013)). A solution f on G satisfies Efficiency,
Linearity, Anonymity and Weak monotonicity if and only if f = ESh®, for some
a € [0,1].

2.2 TU-games with a permission structure

This section presents TU-games with a permission structure as introduced by Gilles
et al|(1992). This class of games describes situations in which the players are part
of a permission structure that is represented by a directed graph. In a permission
structure, there are players that need permission from other players before they are
allowed to cooperate.

Various assumptions can be made about how a permission structure affects coop-
eration. In the conjunctive approach, it is assumed that every player needs permis-
sion from all its predecessors before it is allowed to cooperate. Alternatively, in the
disjunctive approach, it is assumed that each player needs permission from at least
one of its predecessors before it is allowed to cooperate with other players. Depend-
ing on the approach, a coalition can be evaluated in different manners. Two major
solution concepts exist, which take into account two different manners a coalition
can be evaluated in a game with a permission structure. van den Brink & Gilles
(1996)) introduce the permission value for TU-games with a permission structure by
adopting the conjunctive approach. van den Brink| (1997) conduct a similar study
but adopt the disjunctive approach. This section describes the model of TU-games
with a permission structure. It introduces the (conjunctive) permission value, and
provides two axiomatic characterizations of this value.

2.2.1 The model

A permission structure is a couple (N, P), where N C N is a finite set of players
and P is a map P : N — 2. When no confusion arises, we simply denote a
permission structure (N, P) by P. The relationship j € P(i) means that j needs
the permission from i to cooperate. Equivalently, denote i € P~(j) if and only if
j € P(7). In this case, player i is the predecessor of j, whereas j is the successor
of 7. The trivial structure P is such that, for each i € N, P°(i) = (). The transitive
closure of a permission structure P is a permission structure P such that, for each
1 € N, we have j € ]5(@) if and only if there exists a path i = hy, ho, ..., h; = j such
that iy, € P(hg_1),...,hy € P(hy). The players in P(i) are called the subordinates
of i in P, and the players in P~'(i) := {j € N : i € P(j)} are called the superiors of
7in P. A cycle occurs in the structure when there exists a path i = hq, ho, ..., hy =i
such that hy, € P(hg_1),...,hy € P(hy). A permission structure is acyclic if no cycle
occurs in it.
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The class of acyclic permission structures on a finite set of players is denoted by
P. A permission tree structure is an acyclic permission structure in which each
player has at most one predecessor and only one player has no predecessor. Such a
player is referred to as the root of the tree. The subclass of permission tree structures
is denoted by Py C P.

NN
NS

(a) Acyclic structure (b) Tree structure with root 1

In a permission structure, cooperation between the players is restricted. A player
cannot cooperate unless some of its superior(s) also cooperate. Various assumptions
can be made about how a permission structure affects cooperation. A distinction
is made between the conjunctive approach and the disjunctive approach. In the
conjunctive approach, as developed in |Gilles et al.| (1992) and van den Brink &
Gilles| (1996), a player needs permission from all its predecessors (If any) in the
permission structure. On the other hand, in the disjunctive approach, a player needs
permission from at least one of its predecessors (If any). Both approaches coincide
on permission tree structures since each player has at most one predecessor.

A TU-game with a permission structure on N C N is a triplet (N, v, P), where
(N,v) € G is a TU-game, and (N, P) € P is a (acyclic) permission structure. The
class of TU-games with an acyclic permission structure is denoted by GP, and the
class of TU-games with a permission tree structure is denoted by GPr.

Essentially, one can think of v as representing the economic possibilities open to
every coalition in N. Thus v(FE) represents the amount of utility, which coalition
E € 2% could normally obtain if no permission structure was imposed on the game.
Due to the presence of the permission structure, all coalition can form, by only a
subset of coalitions can efficiently cooperate. Such coalitions are the ones containing
all the superiors of their members. They are called feasible coalitions.

Definition 8 (Feasible coalitions). Take any (N,P) € P. The set of feasible
coalitions is defined as

Ap:={FEe2":P'(i) CE for eachi € E}. (2.16)

The feasible coalitions are essentially the only worth generating coalitions within a
game with a permission structure. The definition shows explicitly that indeed all
superiors of the players in an feasible coalition are also members of that coalition.
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Proposition 3 (Gilles et al.| (1992)). Take any (N,P) € P. The set of feasible
coalitions Ap verifies the following properties

-0 e Ap,
- NEAP,
-IfE,F € Ap, then EUF € Ap and ENF € Ap.

Even if acoalition is not feasible, there may be one or several worth generating
sub-coalition(s) contained within it. The largest of these sub-coalitions is called
the sovereign part of the original coalition. Put differently, the sovereign part of a
coalition is the payoff generating part of a coalition. Additionally, to any coalition, it
is possible to find one or several feasible super-coalition(s) containing it. The smallest
of these super-coalition(s) is called the authorizing part of the original coalition. Put
differently, the authorizing part of a coalition is the smallest coalition that contains
all the players necessary to make the original coalition feasible.

Definition 9 (Sovereign and authorizing parts). Take any (N, P) € P and E €
2N The sovereign part of E according to P is the largest feasible subset of E defined
as

o(E):= U F.

{FeAp:FCE}

The authorizing set of E € 2V according to P is the the smallest feasible set contain-
ing E defined as

a(E) = m F.

{FEAp:ECF}
The sovereign of the authorizing operators are well defined by Proposition [3]

Example 2. Consider the set of player N = {1,2,3,4,5,6}. Define the following
permission structure P as follows

P:1—{2,3} P11 — 0
2 — {4,5} 2 — {1}
3 — {6} 3 — {1}
4—10 4— {2}
5—0 5 — {2}
6 — 0 6 — {3}
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Here, players 2 and 3 are successors of 1. Player 4 and 5 are successors of 2 and
subordinates of 1.
1

.
-

We have o({2,3,4,5}) = 0 because there is no feasible subset of {2,3,4,5},
0({1,2,4,6}) = {1,2,4} because {1,2,4} is the largest feasible subset of {1,2,4,6}
and a({1,2,4,6}) = {1,2,3,4,6} because {1,2,3,4,6} is the smallest feasible super-
set of {1,2,4,6}.

Some properties of the sovereing and the authorizing sets, proved in |Gilles et al.
(1992), are introduced.

Proposition 4 (Gilles et al.| (1992)). Take any (N, P) € P. For and each E, F €
2N it holds that:

-o(E)Uo(T) <o(EFUT);

)
(E)No(T) =o(ENT);
- a(E)Ua(T)
(

)
~a(ENT) < a(E)Na(T).

g

a(EUT);

2.2.2 The Permission value

In a TU-game with a permission structure (N, v, P) € GP, the characteristic function
can be combined with the permission structure into a new characteristic function.
This new function, describes all possibilities open to the players embedded in P,
given their potential marginal contributions to coalitions as described by the game
v. The resulting characteristic function is called the restriction of v by P and is
denoted by Rp(v). Take any (IV,v, P) € GP. The restriction of v by P is defined as

Rp(v) =voo. (2.17)
The restriction Rp is linear. Indeed, for A € R and (N, v), (N,w) € G,

Rp(Av+w) = (A +w)(o(E))
— Mo(o(B)) + w(o(E))
= )\Rp(?)) + Rp(w).
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Proposition 5. Take any (N,v, P) € GP. For each, E € 2 E # 0,

RP(’LLE) = ua(E).

(2.18)

Proof. Take any T € 2%, and let us show that Rp(ug)(T) = tae)(T). One has

Rp(up)(T) = up(o(T))
:{1 o(T) 2 E,

0 otherwise.

Let us show that

ECo(T) < a(E)CT.
First, since a(E) = (\irea,.mery I

ECo(T) = a(F)Ca(T).
Then, since o(T) C T,

ECo(T) = a(E)CT.
Second, since o(T') = U peap.pery £,

a(E)CT = a(E) Co(T).
However, since E C a(F), it holds that £ C ¢(T). This shows that

ECo(T) < a(E)CT.
By (2.19), for each T € 2%,
1 aB)CT,

0 otherwise.

Rp(up)(T) = {

This is equivalent to say that Rp(ug) = ta(r).

(2.19)

From the linearity of Rp(v) : 2V — R and Proposition [5, we provide an alterna-

tive expression of the conjunctive restriction of v by P.

Rp(v) = Rp ( > AU(E)uE)

Ee2N

= > AUE)Rp(ug)

Ec2N

= Z Av(E)ua(E)-

Ec2N

(2.20)

The next result provides some inheritance properties from (N, v) to (N, Rp(v)),

which are proved in |Gilles et al.| (1992)).
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Proposition 6 (Gilles et al.| (1992)). Take any (N,v, P) € GP.
- If (N,v) is monotonic, then (N, Rp(v)) is monotonic.
- If (N,v) is super-modular, then (N, Rp(v)) is super-modular.

The (conjunctive) permission value, introduced by van den Brink & Gilles| (1996), of
a TU-game with a permission structure (N, v, P) € GP is computed as the Shapley
value of (N, Rp(v)) € G.

Definition 10 (Permission value, van den Brink & Gilles| (1996))). The Per-
mission value Pm is defined, for each (N,v, P) € GP, as

Pm(N, v, S) = Sh(N, Rp(v)). (2.21)

If one considers a TU-game (N, v, P°) € GP with the trivial permission structure
PP then it is easy to see that o(FE) = E for each E € 2V, and thus Rpo(v) = v.
Thus, the conjunctive permission value is a generalization of the Shapley value for
TU-games. One can express the conjunctive permission value in terms of Harsanyi
dividends.

Take any (N,v, P) € GP. For each i € N and each E € 2V, by (2.9), it holds
that

1

Shi(N, uam)) = la(E)|
0 otherwise.

i€ a(b),

Since the Shapley value satisfies Additivity, it follows that, for each i € N,

Shi(N,Rp(v)) = > Ay(E)Shi(N, ta(r))

Ee2N

Ec2N
a(E)>i

Thus, the Permission value Pm can be re-written, for each (N,v, P) € GP, as

Vie N, Pmi(N,v,8)= Y
Ee2N
a(E)3i

This value distributes the surplus generated by each coalition equally among the
authorizing part of the coalition.
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2.2.3 Axiomatic characterizations

This section introduces two axiomatic characterizations of the permission value. The
first characterization works on the class of TU-games with an acyclic permission
structure, whereas the second axiomatic characterization works on the class of TU-
games with a permission tree structure. Consider a value f for TU-games on GP.

In a TU-game with a permission structure, an inessential player is a null player
such that each of its subordinates in the permission structure is also a null player.
For instance, consider a firm in which the hierarchical organization of the employees
is represented by a permission structure. An inessential player can be viewed as
an employee going on strike with all its subordinates. This group of strikers no
longer makes any contribution to the firm. Clearly, an inessential player has null
marginal contributions to coalitions, but can also be viewed as responsible for its
subordinates’ null marginal contributions. It seems reasonable to penalize such an
inessential player. van den Brink & Gilles| (1996) introduces an axiom requiring that
an inessential players should obtain a null payoft.

Axiom 16 (Inessential player property). For each (N,v,P) € GP and each
inessential player i € N,

fi(N,v, P)=0. (2.22)

If a value satisfies the Inessential player property, then it satisfies the Null player
property.

Inessential player property = Null player property

Many economic decision situations may be described by monotonic TU-games. Since
the total amount to be shared is non-negative in a monotonic game, and the players
are part of a permission structure it seems reasonable to require that a player i € N
obtains at least as much as any of its successors in the permission structure. For
instance, it seems natural that an executive, in a firm, earns more than any of its
subordinates if the firm produces good results. The class of monotonic TU-games
with an acyclic permission structure is denoted by G,,P.

Axiom 17 (Structural monotonicity). For each (N, v, P) € G,,P and each player
i € N such that P(i) # 0,

fi(N,U,P) > max fj(NaUvP)'
JeP(i)
Suppose that a player is veto for any coalition to obtain any positive payoff in a
monotone TU-game. Then, regardless of its position in the permission structure,
this player can always guarantee that the other players earn nothing by refusing any
cooperation. Therefore it seems fair that such a veto player gets at least as much as
any other player.
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Axiom 18 (Veto player dominance). For each (N,v,P) € G,,P and each veto
player i € N,

vjEN: fi(N,U,P)ij(N,U,P).

Theorem 10 (van den Brink & Gilles| (1996)). A value f on GP satisfies Effi-
ciency, Additivity, the Inessential player property, Structural monotonicity and Veto
player dominance if and only if f = Pm.

Just like the Shapley value, it is possible to axiomatically characterize the Per-
mission value without relying on Additivity on the sub-class GPr. Take any two
players i, j € N such that j € P(i). Define the associated game (v_;;, P) in which i
is enforcing its power over j in the sense that it does not allow player j and all its
subordinates to cooperate. This game is formally defined as

VE € 2N\ {0}, v y;(E) =v(E\ (P(j)U{s})).

In (N,v_;j, P), all subordinates of i are null players. If a player ¢ € N enforces its
power over player j € P(i), the change in payoffs of player i is equal to the change
in payoff to the player j.

Axiom 19 (Permission fairness). For each (N,v, P) € GPy and each {i,j} € 2V
such that j € P(1),

f,‘(N,U,P) - fi(v—ij>P) = fj(N,U,P) - fj(v—ijvp)' (2'23)

Theorem 11 (van den Brink et al.| (2015))). A value f on GPr satisfies Effi-
ciency, the Inessential player property and Permission fairness if and only if f =
Pm.

For further details on the axiomatic characterizations of the permission value we
refer to van den Brink & Gilles| (1996)), van den Brink| (1997), van den Brink et al.
(2015), [van den Brink (2017)), and jvan den Brink et al|(2018).

2.3 TU-games with a priority structure

TU-games with a priority structure were originally introduced by [Béal et al.| (2021a).
A priority structure can be viewed as a hierarchical organization of the players where
some players have priority over other players. In the introduction, we mentioned
that priority structures can be modeled by a directed graph. We adopt an equivalent
approach and model priority structure by a partial order on the player set to make
the distinction with permission structures clearer. Béal et al.|(2021a) introduce the
Priority value for TU-games with a priority structure. This value shares the Harsanyi
dividend of each coalition equally among the subset of its members over whom no
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other player in the coalition has priority. Contrary to the previous model where the
permission structure influences the evaluation of the coalitions through a restricted
game, the priority structure influences the allocation process. This section describes
the model of TU-games with a priority structure, it introduces the Priority value,
and provides two axiomatic characterizations of this value.

2.3.1 The model

Take any N C N. A binary relation on N is some relation > where, for each ¢,j € N,
the statement ¢ > j is either true of false.

Definition 11. A binary relation = on N C N is
- reflexive if i = 1 for each i € N;

- antisymmetric if i = j and j = 1 then 1 = j for each i,j € N;

transitive if i = 7 and j = k then © = k for each i,j,k € N;

complete if i = j or j =1 for each 1,7 € N.

A partially ordered set, or simply a poset, on N is a reflexive, antisymmetric and
transitive binary relation on N. A priority structure on N can be represented by a
poset (IV, =) on the player set N. The relation i > j means that ¢ has priority over j.
The poset (N, =) containing no priority relations among pair of distinct players is
called the trivial poset. If > is a complete binary relation, then the priority structure
is said to be linear. The class of all posets on a finite set of players is denoted by S.
The class of all linear posets on a finite set of players is denoted by S;.

A poset (N, >) gives rise to the asymmetric binary relation (N, >): i > jifi = j
and i # j. Two distinct players i and j are incomparable in (N, =) if neither ¢ > j
nor j = ¢. For each player i € N, define the priority group of i, denoted by 1. 1,
as the set of players having priority over i in (N, )

tei={jeN:j>i},
and the set players over which ¢ has priority in (N, >) as
lei={j€N:i>j}

For each nonempty F € 2V the sub-poset (E, =) of (N,>=) induced by F is
defined as follows: for each i € E and j € E, i =¥ j if i = j. We will also use the
notation (F, =) instead of (E,=¥). A player i € N is a priority player in (E,>)
if, for 7 € FE, the relation j > ¢ implies ¢ = j. The non-empty subset of priority
players in (E, =) is defined as

Z(E,=) = {i € E:Vj € E such that j = i,j = i}.
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Example 3. Consider the set of player N = {1,2,3,4,5}. Consider the priority
structure described by the following directed graph

N
DN

The set of priority players of the coalition {2,3,4,5} is given by
T({2,3,4,5}, =) = {2,4}.
The only priority player in N is T(N,>=) = {1}. The priority group of player 5 is
gien by
T {5} ={1,2,4}.
The set of players over which player 2 has priority is given by

4 {2} = {37 5}

A TU-game with a priority structure is a triplet (NN, v,>) such that (N,v) € G
and (N,>) € S. The class of TU-games with a priority structure is denoted by
GS. Béal et al.|(2021a)) introduce the Priority value on GS. This value divides the
Harsanyi dividend of each coalition among the priority players of this coalition.

Definition 12 (Priority value, Béal et al. (20214a)). The Priority value Pr is
defined, for each (N,v,>) € GS, as

A, (E
Ec2N T
Z(B,=)>i

The Priority value extends the Shapley value (Shapley|(1953)). Indeed the two values
coincide when (N, >) is the trivial poset.

2.3.2 Axiomatic Characterizations

This section presents the two axiomatic characterizations of the Priority value in-
troduced by Béal et al.| (2021a)). Let f be an allocation rule for TU-games with a
priority structure.

If a null player leaves a game, it seems natural that the payoff of each remaining
player should not get impacted. Derks & Haller| (1999)) formalize this idea via the
following axiom.
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Axiom 20 (Null player out). For each (N,v,>) € GS and each j € N such that
J is a null player in (N, v, ),

VZEN\]a fz(Nav>t):fz(N\javai>

If a value satisfies Efficiency and Null player out, then it satisfies the Null player
property.
Efficiency + Null player out = Null player property

The next axiom is a weak version of the Veto players property. It requires that
two veto players with the same priority group are treated equally, no matter over
which set of players they have priority.

Axiom 21 (Veto players with equal priority group property). For
each (N,v,>) € GS and each i, j € N such thati and j are veto players and T,;=1;,

fi(Navv t) = fj(NaUa i)

If a value satisfies the Veto players property, then it satisfies the Veto players with
equal priority group property.

Veto players prop = Veto players with equal priority group prop

If a player is dominated by a veto player, its payoff possibilities are doubly blocked
by the fact that another player both has priority over it and vetoes any creation of
worth.

Axiom 22 (Veto and priority player property). For each (N,v,>) € GS and
each j € N such that j is a veto player,

Vi e\l/>-j7 fi(vaa i) =0.

The next axiom expresses an idea close to the Veto and priority player property.
It states that removing a player from both the game and the priority structure does
not affect the payoff of the players over which this player has priority.

Axiom 23 (Priority player out). For each (N,v,>) € GS and each j € N,
Vi Ei&-j? fZ<N7U7i):fZ(N\{J}’U7E)

The next axiom indicates that adding a priority relation between two incompa-
rable players ¢« and j, in the sense that ¢ has now priority over j, does not affect
the players payoffs, including j, if player ¢« and the players in the priority group of ¢
are null players. This means that a player does not care that a group of unproduc-
tive players have priority over it, and that this local change in the priority structure
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should have no impact on the other players. In a sense here, the lack of productivity
takes precedence over priorities.

Given a poset (N,>) and two distinct players ¢,j € N such that j € N\ 1.,
define the poset (N, >;_,;) as follows

le{itU(Ty;) and k € {j} U ),
Vk,l c N, l E'L—n kf — {Z} (T>) an {j} (\L>])

[ > k otherwise.
The poset (N, >;_,;) is called the elementary extension of (N, >) with respect to
{i,7}. In this poset, player ¢ has now priority on player j.

Axiom 24 (Invariance to unproductive priority extension). For each (N,v, =
) € GS and each i,j € N such that i and each k €t.; are null players in (N, v),

f<N7’U>i) = f(Navvii—U)'

Theorem 12 (Béal et al. (2021a)). A value f on GS satisfies Efficiency, Addi-
tivity, Priority player out, the Veto players with equal priority group property and
Invariance to unproductive priority extension if and only if f = Pr.

Another characterization of the Priority value can be obtained by substituting
Priority player out and Invariance to unproductive priority extension, by Null player
out and the Veto and priority player property.

Theorem 13 (Béal et al. (2021a)). A value f on GS satisfies Efficiency, Addi-
tivity, Null player out, the Veto players with equal priority group property and the
Veto and priority player property if and only if f = Pr.

2.4 Multi-choice games

Multi-choice games, introduced by Hsiao & Raghavan| (1992) and |van den Nouweland
(1993)), are a natural extension of TU-games in which each player can choose several
activity levels at which it can cooperate within a coalition. This section presents the
model of multi-choice games and introduces some definitions. Solution concepts and
axiomatic characterization of some of these concepts are introduced.

2.4.1 The model

Let N = {1,...,n}, be a ﬁxedE] set of players and fix an upper-bound K € N
for activity levels. Each player ¢ € N has a finite set of pairwise distinct activity
levels M; := {0,...,m;} such that m; < K. For each player i € N, the set M; is
linearly ordered from the lowest activity level 0 (i does not cooperate) to the maximal

IThe set of players is fixed but we allow the activity levels to vary.
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activity level m;. Denote by Q(j) € 2V the set of players able to play the activity
level j < K. Formally, for each j < K, the set Q(j) is defined as

Q) ={ie N :m > j}.

Without loss of generality, assume that Q(1) = N. Let M be the cartesian product
[Licy M;. Each element s = (sy,...,s,) € M specifies a participation profile for
players and is referred to as a (multi-choice) coalition. So, a coalition indicates each
player’s activity level. Then, m = (m4,...,m,) € M is the greatest participation
profile, which plays the role of the grand coalition, whereas 0 = (0,...,0) plays
the role of the empty coalition. For each s € M, denote by (s_;, k) the coalition
where all players except ¢ play at levels defined in s while ¢ plays at k € M;. For
each s € M, denote by s? = max;cy s; the highest activity level player by a player
within s. The set M endowed with the usual binary relation < on R™ induces
a (complete) lattice with greatest element m and least element 0. For any two
coalitions a,b € M, a Vb and a A b denote their least upper bound and their greatest
lower bound over M, respectively. We use the notation M;" = M; \ {0} for each
i€ Nand M+ =J,cy ({i} x M;"). A pair (i,j) € M" represents a player and one
of its activity levels.

A (cooperative) multi-choice game on N is a couple (m,v) where v: M — R
is a characteristic function such that v(0) = 0, that specifies the worth v(s) when
players participate at profile s. Take any ¢ € R™ such that ¢; < K for each ¢ € N.
Denote by G? the set of multi-choice games on N with the grand coalition ¢q. Denote
by G = Ug<(k,.. k)97 the set of all multi-choice games on N with K as an upper
bound for activity levels. Notice that TU-games can be viewed as a subclass of
multi-choice games satisfying m = (1,...,1). Several sub-class of multi-choice games
are identified. To that end, let us introduce a few definitions.

A multi-choice game (m,v) € G is the null game if each coalition has a null
worth. Formally, such game is defined as

Vse M, wv(s)=0.

A multi-choice game (m,v) € G is non-negative if each coalition has a non-
negative worth. Formally, such game is defined as

Vse M, wv(s)>0.

A multi-choice game (m, v) € G is monotonic If an increase in activity levels always
leads to an increase in worth. Formally, such game is defined as

Vs,te M:s<t, wv(s)<o(t).

The class of monotonic multi-choice games is denoted by G,, C G. A null game is
a non-negative game and a monotonic game is a non-negative game due to the fact
that v(0) = 0.
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A multi-choice game (m,v) € G is super-modular if
Vs,t e M, wv(sVit)+u(sAt)>wv(s)+v(t).
On the contrary, a multi-choice game (m,v) € G is sub-modular if
Vs,te M, wv(sVit)+u(sAt) <wv(s)+u(t).

The classes of super-modular and sub-modular multi-choice games are denoted by
G*P™ C G and G*™ C @G respectively.

Take any (m,v) € G and any coalition s € M such that s; = j—1. The marginal
contribution of player i for its activity level j (or simply the marginal contribution
of the pair (7, 7)) to the coalition s is defined as

v(s+e;) —v(s).

This corresponds to the variation in worth incurred by coalition s following an in-
crease in activity of player ¢ by one unit.

A pair (i,j) € M* is a weakly null pair in (m,v) € G if it has null marginal
contribution to coalitions.

A pair (i,j) € M™* is a null pair in (m,v) € G if the marginal contribution of
each pair (i, 7') such that j < j' < m;, to each coalition is null. Put differently, (7, 5)
is a null pair if player ¢ generates no worth from its activity level j up to its maximal
activity level m;. Formally, (i,7) € M7 is a null pair if

Vs e M,V <l<m; v(s_l)=0v(s_s,j—1). (2.25)

In the null game, each pair is a null pair. Moreover, a null pair is also a weakly
null pair. The converse is not true. Two distinct pairs featuring the same activity
level are equal if they have the same marginal contribution to coalitions. Formally,
(1,7),(7,j) € M are equal pairs if

VseM:si=sp=7—1, v(s+e)=uv(s+ey). (2.26)

Observe that two null pairs in a game are equal.
A pair (i,j) € MT is a veto pair in (m,v) € G If any coalition in which player
i plays strictly less than j has a null worth. Formally, (,j) € M7 is a veto pair if

Vse M:s; <j, wv(s)=0. (2.27)

By definition, if (7, 7) is a veto pair, then each pair (7, 5’) such that j* < j, is also a
veto pair. Two distinct veto pairs featuring the same activity level are equal pairs.
Among the veto pairs, we identify the decisive pairs. If there exist several veto
pairs featuring the same player, then the pair featuring the highest activity level
among these pairs is called a decisive pair. Formally, a pair (i,j) € MT is a
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decisive pair in (m,v) € G if it is a veto pair and there is at least one coalition s
with non-null worth and such that s; = j. Formally, (i,7) € M is a decisive pair if

Vse M:s; <j,u(s)=0 and
3t e M:t; = j,0(t) #0. (2.28)

For s € M, we introduce the set of top pairs 7'(s) containing players playing
the highest activity levels in s. Formally, the set of top pairs in s is defined as

VseM, T(s)= {(i, ) € M* s> sy, Vk € N}. (2.29)
For (m,v) € G, define the sub-game (¢,v") € G, induced by t € M, as

v(s) if s <t,

) (2.30)
0 otherwise.

VseM, v(s)= {

When no confusion arises, we simply denote the sub-game (¢, v") of (m,v) by (¢,v).
The sub-game (t, v) corresponds to a cooperative situation in which each player i € N
can play at most the level ¢;, where t; < m,;. In other words, this describes a situation
where the maximal activity level of some players have been reduced.

Take any t € M, t # 0. An analogue of an unanimity TU-game in the multi-
choice setting is the concept of minimal effort game (m,u;) € G defined as

1 ifs>t
Vs e M, w(s)= { nest (2.31)

0 otherwise.

In a minimal effort game (m,u;), each player needs to achieve at least the activity
level specified by coalition t to generate a non-null worth. Observe that any game
(s,ut) € G such that s < ¢, is the null game.

Remark 1. Take anyt € M, t # 0. Each pair (i,7) € Mt such that j > t;, is a
null pair in (m,uy). Let (i,7), (7', j) € M™T be two distinct pairs such that j <t; and
j < ty. Both pairs are decisive in (m,u;).

For each ¢ < (K, ..., K), Hsiao & Raghavan (1992) show that {u;}:<, are linearly
independent and thus constitute a basis for G C G. Therefore, for each (m,v) € G,

v = Z A, (t)uy, where Ay (t) =o(t) — Z A, (s). (2.32)

t<m s<t,s#t

For each t € M, A,(t) is the (multi-choice) Harsanyi dividend of ¢. Similarly to
TU-games, the Harsanyi dividend of a multi-choice coalition can be viewed as the

net surplus generated by a coalition.
Consider t € M, t # 0. The Dirac game (m, ;) € G, induced by ¢, is defined as

Vs €M, B&(s) = { 1 ifs=t, (2.33)

0 otherwise.
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Remark 2. Tuke anyt € M, t # 0. Each pair (i,j) € M* such that j > t; + 1 is
a null pair in (m, ;). If there ezists two distinct players i,i" € N such that t; = ty,
then (i,t;) and (V' ty) are equal in (m,d;).

For each multi-choice game (m,v) € G, the characteristic function v admits a
unique linear decomposition in terms of Dirac games as follows

v = Zv(t)(;t. (2.34)

t<m

2.4.2 Solution concepts

Solution concepts for multi-choice games differs from solution concepts from TU-
games. The later allocates a collection of payoffs to each player, whereas the former
allocates a collection of payoffs to each activity level of each player. Therefore, in
multi-choice games, a player receives as many collection of payoffs as it has activity
levels. A payoff vector for a game (m,v) € G is an element z € RM™I where
z;; € R is the payoff received by the pair (i,5) € M*. A set-valued solution on G is
a map F' that assigns a collection of payoff vectors F'(m,v) to each (m,v) € G. A
value f is a single-valued solution on G that assigns a unique payoff vector f(m,v)
to each (m,v) € G. This section presents single-valued solution and set-valued
solutions for multi-choice games. Regarding single-valued solutions, extensions of the
Shapley value and the Equal division value from TU-games to multi-choice games
are presented. As for set-valued solutions, we present extensions of the Core and the
Weber set from TU-games to multi-choice games.

Extensions of the Shapley value

This section presents three extensions of the Shapley value from TU-games to multi-
choice games. These are the extensions proposed by Derks & Peters (1993), van den
Nouweland et al| (1995) and [Peters & Zankl (2005) respectively| Each extension
admits an expression in terms of marginal contributions and in terms of Harsanyi
dividends.

A first approach is proposed by Derks & Peters| (1993) and studied by |Klijn et al.
(1999). An order over M* can be represented by a map

Opp : Mt — {1,...,Zmi}. (2.35)
1EN

The integer Opp(i,j) indicates the position at which the pair (7,j) is ordered in
Opp. Denote by ©pp the set of all orders over M™ whose cardinality is given by
(3;cy ma)!. The subset 055 ({1,...,k}) of M™, which is the subset of pairs ordered

2 Additional extensions of the Shapley value from TU-games to multi-choice games can be found
in |[Hsiao & Raghavan| (1992)) and |Grabisch & Lange| (2007).
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up to k steps, is denoted by S?P7*  Additionally, define the map o that assigns to
each subset S C M™ the maximal feasible coalition o(S) € M. Formally, this map
is defined, for S C M™, as

a(S) = (t1,...,tn),
{max{l e M (i,1),...,(4,1) € S} if (i,1) € S,

where ¢; =
otherwise.

In other words, ¢; is the highest level that can be observed for a pair in S featuring
player i, given that all the pairs featuring player ¢ from (7, 1) to (i,¢; — 1) are also in
S. The marginal vector 7°°7 (m, v) corresponding to Opp € Opp is defined as

V(i j) € M¥, Pt (m,v) = v(o(S0Pr0rrd)) — p(g(sProrrtI ),

Observe that v o ¢ can be interpreted as the restriction of v by ¢. Then, each
nfjpp (m,v) represents the marginal contribution of (i, j) to the coalition o (S%rrfpr(:d)=1),
The Derks Peters value, or simply the D P value, proposed by [Derks & Peters| (1993)),
assigns to each pair its expected marginal contribution to the restriction of v, by as-
suming that each order Opp € Opp over the set of pairs occurs with equal probability.

Definition 13 (Derks & Peters (1993)). For each (m,v) € G, the DP wvalue is
defined as

V(i,j) € M, Df’ij(m,v):m > nPr(m,v). (2.36)

" 0ppEODP
The DP value admits an expression in terms of Harsanyi dividends. Define the set
Vse M, B(s)={(i,j) e M":j < s;}

as an interpretation of the support of a coalition s. For each (m,v) € G, an
alternative expression of the D P value is given by

. Ay(s)
Mt DP,. = . 2.
Y(i,j) € , 55 (M, ) ng B(s)| (2.37)
(i.)€B(s)

The DP value allocates to each pair (i,7) € M™ a share of the dividend of each
coalition s such that (7, ) is in the support of s.

Remark 3. Take any (m,v) € G. Let us interpret M as a set of players, meaning
that each pair is viewed as a player. Take any characteristic function w : 2" — R
satisfying

VS C M, w(S) =uv(a(S)).
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The couple (M™,w) forms a TU-game. Observe that w(M™) = v(m). There exists a
unique permission structure over M, denoted by (M ™, P), which captures the linear
order of the activity levels. This permission structure is such that each pair (i,7) €
M™, j > 1, needs permission from the pairs (i,j —1),(i,7—2),...,(i,1) € M*. For
istance, take

Mt ={(1,1),(1,2),(1,3),(2,1),(2,2)}.

The permission structure over M™ can be illustrated by

(1,1)

(1,2) (2,1)

A,

(1,3) (2,2)

In this structure, the pair (1,2) needs the permission from (1,1), (1,3) needs the
permission from (1,2) and (1,1). The DP wvalue of a multi-choice game (m,v) € G
can be viewed as the Permission value of the TU-game with a permission structure
(M, w, P).

Another approach is proposed by van den Nouweland et al|(1995). The authors
suppose that the grand coalition forms step by step, starting from the empty coalition
and where in each step, the level of one of the player increases by one unit. Compared
to Derks & Peters| (1993) and Klijn et al| (1999), van den Nouweland et al.| (1995)
consider the subset of admissible orders on M ™ such that no pair (i,j) € M is
ordered before a pair (i,[) featuring the same player and such that [ < j. Formally,
an admissible order for the game (m,v) is a map Gpan : M* — {1,...,> ",y mi}
such that O,qn (1,7 — 1) < Opan(i,7) for each (i,j) € M. Denote by O,4n C Opp
the set of all admissible orders on M+ whose cardinality is given by

(ZiGN m;)!
[Len(mil)

Let 0,av € Oyan be an admissible order and h € {1,...,% ..y m;}. We denote by
s%an:h the coalition formed after step h. Formally, it is defined as

Vie N, s7"—max{je M, :0,un(i,j) <h}U{0}.

The marginal vector 7%~ (m, v) corresponding to f,qn € Ouan is defined as

V(i j) € M, nfydz\r (m,v) = U(89udN,9de(i7j)) _ U(SQMN,@de(iJ)—l)_ (2.38)
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Each 7%4N (m, v) represents the marginal contribution of (4, j) to the coalition s fvan(i)=1,
The value vdN proposed by van den Nouweland et al.| (1995) assigns to each pair

its expected marginal contribution assuming that all admissible orders over the set

of pairs occur with equal probability. Contrary to the DP value, the game is not
restricted by the operator o. Instead, the set of orders is reduced to admissible orders

in @de-

Definition 14 (van den Nouweland| (1993)). For each (m,v) € G, the vdN value
1s defined as

V(i,j) € MT, wdN;j(m,v) = &Lj\% Z nljde(m’ ).

OvdN €EOvan

The vdN value admits an expression in terms of Harsanyi dividends provided by
Faigle & Kern| (1992). Define h;;(s) as the hierarchical strength of a pair (¢,7) €
M™ in the coalition s, s; = j. The hierarchical strength of (i,j) in s represents the
average number of admissible orders such that all the pairs in B(s), except (1, j), are
ordered prior to step |B(s)| — 1 and (7, j) is ordered last among the pairs in B(s).
Formally, the hierarchical strength of a pair (i,7) € M™ in a coalition s, in which
s; = 7, is defined as

hij(s) = T=——={0van € Ouvan : buan(i,J) = |B(s)[}|.

|@UdN|
In addition, define

Vse M, C(s)={(i,j) e Mt :j=s;} (2.39)

as an interpretation of the support of coalition s. Observe that C(s) C B(s). For
each (m,v) € G, an alternative expression of the vdN value is given by

V(i,j) € MY, wdNj(m,v) = Y hy(s (2.40)
s<m

(1.5)€C(s)

This value allocates to each pair a share of a dividend A,(s) proportional to its
hierarchical strength.

Finally, we consider the value proposed by |Peters & Zank (2005). We refer to
this value as the PZ value. The PZ value allows for a probabilistic interpretation
closely related to the Shapley value. Consider (i,7) € M*. The PZ value of (i, ) is
computed as follows. Assume that the coalition (m_;, j) is being formed in n steps
starting from the coalition (0_;, j — 1), with respect to a certain order over the player
set. Let h, h < n, be the step at which 7 is ordered. At each step t # h, a player
k # i is ordered and immediately plays its maximum activity level. At step h, player
1 is ordered and increases its activity level from j — 1 to j. The PZ value assigns
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to (i, ) its expected marginal contribution assuming that each order over the player
set occurs with equal probability.

Formally, define Y;; the set of coalitions in which ¢ plays j — 1 while the other
players play either 0 or their maximal activity level. Formally, it is defined as

V(i,j) € M*, Y, ={seM:s;=j—1and s, = {0,my} for each k # i}.
For each s € Yj;, denote by
2(s) ={k € N : k #1i,s, =0}
the number of players that do not cooperate in s.

Definition 15 (Peters & Zank (2005)). For each (m,v) € G, the PZ value is
defined as

Vi) € MY, PZy(mu) =Y 20 =25) = 1) (v(s + €)= v(s)).

n!

€Y

In contrast to the DP and vdN values, the PZ value only uses a restricted subset of
information provided by the game (m,v). In order to compute this value, it suffices
to know the worth of those coalitions where only one player is allowed to play at an
activity level different from 0 or its maximum activity level. The PZ value admits
an expression in terms of Harsanyi dividends. For each (m,v) € G, an alternative
expression of the PZ value is given by

- Ay(s)
M*, PZ; = E 2.41
v(7’7j) E Y 1] <m7 /U) = |O(S)‘ ( )
(i:4)€C(s)

The PZ value allocates to each pair (i,j) € M an equal share of the dividend of
each coalition s such that (,7) is in the support C(s) of s. Put differently, each
dividend A,(s) is equally shared among the players that play a non-null activity
level in s. This allocation of the dividend differs from Derks & Peters| (1993) and
van den Nouweland et al.| (1995) since the division of the dividend does not depend
on the level of activity of the players within the coalition.

A new extension of the Shapley value from TU-games to multi-choice games is
introduced in Chapter 4. It turns out that this value satisfies the Independence of
higher demands principle (if one interprets activity levels as demands), which is not
the case of the DP, vdN or PZ values.

Extensions of the Equal division value

This section briefly presents some possible extensions of the Equal division value from
TU-games to multi-choice games. The d-value proposed by Branzei et al. (2014)).
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This value generalizes the constrained egalitarian solution (see |[Dutta & Ray| (1989))
from TU-games to super-modular multi-choice games. The d-value is computed with
an algorithm that searches for a solution as egalitarian as possible, while taking into
account the activity levels of the players. Not all activity levels of the same player
will receive the same payoff, but similar activity levels of different players will be
treated as equally as possible.

We now present two reasonable extensions of the Equal division value from TU-
games to multi-choice games. The first extension divides the worth of the grand
coalition equally among the pairs in M*. This value is defined, for each (m,v) € G,
as

v(m)
B(m)’

V(i,j) € M*, EDj(m,v) = (2.42)
Obviously, the player’s total payoff increases with respect to their maximal activity
level. The second extension can be defined as a two-steps procedure. This value
divides the worth of the grand coalition equally among the players, then the amount
allocated to each player is divided equally among their activity level. This value is
defined, for each (m,v) € G, as

V(i,j) € M*, ED(m,v) = v(m)

nxm;

Another extension of the Equal division value from TU-games to multi-choice
games is introduced in Chapter 4. It turns out that this value satisfies the Indepen-
dence of higher demands principle (if one interprets activity levels as demands).

Extensions of the Core and the Weber set

This section presents two extensions of the Core and the Weber set from TU-games
to multi-choice games proposed by (Grabisch & Xie (2007)) and [van den Nouweland
et al|(1995)) respectively. We discuss these solution concepts and point out that the
Weber set and the Core proposed by (Grabisch & Xie| (2007) coincide on the class of
super-modular multi-choice games.

Definition 16 (Core, |Grabisch & Xie| (2007)). For each (m,v) € G, the Core
of (m,v) is denoted by C(m,v). A payoff vector x is in C(m,v) if

Vs € M, Z inj > v(s) (2.43)
ieN j=1
hAmMm;
Vh < max m, Z Z zij = v((h Amy)ien). (2.44)
\ iEN j=1

The first Core condition ([2.43)) states that no coalition can achieve, by itself, a
better outcome than the one prescribed by the payoff vectors in the Core. Observe
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that, on the class of multi-choice games such that m = (1,...,1), condition ([2.43)
coincides with the coalitional rationality condition for TU-games . Next, assume
that all players agree on forming a coalition in which everyone plays the same activity
level, let us say h. Players unable to cooperate at such level play their maximal
activity level. We call such coalition an hA-synchronized coalition. The second
condition states that an h-synchronized coalition achieves the same outcome
than the one prescribed by the payoff vectors. On the class of multi-choice games
such that m = (1,..., 1), condition coincides with the efficiency Core condition

(2.4) for TU-games.

Grabisch & Xie (2007)) also propose an extension of the Weber set from TU-
games to multi-choice games. To do so, let us introduce restricted orders over M ™.
These orders are such that no pair (i,7) € M is ordered before a pair (¢/,j") € M+
containing a strictly lower activity level ;' < j. Formally, a restricted order over the
set of pairs is a map

Oox M = {1,....) m} (2.45)

€N
defined as
V(i 5), (¢, §) e MY, [j <j] = [Oax(i.j) < Oex(@,5)].

Denote by ©Ogx the set of all restricted orders over the set of pairs. Obviously,
Ocx C Ouqn. The number of restricted orders over the set of pairs is given by

II 1eun

j< maxmy
keN

Let 0cx € Ogx be arestricted order and h € {1,...,>,.y mi}. We denote by s’cx-"
the coalition formed after step h. Formally, it is defined as

Vie N, sio%" =max{je M :0qx(i,j) <h}U{0}. (2.46)

We use the convention s%x° = (. For each fgx € Ogy, the marginal vector
n%6x (m,v) is defined as

V(i,5) € M¥, e (m ) = v(s'ex foxG9)) _ yhex dax@i))

Each 7/¢* (m, v) represents the marginal contribution of (¢, j) to the coalition s?ex-fax(.d)-1
formed after Ogx (7,7) — 1 steps according to the restricted order fg .

Definition 17 (Grabisch & Xie (2007)). For each (m,v) € G, the Weber set VW
of (m,v) is the convex hull of all marginal vectors computed from restricted orders.
This set is defined as

W(m,v) = co({n’é* (m,v) |ax € Oax}).
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Proposition 7 (Grabisch & Xie (2007)). The Weber set coincides with the Core
on the class of super-modular multi-choice games.

van den Nouweland et al.| (1995) propose alternative extensions of the Core and the
Weber set from TU-games to multi-choice games.

Definition 18 (van den Nouweland et al. (1995)). For each (m,v) € G, the
Core of (m,v) is denoted by C(m,v). A payoff vector z is in C(m,v) if and only if
it satisfies these three conditions

(Vs eM, Zixu > v(s) (2.47)
> Z% = v(m) (2.48)
Vi€ N,Vje M\{0}, zi>v(je)—v((j—1)e). (2.49)

Condition (2.47)) is the same condition than (2.43)). Condition (2.48)) states that the

sum of the payoffs is equal to the worth of the grand coalition. Clearly, this condition
extends the Efficiency condition of the Core for TU-games (see [2.4)). This condition
can be viewed as a particular case of condition (2.44)), where h = maxyey my. Con-
dition states that the payoff of any player ¢ for any of its activity level j is at
least equal to the increase in worth that player ¢ can obtain when it works alone and
changes its activity from level j — 1 to level j. This condition extends the individual
rationality condition from TU-games to multi-choice games.

Definition 19 (van den Nouweland et al. (1995)). For each (m,v) € G, the
Weber set W of (m,v) is the convexr hull of all marginal vectors computed from
admissible orders (2.38)). This set is defined as

W(m,v) = co({n® (m,v) | Oy € Opan}).

Contrary to the extensions of the Core and the Weber set proposed by Grabisch
& Xie (2007), the extensions of the Core and the Weber set proposed by van den
Nouweland et al.|(1995) do not coincide on the class of super-modular multi-choice

games. This is why we prefer to focus on the extensions provided by |Grabisch & Xie
(2007)).

2.4.3 Axiomatic characterizations

This section presents axiomatic characterizations of the DP, vdN and PZ values
for multi-choice games. Several axioms for multi-choice games are discussed, some
of them being straightforward extensions of axioms from TU-games to multi-choice
games[’

3Certain names of the axioms are identical to Section 2.1.3 due to their normative similarities.
In the following, when using such names, we refer to the multi-choice version of these axioms.
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Take a value f on G. The first axiom is ubiquitous in almost every axiomatic
characterization, as it translates the simple idea that the total worth of the grand
coalition should be entirely allocated among the pairs in M*. Clearly, this axiom
extends Efficiency from TU-games to multi-choice games.

Axiom 25 (Efficiency). For each (m,v) € G,

Z Z fij(m,v) = v(m).

1€EN j<g;

The next axiom is also frequently used in many axiomatic characterizations. This
axiom states that the solution is additive with respect to multi-choice games. This
means that there is no difference between considering two problems separately or
at the same time. This axiom extends Additivity from TU-games to multi-choice
games.

Axiom 26 (Additivity). For each (m,v),(m,w) € G,
flm,v+w) = f(m,v) + f(m,w).

If a player is unproductive at a certain activity level, it seems reasonable to
penalize it accordingly. An unproductive activity level of a player can be modeled
by a weakly null pair, which has null marginal contributions to coalitions. [Peters &
Zank| (2005) introduce an axiom indicating that weakly null pairs should obtain a
null payoff.

Axiom 27 (Weak null pair property). For each (m,v) € G, if (i,j) € M" is a
weakly null pair, then

fij(m, U) = 0

If a player stops being productive starting from a certain activity level up to its
maximal activity level, it seems reasonable to penalize it accordingly. This situation
can be modeled by a null pair that describes a player and one of its activity level
from which it stops being productive. Klijn et al|(1999) introduce a stronger version
of the Weak null pair property indicating that any null pair should obtain a null
payoft.

Axiom 28 (Null pair property). For each (m,v) € G, if (i,j) € M* is a null
pair, then

The Null pair property implies that not only a null pair (7, j) receives a null payoff,
but each of the pairs (7, j') such that j* > j also receives a null payoff, since they are
also null pair themselves. Clearly, if a value satisfies the Weak null pair property,
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then it satisfies the Null pair property. The Null pair property and the Weak null
pair property both boil down to the Null player property on the class of multi-choice
games with m = (1,...,1).

Weak null pair property = Null pair property

A veto pair represents a player’s activity level that is necessary for a coalition
to generate a non-null worth. Since all veto pairs are all equally necessary, it seems
reasonable to allocate them the same amount. van den Nouweland| (1993) introduce
an axiom stating that two veto pairs should receive the same payoffs. This axiom
extends the Veto players property from TU-games to multi-choice games.

Axiom 29 (Veto pair property). For each (m,v) € G and each
(i,7), (7', j') € M™ two veto pairs,

fij<m7 U) = fi’j/(ma U)'

Anonymity for solutions of TU-games indicates that the payoff of the players
does not depend on their label, meaning that one can permute the labels of two
players without changing the final allocation. [Peters & Zank| (2005) proposes a
straightforward extension of Anonymity from TU-games to multi-choice games. To
permute the labels of two players it is necessary that these players have the same
number of activity levels. Therefore, this axiom only holds on the class of multi-choice
games in which all the players have the same maximal activity level. The sub-class

of multi-choice games such that all players have the same maximal activity level
is denoted by G.

Axiom 30 (Anonymity). For each (m,v) € G, each t € M and each order § €
Oy, we define 0t as Otgq) = t; for each i € N, and v as Qv(0t) = v(t). Then, it
holds that

fij(m7 v) = f@(i)j (m, 0v).

If Anonymity for TU-games implies Equal treatment for equals, which in turn implies
the Veto players property for TU-games, this is no longer true for Anonymity for
multi-choice games.

If a player decides to stop playing above a certain activity level, this can poten-
tially affects the payoffs of its remaining activity levels. Klijn et al.| (1999)) introduce
an axiom stating that if aplayer reduces its maximal activity level by one unit, then
the variation in payoff incurred by each of its remaining activity levels is equal to
the payoff it received for this maximal activity level[]

4This axiom is called the Equal loss property in [Klijn et al.| (1999).
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Axiom 31 (Intra-balanced contributions). For each (m,v) € G and
each (i,7) € M such that j # m;,

fij(m,v) — fij(m —e;,v) = fim,(m,v).

Klijn et al.| (1999) propose an axiom indicating that for any two players, the
amount that each player would gain or lose for its maximal activity level if the
other’s reduces its maximal activity level by one unit should be equal.

Axiom 32 (Upper balanced contributions). For each (m,v) € G and anyi,i’ €
N,

fimi(mvv) - flmz(m - 61'/,1]) = fi’mi/ (ma U) - fi’my(m — €4, U)'

Tang et al. (2019) propose an axiom that compares the payoffs of two veto pairs.
This axiom is inspired from the Hierarchical strength axiom introduced by |[Faigle &
Kern| (1992) for TU-games with precedence constrains. Take any (m,v) € G. To
introduce the axiom, define a veto coalition t € M as

Vse M, wv(s)= {U(t) ifs =t

0 otherwise.

A veto coalition for a game (m,v) € G, is a profile that collects all the minimal
activity levels required to generate a non-null worth. For instance, in a minimal
effort game (m,u;), t is a veto coalition. Observe that a veto coalition ¢ always
verifies ¢t > (0,...,0).

Axiom 33 (Hierarchical symmetry). Take any (m,v) € G. For each veto coali-
tion t € M and each pairs (i,t;), (', ty) € MT,

Z hire,, fir,(m,v) = Z hit, fire, (M, v).

s>t s>t
S;1=t; si=t;

The last axiom indicates that if two activity levels of the same player have the
same marginal contributions, then it seems reasonable that they obtain the same
payoft.

Axiom 34 (Intra symmetry). For each (m,v) € G and each (i,j), (i,5') € M+
such that

Vs € M, U(S—i,j) - U(S—ivj - 1) = U(‘S—i?j,) - U(S—’hj/ - 1)a
we have

fij(m,v) = fij(m,v).
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Klijn et al|(1999) provide an axiomatic characterization of the D P value concep-
tually close to the characterization of the Shapley value provided by |[Béal & Navarro
(2020) (see Theorem [1)).

Theorem 14 (Klijn et al. (1999)). A value f on G satisfies Efficiency, Additiv-
ity, the Veto pair property and the Null pair property if and only if f = DP.

Klijn et al.| (1999) propose another characterization of the DP value conceptually
close to the characterization of the Shapley value provided by Myerson! (1980)).

Theorem 15 (Klijn et al. (1999)). A value f on G satisfies Efficiency, Intra-
balanced contribution, and Upper balanced contributions if and only if f = DP.

Tang et al|(2019) propose an axiomatic characterization of the vd N value, which
is conceptually close to the characterization of the Shapley value for TU-games with
precedence constrains proposed by |Faigle & Kernl (1992). Another characterization,
conceptually close to the characterization of the Shapley value provided by [Myerson
(1980), is proposed by |Calvo & Santos (2000). Here, we limit ourselves to the
characterization provided by [Tang et al. (2019).

Theorem 16 (Tang et al.| (2019)). A value f on G satisfies Efficiency, Additiv-
ity, the Weak null pair property and Hierarchical symmetry if and only if f = vdN.

One can replace Hierarchical symmetry in Theorem [I6] by Anonymity and Intra
symmetry to obtain a characterization of the PZ value on G. Such a characterization
is proposed by [Peters & Zank] (2005)).

Theorem 17 (Peters & Zank] (2005)). A wvalue f on G satisfies Efficiency, Ad-
ditivity, Anonymity, the Weak null pair property and Intra symmetry if and only if
f=PZ.

2.4.4 Consistent discrete cost sharing methods

This section presents the class of discrete cost sharing problems (see Moulin, (1995)),
Albizuri et al. (2003)), Sprumont| (2005) and Bahel & Trudeau (2013)) to cite a few)
and discusses several solution concepts on this class of problems called discrete cost
sharing methods.

Fix N = {1,...,n} a set of n different consumers that demand a certain com-
modityﬂ A discrete cost sharing problem is a couple (¢, C'), where ¢ = (q1, ..., ¢n)-
Fix K € N an upper bound for demands. Each ¢; < K represents the effective
demand of i € N. A demand profile s < ¢ describes a situation in which each
consumer ¢ € N demands a quantity s; < ¢; of commodity. The cost function

c:JJ{0. 1. a} = Ry

1EN

5In the original discrete cost sharing model, the set N refers to goods instead of consumers.
Without loss of generality, we stick to the term consumer to fit in the framework of the thesis.
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is a non-decreasing map verifying C'(0) = 0 for each s < ¢q. The real C(s) represents
the cost of satisfying the demand profile s. The total cost to be shared is given by
C(q). Clearly, ¢ can be interpreted as a vector of maximal activity levels and C' can
be interpreted as a non-decreasing characteristic function. Therefore, the class of
discrete cost sharing problems is the class of monotonic multi-choice games G,,.

In the cost sharing literature, a method on §G,, is a map ¢ that associates to
each problem (¢,C) € G, a vector g(q,C) € R satisfying the budget balanced
condition, i.e,

> 6i(q,C) = C(q).
ieN
Take any (¢,C) € G,. A cost sharing method on G, differs from a value on G,
for the following reasons:

- a discrete cost sharing method is a map from G,, to RI™ "I whereas a value is a
map from G to RM "I, Put differently, a discrete cost sharing method allocates
a payoff to each consumer (player), whereas a value allocates a payoff to each
demand of each player;

- by definition, a discrete cost sharing method satisfies the budget balanced con-
dition, which is equivalent to say that to satisfies Efficiency. On the contrary,
a value does not necessarily satisfy Efficiency.

Despite their differences, it is possible to establish some links between discrete cost
sharing methods and values on G,,. Two types of links are detailed: the consistency
and the weak consistency.

A value f on G is consistent with a method g on G, if

In other words, f describes the variation in cost share a consumer undergoes when
its demand increases by one unit whereas g describes the total cost share allocated
to each consumer. We say that a value f on G is weakly consistent with a method
g on G, if

¥(q,C) € Gm, Vi € N, gi(q,C) = Y f;i(q,C).

e M
JEM;

Obviously, if a value f is consistent with a method g on G,,, then it is also weakly
consistent with g. The converse is not true.

Three well known discrete cost sharing methods are the Aumann-Shapley method
(see Sprumont, (2005))), the Pseudo Average method (see Moulin (1995))) and the
Serial cost sharing method (see Moulin| (1995)). Each of these methods is an additive
method, in the sense that, for each (¢, C), (¢,C") € G,

9(¢,C) 4+ g(q,C") = g(q,C + C").
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In the following, we provide a mathematical expression of these methods and point
out if the method is consistent/weakly consistent with an existing value for multi-
choice games.

Since a discrete cost sharing problem is a multi-choice game, then by ,

Y(q.C) € G, C = Ac(s)u,
s<q

For a certain s € M such that Ac(s) is negative, (¢, Ac(s)us) is a non-monotonic
game and so is not a discrete cost sharing problem. To get around this drawback,
let us re-writte the cost function C' as

C= j{: Z&C us j{: ZxC

s<q s<q
Ac(s)>0 Ac(s)<0
Y Aclshus— > (—Ac(s)uy).
s<q s<q
Ac(s)>0 Ac(s)<0

With this re-writing, one can express any cost function with monotonic games only.
Formally, for any additive discrete cost sharing method g,

9(a.C)= Y gla.Ddc(s)u) = Y gla,—Ac(s)us). (2.51)

s<q s<q

Ac(s)20 Ac(s)<0
For the sake of clarity, we define discrete cost sharing methods on a minimal effort
game (q,us). One can always retrieve the expression of the method on (¢,C) by
(2.51]).

The discrete Aumann-Shapley method, originally introduced in [Moulin (1995)),
has been defined, in the introduction, in terms of Shapley values. This method has an
expression in terms of hierarchical strengths (see (2.40)) when applied to a minimal
effort game.

Definition 20 (Aumann-Shapley method, Moulin| (1995)). For each (q,us) €
Gm, where s < q, the (discrete) Aumann-Shapley method is defined as

Vie N, ASi(q,us) = hs,(s).

Recall that the hierarchical strength of a pair (i,7) € M™ in s < ¢ represents the
average number of admissible orders over M™ such that all the pairs in B(s) =
{(k,1) € MT : 1 < s}, except (i, 7), are ordered prior to step |B(s)| — 1 and (i, 7) is
ordered last. Formally, the hierarchical strength of a pair (i,7) € M* in s is defined
as

1
hij(s) = B

Clearly, the higher the demand s; of ¢ within s, the more admissible orders satisfying
in which (7, ) is ordered last. Therefore, the higher the demand of ¢ within s, the
higher its cost share in (g, us).

||{9de € Ouan : Ovan (i, j) = |B(s)}].
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Proposition 8 (Calvo & Santos| (2000)). The vdN walue is weakly consistent
with the discrete Aumann-Shapley method on G,,.

The (discrete) Pseudo-average method is introduced by Moulin| (1995). For a
minimal effort game (q,us), this method allocates to each consumer a cost share
proportional to its demand s;.

Definition 21 (Pseudo-average method, Moulin| (1995)). For each
(q,us) € G, where s < q, the (discrete) Pseudo-average method is defined as

S

|1B(s)|

Similarly to the Aumann-Shapley method, the Pseudo-average method allocates an
amount to each player that increases with respect to the player’s demand within s.

Vie N7 PAl<q7us) =

Proposition 9 (Albizuri et al. (2003)). The DP value is weakly consistent with
the pseudo average cost method on G,,.

To conclude this section, we introduce the (discrete) Serial cost sharing method
(see Moulin & Shenker| (1992) and Moulin| (1995))), which proves useful for Chapter
4. For a minimal effort game (¢, u,), this method allocates the total cost among the
consumers with the highest demands in s. For each profile s € M, define the set of
players with the highest demands within the profile by

Y(s)={iteN:s; >sy,Vi'e N}

Definition 22 (Serial cost sharing method, Moulin| (1995)). For each (q,us) €
Gm, where s < q, the (discrete) Serial cost sharing is defined as

I
Vie N, SCS(qu) =14 v V) (2.52)

0 otherwise.

A new extension of the Shapley value from TU-games to multi-choice games is intro-
duced in Chapter 4. We will show that this value is consistent with the Serial cost
sharing method on G,,.
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Chapter 3: Values for Multi-Choice
Games with a Permission (tree) Struc-
ture

3.1 Introduction

Permission structures model situations in which some players may need permission
from other players to cooperate (see Section . It turns out that permission rela-
tionships between gas consumers can arise in the context of gas distribution. Indeed,
the gas distribution network has a history: it was built progressively according to
the growing demands of consumers. Thus, some consumers would never have been
able to demand gas if other consumers had not been connected beforehand: this can
be considered as a permission relationship.

For example, let us consider Figure representing a distribution (tree) net-
work managed by GRDF. Consumer a is located at the root of this network, which
means that a was the first consumer that GRDF connected to the network. In par-
ticular, GRDF determined that it was worth connecting a to the network given the
investment required to connect it.

Consumers b and ¢ were able to take advantage of a’s connection to connect
themselves to the distribution network. Indeed, in the absence of a, the investments
required for their connection may have been too great. Consequently, GRDF may
have decided to not connect them directly to the root. Since a is connected, GRDF
determined that it was worth connecting b and ¢ to the network since the only
investment required is an additional connection to a for both of them.

This situation can be represented by permission relationship: b and ¢ need per-
mission from a to be connected. Similarly, f needs permission from ¢, d needs
permission from b and e needs permission from 6. All in all, a permission structure
can be extracted from the information provided by the distribution network.
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Figure 3.1: A distribution network.

This chapter takes advantage of the information provided by the distribution
network to enrich the model of multi-choice games with a permission (tree) structure.
No consideration is given to the principles pursued by GRDEF. Instead, we focus on
the information provided by the distribution network and investigate how to combine
a permission structure with a multi-choice game to derive relevant solution concepts.

A few studies have enriched the model of multi-choice games with a structure
(see Section . In this study, we investigate how a permission structure on the
player set can be combined with different levels of participation. There is no straight-
forward way to combine these two aspects. We propose to deal with this problem
in two steps that correspond to two approaches describing two different but closely
related models. In a first approach, we consider multi-choice games enriched with
a permission structure defined on the set of player-activity levels pairs. In a second
approach, we consider multi-choice games with a permission structure defined on the
set of players.

The first approach consists in defining a permission structure on the set of player-
activity level pairs (a pal-permission structure henceforth) and not on the player set
as in Section [2.2l The underlying idea is that a player ¢ making a certain activity
level j may need another player k to make a certain activity level [ beforehand to
cooperate. This approach generalizes in a straightforward way the model of TU-
games with a permission structure (see Section . We proceed in several steps.
First, we define a set of feasible coalitions with respect to a pal-permission struc-
ture and show that this set forms a sub-lattice of the set of coalitions. Second,
we define the sovereign and authorizing parts of a coalition s as its largest feasible
sub-coalition and its smallest feasible super-coalition, respectively. Third, we intro-
duce a restricted multi-choice game given by the worth of the sovereign part of the
coalitions. Finally, we define the Pal-permission value as the DP value (see (2.37))
applied to the above restricted multi-choice game. This value generalizes both the
D P value for multi-choice games and the Permission value for TU-games with
a permission structure.

The second approach keeps a permission structure on the player set, as in Section
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2.2] and combines it with a multi-choice game. In this second approach, it is always
considered that the players are part of a permission structure but we also exploit the
fact that the set of activity levels of each player is totally ordered. This leads us to
consider that there are two types of permission structures: the first one operates be-
tween players and the second one operates between the activity levels of each player.
Indeed, one considers that the activity levels are part of a permission structure in
the sense that choosing the activity level j requires having made or being able to
make the activity level 7 — 1. In other words, players gradually deploy their activity
levels, from the lowest to the highest level.

We then propose several axioms allowing us to characterize three new values
for multi-choice games with a permission structure. Each one coincides with a Pal-
permission value on multi-choice games enriched with a specific pal-permission struc-
ture as described in the first approach. They differ in the way that the pal-permission
structure emerges from the set of axioms:

- for the first value, the pal-permission structure is such that a player is allowed
to cooperate at any activity level if and only if its superiors in the hierarchy
cooperate at their maximal level;

- for the second one, the pal-permission structure is such that a player is allowed
to cooperate at any activity level if its superiors already participate (meaning
that each superior is deploying at least its first activity level);

- for the third one, a player can cooperate at some activity level j if, and only if,
its superiors cooperate at least at the activity level j. In this case, it should be
noted that even if the permission structure on the player set is a rooted tree,
the induced pal-permission structure is not a rooted tree.

These three axiomatic characterizations are inspired from the axiomatic charac-
terization of the Permission value for TU-games with a permission tree structure
recently provided by [van den Brink et al] (2015)) (see Theorem [L1)). Our approach
is interesting for several reasons. First, it distinguishes a priori a permission struc-
ture between the players from a permission structure on the activity levels of each
player. Then, the axiomatic study sheds light on how these two types of permis-
sion structures are combined into one pal-permission structure on the player-activity
level pairs, taking into account the inter and intra players relationships. Quite dif-
ferent pal-permission structures emerge, each one of them having its own natural
interpretation.

All in all, this chapter sheds light on the additional difficulties that arise when
one tries to combine a multi-choice game with a structure on the player set. This
chapter makes use of the information provided by the distribution network, but has
no consideration for the Independence of higher demands or the Uniformity principle.

The chapter is organized as follows. Section [3.2|introduces pal-permission struc-
tures. Section deals with the set of feasible coalitions and its properties as well
as the sovereign and authorizing parts of a coalition. Section [3.4] introduces the
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Pal-permission value. Section investigates the model of multi-choice games with
a permission structure on the player set and how a pal-permission structure can
emerge from such model. Section introduces the above three values for multi-
choice games with a permission tree structure. Section contains the axiomatic
results. Section concludes the chapter.

3.2 Pal-permission structures

In the context of multi-choice games, we consider situations in which some players
cannot cooperate at a certain activity level until some other players have reached
a certain activity level. To model such situations, we introduce player-activity
level permission structures (pal-permission structures henceforth) that extend
permission structures from N to MT.

Take any nonempty set of player-activity level pairs M ™. A pal-permission struc-
ture on M™ is a map

Pt Mt — M7

such that the relationship (k,1) € P*(i, j) indicates that player k cannot cooperate at
activity level [ until 7 has reached its activity level j. In this case, the pair (k,1) € M
is a successor of the pair (i,7) € M™. Moreover, (i,5) € (P*)7!(k,[) indicates that
the pair (4,7) is a predecessor of the pair (k,l). The map P* is assumed to be
asymmetric, that is,

Vi€N7v<i7j)EMi+7 (’L,j)gp+(’b,j)

The notation P* stands for the transitive closure of P*, the set of superiors and
subordinates of a player are defined accordingly.

Because player’s 7 set of activity levels M; is totally ordered from the null activity
level 0 to the greatest activity level m;, the set of pairs {i} x M;" can be also totally
ordered as follows: (i,1) < (4,2) < ... < (i,m;). From this point of view, we obtain
a pal-permission structure between ¢’s activity levels. The trivial pal-permission
structure P™Y on M™ is the pal-permission structure modeling this idea. In P9,
a player cannot cooperate at its activity level j if it has not reached its activity level
j — 1 and no pair formed by two player-activity level pairs involving distinct players
are in relation. Formally,

PO Mt oMY
is defined as

Vie N,Vje M\ {m;}, (i,j+1)€P03,5).
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Take any two pal-permission structures P+ and Q7. We say that P* extends
Q" if
(i, 7). (k1) € M*, [(i,5) € Q7 (k)] = [(i,5) € P*(k,1)].

Finally, we say that a pal-permission structure P* is cohesive with respect to P™°
or simply cohesive if it extends P*Y. Thus, in a cohesive pal-permission structure, a
player cannot cooperate at its activity level j if it has not reached its activity level
j—1

Example 4. Consider the player set N = {a,b} and the vector of mazimal activity
levels m = (3,2) where m, = 3 and my, = 2. Consider the pal-permission struc-
tures PT° and Pt such that Pt extends PT°. We represent the two pal-permission
structures by the following digraphs

(a,1) (a,1)

(a,2) (b,1) (a,2) (b,1)
(03  (b2) (a.3) ~— (b.2)
(a) PT0 (b) Pt

In P a needs to achieve its activity levels 1 and 2 before deploying its activity
level 3. In P*, a not only has to achieve its activity levels 1 and 2 to deploy its
activity level 3, but also needs that b achieves its activity levels 1 and 2.

In the following, we only consider the set of cohesive and acyclic pal-permission
structures that we denote by P.

3.3 Feasible multi-choice coalitions

A multi-choice game (m,v) € G enriched with a pal-permission structure P+ € P
is the triplet (m, v, P™). The class of multi-choice games with a pal-permission
structure is denoted by GP. A pal-permission structure PT € P influences the
possibilities of cooperation in a multi-choice game in the following way. Let (k,[) be
a predecessor of (i,j) with respect to P and s be a coalition such that s; = j. In
order for player i to be able to to cooperate at activity level 7, player k must have an
activity level of at least [ in s, that is, sp > [. In this sense, the player-activity level
pair (i,j) needs the permission of the player-activity level pair (k,[) to cooperate
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in s. A coalition s is feasible if each player-activity level pair has the permission
of all its superiors in s. This way of introducing the influence of the permission
relationships in a coalition is a natural generalization of the conjunctive approach
from TU-games to multi-choice games (see .

Definition 23 (Feasible coalitions). Take any m < (K,...,K). Take any pal-
permission structure P € P on M*. The set of feasible coalitions F(m,Pt) is
defined as

F(m, PT) = {s <misi>0 = Y(k1) € (PPN, s:), s > z)} (3.1)

Example 5. Consider again FExample |Z| where the pal-permission structure PT is
given by Figure (b). A coalition s is of the form (s4,sy), where s, € {0,1,3} is the
activity level of a and s, € {0, 1,2} is the activity level of b. Then, the set of feasible
coalitions is defined as

F(m, Pt) = M\ {(0,2),(3,0),(3,1)}.

For instance, consider the coalition (Sq,sp) = (0,2). This coalition is not feasible
because b needs a to play an activity level s, > 1 to cooperate at level 2, which is not
the case in coalition (0,2). On the other hand, coalition (S4,s,) = (0,1) is feasible
because b does not need the permission of any activity level of a to be able to cooperate
at activity level 1.

The next proposition establishes that the set of feasible coalitions forms a (finite)
lattice whose greatest element is the grand coalition and the least element is the null
coalition.

Proposition 10. Take any (m,v, P*) € GP. The set F(m,P") satisfies the fol-
lowing properties

(i) 0 € F(m, P*);
(ii) m € F(m,P");

(ii1) for each s,t € F(m,PT), it holds that s Nt and sV t are still elements of
F(m, PT).

Proof. Take any (m,v, PT) € GP.

(i) Consider the null coalition s = 0. Because there is no i € N such that s; > 0,
by definition of F(m, PT) conclude that 0 € F(m, PT).

(ii) Consider the grand coalition m. Because each coordinate of m is maximal, by
definition of F(m, P*) conclude that m € F(m, PT).
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(iii) Consider two feasible coalitions s,t € F(m, P*) and set a = sAt and b = s V1.
Let us show that a,b € F(m, PT).

First, we show that a € F(m, PT). We proceed by contradiction. Suppose that
a ¢ F(m,P"). By definition, there exist i,k € N such that a; > 0, ax < I,
and (k,1) € (P*)~(i,a;). Observe that for such a player i, it holds that either
a; = s; or a; = t;. Without loss of generality, suppose that a; = s; < t;. In the
same way, either a, = s; or ay = ty.

- If ap = s, then s, < . Because a; = s;, it follows that (k1) €
(P™)~1(i,s;) and so s ¢ F(m, P*), which is a contradiction.

- If ap = ty, then ¢, < . Because a; = s; < t; and (k,l) € (15+)_1(z', si), by
consistency of P* we also have
(k,1) € (PT)"'(i,t;). Thus,t ¢ F(m, PT), which is a contradiction.

All in all, we have shown that a € F(m, P*). The proof that b € F(m, PT) is
similar and so is left to the reader.

Clearly, Proposition [10| extends Proposition 3| from TU-games with a permission
structure to multi-choice games with a pal-permission structure.

Because F(m, P*1) is a finite sub-lattice of M for each coalition s, we can define
the supremum of the feasible coalitions smaller than s and the infimum of the feasible
coalitions larger than s. In the first case, we obtain the greatest feasible coalition
o(s) € F(m, Pt) such that o(s) < s; in the second case, we obtain the smallest
feasible coalition a(s) € F(m, P1) such that a(s) > s; for each i € N. To paraphrase
Definition [9] o(s) is the sovereign part of s and «(s) is the authorizing part of
s.

Definition 24 (Sovereign and authorizing parts). Take any

(m,v, PTY) € GP. Take any pal-permission structure PT on M™ and any multi-
choice coalition s € M. The sovereign and authorizing parts of s with respect to P™
are respectively given by

os)= \/ t as)= N\t (3.2)

teF(m,Pt) teF (m,Pt)
t<s t>s

Obviously, for each t € F(m, PT), it holds that o(t) = a(t) =
o(m) = a(m) = m. Finally, for any s,t € M such that s <
o(s) < o(t) and a(s) < aft).

To close this section, the following proposition provides interesting properties of
the sovereign and authorizing parts of a multi-choice coalition. This proposition
echoes Proposition {4 for coalitions of players.

t; in particular,
t, it holds that
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Proposition 11. Take any (m,v, PT) € GP. For any pal-permission structure Pt
on M and any pair of coalitions s,t € M, it holds that:

(i) o(s)Vo(t) <oa(sVit);
(ii) o(s) No(t) =o(sAt);
(11i) a(s)V a(t) =a(sVi);

)
(v) a(s At) < als) Aalt).

Proof. Take any pal-permission structure Pt on M ™ and any pair of coalitions s,t €

M.

(i) By definition, s < sVtand ¢t < sVt and so o(s) < o(sVt)and o(t) < o(sVi).
By definition of the supremum,

o(s)Vo(t) <o(sVt)Va(sVit)=o(sVit).
(ii) By definition, ¢t > sAt and s > sAt and so o(s) > o(sAt) and o(t) > o(sAt).

This implies that o(s) A o(t) > o(s At). On the other hand, by definition of
o, 0(s) < sand o(t) <t. Thus, we obtain

o(s)No(t) < sAt
< o(o(s)No(t) <o(sAt)
= o(s)Na(t) <a(sAt),

where the equality
og(o(s)Na(t)) =o(s) Na(t)

comes from the fact that o(s) Ao (t) € F(m, P*) by Proposition [10} Conclude
that o(s) Ao(t) = o(sAt).

(iii) By definition of «, a(s) > s and a(t) > t, from which we get:

a(s)Va(t)> sVt
< ala(s) Valt) > a(s Vi)
< a(s)Va(t) > a(s Vi)
On the other hand, s < sV ¢, which implies that a(s) < a(sVt). By definition,

a(t) < a(s Vi), It implies that a(t) V a(s) < a(s VvV t). From the above
arguments, we arrive at a(s) V a(t) = a(s V t).

(iv) The fact that s At < s and s At < t implies that a(s A t) < a(s) and
a(s At) < at), and so a(s At) < als) Aa(t).
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3.4 Values for multi-choice games with a pal-permission
structure

In a multi-choice game with a pal-permission structure (m,v, PT), the multi-choice
game (m,v) describes the possibilities of cooperation regardless of the restrictions
induced by the pal-permission structure. To take these restrictions into account, a
new multi-choice game (m,Rp+(v)) € G is constructed. This game takes into ac-
count both the cooperation possibilities represented by (m,v) and the permission
relationships represented by P*. The resulting multi-choice game (m,Rp+(v)) is
the (conjunctive) restriction of the multi-choice game of (m,v) induced by the pal-
permission structure PT. Then, the DP value (see (2.37))) is applied to (m, Rp+(v)).
This allows to define a value for multi-choice games with a pal-permission structure.
Because the DP value is a generalization of the Shapley value, and the Permission
value is the Shapley value of a TU-game restricted by a permission structure, it
follows that the DP value applied to (m,Rp+(v)) can be viewed as a possible gen-
eralization of the Permission value from TU-games with a permission structure to
multi-choice games with a pal-permission structure.

Take any (m,v, PT) € GP. The restriction of (m,v) on PT is the multi-choice
game (m, Rp+(v)) where the characteristic function Rp+(v) is defined as

Rp+(v) =voo. (3.3)

Thus, the worth Rp+(v)(s) of the multi-choice coalition s is the worth v(o(s))
of its sovereign part. In other words, the mapping ¢ indicates how s is evaluated:
the sovereign part with respect to PT, that is, the greatest feasible coalition smaller
than s, generates a worth v(o(s)) when s forms. Clearly, this restriction extends the
restriction of a TU-game by a permission structure (see ) to the framework of
multi-choice games.

If (m,v) is monotonic, then (m,Rp+(v)) is also monotonic. Indeed, if s < ¢
implies v(s) < wv(t), then o(s) < o(t) and so Rp+(v)(s) < Rp+(v)(t). Fix the
set of multi-choice coalitions M. The operator Rp+ is linear in v on M, that is,
Rp+(v+yw) = Rp+(v) + vRp+(w) for each (m,v), (m,w) € G and each v € R.

Proposition 12. For each (m,us, PT) € GP, s € M such that s # (0, ...,0)
Rer (us) = ua(s).

Proof. Take any (m,us, Pt) € GP and any s € M such that s # (0,...,0). By
definition of R p+ (us),

1 ifo(t) > s,

0 otherwise.

Vie M, Rp+(us)(t) =us(o(t)) = {

First, let us show the following equivalence

o(t) >s < t>as).
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- Suppose that o(t) > s. We have a(o(t)) = o(t) > a(s). Because t > o(t), we
obtain t > a(s);
- Reciprocally, if t > «(s), then o(t) > o(a(s)) = a(s) > s.

Thus, we obtain that:

1 ift > a(s),

0 otherwise,

VEeEM, Rps(u)(t) = {

so that Rp+(us) = Ua(s), as desired. [ ]

By Proposition (12| and the linearity of the operator R p+, the characteristic function
Rp+(v) can we rewritten as

Rp+(v) = Rp+ (Z A ) (3.4)

seM
= Ay(s)Rp+ (uy) (3.5)
seM
= Z AU(S)UQ(S)' (36)
seM

We introduce a new value for multi-choice games with a pal permission structure,
called the Pal-permission value, which allocates the worth of the grand coali-
tion according to the DP value applied to the restricted game induced by the pal-
permission structure.

Definition 25 (Pal-permission value). The Pal-permission value T is defined,
for each (m,v, PT) € GP, as

V(i,j) € M*, Y;j(m,v,P") = DP;(m,Rp+(v)). (3.7)
From (2.32), (2.31)), and the fact that the DP value is linear (see (2.36)), T can be

rewritten as

o Ay(s)
V(i,j) € M*, T,:(m,v, P*) = _SolS)
) D DR A E)]
(4,5)€B(a(s))
Ay(s)

PP e (35
J<a;(s)

The Pal-permission value T distributes the dividend of each coalition s equally among
the admissible pairs of the authorizing part a(s) of s. It follows that Y is a gener-
alization of both the DP value (see (2.37)) and the Permission value (see (2.21])).
Indeed, in case (m,v) is a TU-game, i.e., m = (1,...,1), the Pal-permission value
boils down to the Permission value. In case Pt = P*C the Pal-permission value
boils down to the DP value.
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3.5 Pal-permission structures induced by a per-
mission tree structure

Consider the situation where the players are part of a permission structure and
the sets of activity levels are totally ordered from the lowest activity level to the
greatest activity level. In such a situation, several pal-permission structures can be
created from the permission structure on the player set and the sets of activity levels.
This amounts to say that the relations between the players, the inter-individual
relationships, and the relations between the activity levels of each player, the intra-
individual relationships, are a priori two independent objects. This means that they
can be combined to obtain a single hierarchical organization represented by a pal-
permission structure. This leads to the following definition.

Definition 26 (Induced pal-permission structures). A pal-permission structure
induced by a permission tree structure P € Pr and the vector of mazimal activity
levels m is a cohesive and acyclic pal-permission structure PT € P constructed from
the relationships given by P and the set of the activity levels obtained from m.

We focus the study on three particular induced pal-permission structures that we
detail below. For a permission tree structure P € Py and any profile of maximal
activity levels m:

- the m-permission structure on M™ induced by P and m, is the cohesive
pal-permission tree structure in which a player can cooperate only if all its su-
periors in P participate by choosing their maximal activity level. The resulting
structure is denoted by Pt. Formally, P € P is defined as

Vi,j € N, [j€P(i)] <= [(7.1) € Pyi,mi)];

- the 1-permission structure on M7 induced by P and m is the cohesive
pal-permission tree structure in which a player can cooperate only if all its
superiors in P participate. Such a structure is denoted by P;". Formally,
P € P is defined as

Vi,j €N, [jePl)] < [(,1) € Pt 1)];

- the Full-permission structure on M ™" induced by P and m is the cohesive
and acyclic pal-permission structure in which a player can cooperate at a certain
activity level [ if its superiors in P participate at level [ or more. We assume
that, for each j € P(i), m; < m,. This assumption leads to a specific class
of games which will be detailed later (in Section 4.3). Formally, P;f € P is
defined as

Vi,je NVIe M, [jeP()] < [(,1) e Pii,1)].
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Observe that, for each P € Py and each m, the structures P}, P;' and P/ are
uniquely determined and are acyclic pal-permission structures P by construction.

Example 6. Consider once again Example |4, where the two players are {a,b} and
the vector of mazimal activity levels is m = (3,2). Consider the permission tree
structure P € Py such that b € P(a). The induced pal-permission structures P P/
and P are represented by figures (a), (b) and (c), respectively.

(a,1) (a,1) (a,1)

, NN

(a,2) (b,1) (a,2) (b,1) (a,2) (b,1)
(3  (b2) @3 (b2) (3  (b2)
(a) Pl (b) P;" (c) P{

Observe that the induced pal-permission structures P and P;" are always trees,
whereas P; is clearly not a tree.

3.6 Three new values for multi-choice games with
a permission structure

Let GIP be the class of games (m, v, P) where the players in N play the multi-choice
game (m,v) € G and are organized according to the permission structure P € P on
N. The class of multi-choice games with a permission tree structure is denoted by
GPr. Clearly, it holds that GIP; C GP.

We consider three possible values on GPr. Each of these values are computed
using the Pal-permission value T for multi-choice games with a pal permission struc-
ture. The first one consists in applying the Pal-permission value on multi-choice
games with the m-permission structure. The second one consists in applying the
Pal-permission value on multi-choice games with the 1-permission structure. And
the last one consists in applying the Pal-permission value on multi-choice games with
the Full-permission structure.

Proceeding in this way, the inter-individual relationships represented by P and
the intra-individual relationships represented by m and the linear order of the activity
levels are combined into a pal-permission structure (P}, P;", or P;') on M. Then,
the allocation of the payoffs are given by the D P value of the restricted game induced
by the corresponding pal-permission structure. This leads to the following definition.
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Definition 27 (Values for multi-choice games with a permission structure).

- The value f™ on GPr is defined as
fE™ (m, v, P) = Y(m,v, P}
= DP(m, Rp:(v)). (3.9)
- The value fY on GPp is defined as
fHY(m, v, P) =T (m,v, P")
= DP(m,Rp+(v)). (3.10)
- The value fF) on GPy is defined as
I (m v, P) = YT(m,v, P

= DP(m,RP;(U)). (3.11)

Example 7. Consider the permission structure of Example[0, For the sake of sim-
plicity, assume that m, = 2 and my = 1 so that m = (2,1). The induced pal-

permission structures P, P and Pj are represented by figures (a), (b) and (c),
respectively.

(a,1) (a,1) (a,1)

AN

(3,2) - (b71> (a’72> (bul) (3,2) (b71>
(a) Pf (b) Pi" (c) Py
The multi-choice game (m,v) is given by the following table

(Saasb) ‘ (07()) (17()) (2’0) (071) (1’1) (271)
v(s) | 0 1 4 1 3 5

The three restricted games corresponding to each induced pal-permission structure
are as follows

(spysw) | (0,0) (1,0) (2,0) (0,1) (1,1) (2,1)
Rp:(v)(s) 0 1 4 0 1 5
Rp+(v)(s) 0 1 4 0 3 5
Rpt (v)(s) 0 1 4 0 3 5
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The worth Rp+(v)(1,1) = v(1,0) = 1 because b is unable to achieve activity level
1 if a has not reached activity level 2. It follows that o(1,1) = (1,0) under the
m-permission structure. Thus, we obtain

R (0)(1,1) = v(o(1,1)) = v(1,0) = 1.

Similarly, R p+(v)(0,1) = 0 because b does not have the permission of a to cooperate
at level 1 if a is inactive. It follows that o(0,1) = (0,0) under the 1-permission
structure. Thus, we obtain

Rp+(0)(0,1) = v(0(0,1)) = v(0,0) = 0.

In this example, Rp+(v) and RP;-(U) coincide because P;t and P coincide in this

particular case. Finally, we compute fH™) {1 f(HE) gnd the DP value.

(i, ) (a,1) (a,2) (b,1)
fE™ (mv, P) | 317 117  0.67
fED(m,v,P) | 283 1.83 0.33
fE(mv, P) | 283 1.83 0.33

DP(m,v) 2.67 117 117

As expected fH™ fD and fHF) allocate a greater payoff to the root (a,1) than
the DP value.

3.7 Axiomatic characterizations

This section provides comparable axiomatic characterizations of f+™ (1 and
FF) | These axiomatic characterizations preserve the principles of Efficiency, Per-
mission fairness, and the Inessential player property contained in Theorem for
TU-games with a permission tree structure. However, four types of modifications
need to be incorporated due to the multi-choice nature of the game and the two
types of permission relationships:

- two, rather than one, principles of permission fairness are introduced. The
first one concerns inter-individual relationships, the second one concerns intra-
individual relationships;

- the above two principles of permission fairness no longer concern the players
but the player-activity level pairs;

- the notion of inessential player must be extended to that of inessential pair;

- because the values f(™) f(+1 and f+F) are built on different pal-permission
structures, P, P;” and P} respectively, each of them have different interpre-
tation of permission fairness and of an inessential pair.
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3.7.1 Characterization of f<+’m)

Suppose that a pair (i,7) € M is null in a game (m, v, P) € GPr. Assume first that
P coincides with the trivial permission structure S°. Then, player ¢ does not need
anyone’s permission to participate at level j, and the principle incorporated in the
Null pair property (see [2.50)) applies. But, if P differs from the trivial structure S°,
although the pair (i, ) is a null pair, it might be the case that other players need
(7,7)’s permission to fully cooperate. In that case, it seems no longer reasonable to
assume that the pair (i, 7) gets a zero payoff. The Null pair property is still applicable
for the case in which (7, ) is a null pair and all pairs (k,[) are null pairs in (m,v),
where k is a subordinate of i. Formally, a pair (i,j) € M" is a m-inessential pair
if it is a null pair in (m,v) and if, for each of its subordinates k € P(i), it holds
that (k,1) is a null pair in (m, v, P). The set of all m-inessential pairs in (m,v, P)
is denoted by IL™(m,v, P). The following axiom indicates that each m-inessential
pair gets a null payoft.

Axiom 35 (m-Inessential pair property). For each (m,v, P) € GPr, if (i,7) €
IL™(m,v, P), then

fw’(m,v, P) =0.
The m-Inessential pair property implies the Null pair property (see [2.50)).
m-Inessential pair property = Null pair property

Also, the m-Inessential pair property extends the Inessential player property (see
from TU-games with a permission structure to multi-choice games with a per-
mission structure.

The following two axioms apply the principle of permission fairness into two di-
rections. Before introducing these axioms, we need a definition. Take any (m, v, P) €

GPr. For each pair (i,j") € M, define the associated (i,j')-game (m,v;,,(i’j/), P) e
GPr where in o /), player i stops any activity from level j* onwards, and its sub-
ordinates are no longer active. For each s € M, the worth vr}(i’j/)(s) is defined
as
j =1 ifk=iand s, > 7,
v 09 () = v(3), where §p = ¢ 0 if k e P(i),

Sk otherwise.
By construction, for each k € P(i) and each [ € M .
(k,1) € IL™(m, v, P).
Similarly, for each j" < j < m;,
(i,j) € IL™(m, v @) P),

The first axiom of permission fairness indicates that the changes in payoff of the
pairs (4,7) € M;", for j < j' are equal.
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Axiom 36 (Intra m-fairness). For each (m,v, P) € GPr and each
(iaj)a (Zu?,) € M+ such that j/ > j,

fij<m7v> P) - fij(m7v7:z(i’j/)7 P) = fij/(mava P) - fij’ (ma U;L(i’jl)a P)

The second axiom of permission fairness considers the payoff variation of the first
activity level of a player k and the payoff variation of the maximal activity level of its
superior ¢ when player k£ and all its subordinates do not participate anymore. This
axiom requires an equal payoff variation for the pairs (k,1) and (i, m;).

Axiom 37 (Inter m-fairness). For each (m,v, P) € GPr and each (k,1) € M,
where k is different from the root of P, and i € P~1(k),

fimi(mavap) - fimi(mvv;z(k’lhp) = fkl(mavap) - fkl(mav%(k71)7p)'

Inter m-fairness extends Permission fairness (see [2.23) from TU-games with a per-
mission structure to multi-choice games with a permission structure.
In a pal-permission structure P}, a coalition s € M is feasible in the sense of

(3.1f) if the superiors of each active player have reached their maximal activity level.
From this observation, the set of feasible coalitions F(m, P,}) is given by

F(m, P} = {s EM:[s;>0and ke P’l(i)} = [sp = my] }, (3.12)

from which we deduce the following proposition.

Proposition 13. The sovereign part o(s) and the authorizing part o(s) of a coalition
s with respect to Pl are defined aaﬂ

CWiEN, ois) = 0 if there 'exz'sts k € P~Y(i) such that s, < my,
s; otherwise.
CViEN, ails)= m; if ther? exists k € P(i) such that s, > 0,
s; otherwise.
Proof. The proof follows directly from (3.12)) and (3.2)). [ |

Example 8. In Example @ the set of feasible coalitions under P} consists of all
coalitions such that if s, > 0, then s, = 3. For instance, coalition (Sq,sp) = (2,2) is
not feasible since s, =2 > 0 and s, = 2 < 3. In this case, 0(2,2) = (2,0) because
04(2,2) = 0 for the above mentioned reason. On the other hand, «(2,2) = (3,2)
since g (2,2) = 3.

'We continue to denote the sovereign part and the authorizing part of s by o(s) and «a(s) with
the understanding that the underlying pal-permission structure is P .
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The next proposition identifies a subset of coalitions whose worth is unchanged
in the associated (k,1)-game (m,v;l(k’l), P). From this proposition, we deduce that

the Harsanyi dividends of these coalitions coincide in (m, v, P) and (m, om*Y, P).

Proposition 14. For each (m,v, P) € GPr, each (k,l) € M™* and each coalition
s € M such that oy(s) <,

v B0 (5) = v(s).

Proof. By definition of v;L(k’l)(s),
v, *0(s) = v(3),

where

Il—1 ifh==Fkands,>I,
5,=140 if h e P(k),

S, otherwise.

First, by Proposition ap(s) < I < m; and h € P(k) imply that s, = 0, so
that s, = §, = 0. Second, by definition of the authorizing part of a coalition,
sk < ag(s). Thus, by definition of v;L(k’l), 5 = 8. Third, by definition of v;L(k’l), we
also have 5, = s, for each other player h ¢ P(k) U {k}. Conclude that 5§ = s and so
omF (5) = v(5) = v(s). ]

Proposition 15. For each (m,v, P) € GPr and each s € M such that ag(s) <,
AU—(k,l)(8> = AU(S).

Proof. The proof follows from Proposition and the recursive definition of the
Harsanyi dividend (see ([2.3))). |

Theorem 18. A value f on GPr satisfies Efficiency, the m-Inessential pair property,
Intra m-fairness and Inter m-fairness if and only if f = fHm).

Proof. First, we show that f(+™) satisfies all the axioms of the statement of Theo-
rem Take any (m,v, P) € GPr. The permission structure P induces the unique
m-permission structure P € P and thus a unique game (m,v, P;t) € GP.

Efficiency: By definition of f(+)

fE™ (m, v, P) = DP(m, Rp+(v)) = DP(m,voo0).
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From Section [2.4.2] we know that the D P value is an efficient value, and from ({3.2)),
we know that o(m) = m. Thus, we obtain

ZZ 5F (m, v, P) ZZD&voa)—v(a(m»:v(m),

iEN j=1 iEN j=1

which proves that f(*™) satisfies Efficiency.

m-Inessential pair property: From Section [2.4.2] we know that the DP value
satisfies the Null pair property, that is, each null pair obtains a null payoff in a
multi-choice game. Thus, by definition of f(+) it is sufficient to prove that an
m-inessential pair in (m,v, P) is a null pair in (m7 Rp+(v)). Take any m-inessential
pair (i,7) € IL™(m,v, P) and any coalitions s, s’ € M such that s;, = 7 — 1 and
s' = (s_3,1), j <1 < m;. Because s}, = s for each k € N\ P(i), it follows that
on(s') = ou(s). For each k € P(i) U {i}, it holds that o4(s') > o4(s). In particular,
the superiors of player ¢ play the same activity level in s and s’. Thus, if o;(s) = 0,
then o;(s") = 0, and so v(a(s')) = v(o(s)). If oy(s) = j — 1, then az( N=1>j.
Because (i,7) is an m-inessential pair, we still have v(o(s")) = v(o(s)). It follows
that (i, ) is a null pair in R+ (v), and so

f‘(*’m)<m7vv P) = Dpij<m7,R’Pﬁ,; (U)) =0,

vy

which shows that f(*™) satisfies the m-Inessential pair property.

Intra m-fairness: Take any two pairs (i,7), (4,5) € M™ such that j < m; and
j' > j. By definition,

£ (m v P) - f(+’m)(m v_(i’j/),P)

ij ij
Z _(7'.7 ) )
ZheN an(s)

s<m ZhEN ah s<m
i<a;(s) i<a;(s)
> B D=L e
s<m ZhEN th s<m ZhGN leh s<m ZhEN OZh( )
J<a;(s) g<ai(s) gSai(s)

J'>a;(s) J'<a;(s)
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By Proposition , A _uin(s) = Ay(s) when a;(s) < j'. Thus, we obtain

f.(f’m)(m v P) - f(+m)(m "U_(i’j/),P)

v v

—(ZJ’) )
Z ZheNah Z ZheNah Z ZheNah (s)

s<m s<m
j<a;(s) ]<0¢1(s) j<a;(s)
i">ai(s) J'<ai(s)

*(ZJ/) )
Z EheNah s)

s<m ZheN Oéh s<m
J<ai(s) ' <ai(s)
J'Lai(s)
> S i
s<m ZhGN O{h s<m ZhEN OZh( )
J'<ai(s) 7' <ai(s)

= ™) (v, P) — f(+m (m, v @) P),
which shows that f(+™ satisfies Intra m-fairness.

Inter m-fairness: Take any k,i € N such that i € P~'(k). By definition,

i m.v ) f”’m’(m oD

m m
7(16 1) )

Z ZheNah Z EheNah s)

s<m s<m
mi=a;(s) m;=a;(s)
= 2 Tl N
s<m ZhEN ah s<m ZhEN ah s<m ZhEN ah )
mi=a;(s) =a;(s) =a;(s)
o (9)20 T an(®)

By Proposition , A e (s) = Ay(s) when ag(s) = 0. Thus, we obtain

fim™ im0, P) = f“’m’(v’(’“’” P)

im; im m

o Z A Z Z —(k 1) )

s<m ZhGN ah s<m ZhGN ah s<m ZhEN Oéh )
mi=a;(s) m; al(s) mi=ay(s)
ok (s)=0 1<ay(s)

A o (s)
B Z ZheNah() Z ZheNah<).

s<m
mi=a;(s) m;=a;(s)
1<ay(s) 1<a(s)
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Recall that, for each s € M, a(s) is a feasible coalition. By definition of a feasible
coalition, if ax(s) > 1 > 0 then a;(s) = m; because k € P(i). Thus, we obtain

fi™ (m, v P) f( " (v, "D, P)

m 1My

=D — A, e ()
s<m ZhEN a/h ) s<m ZhEN ah(8>
1<ay(s) 1<ag(s)

— 5™ m, v, P — £ (m, 080, P,

which shows that f(*™) satisfies Inter m-fairness. In particular,

H’m)(m, "U;z(k’l), P) =0, because (k, 1) is an m-inessential pair in vy,

(k1)
k1 :

To complete the proof, it remains to show that there is at most one value f
satisfying Efficiency, the m-Inessential pair property, Intra m-fairness and Inter m-
fairness. So, take any value f that satisfies the above four axioms and take any
(m, v, P) € GPr. Without loss of generality, suppose that 2 € S(1) and 1 is the root
of the permission tree. To show uniqueness, we proceed by (descending) induction
over the cardinality of IL™(m,v, P).

Initialization: If |[IL™(m,v, P)| = ),y m;, then each activity level of each player
is an m-inessential pair. By the m-Inessential pair property, for each (i,j) € M,

fij(m,v,P) = 0

If [IL™(m,v,P)| = Y ..y mi — 1, then each activity level of each player is an m-
inessential pair, except the first activity level of the top player, that is, (1,1) ¢
IL™(m,v, P). Indeed, if (1,1) € IL™(m,v, P) then, by definition of a m-essential
pair, any pair in M is a null pair, which leads to a contradiction. By Efficiency and
the m-Inessential pair property,

fll(m7U7P) = v(m) and fw’(m,U,P) =0
for each pair (i,7) # (1,1). So, f is uniquely determined.

Induction hypothesis: Suppose that the statement is true for any (m, v, P) € GPr
such that [IL™(m,v, P)| =1+ 1 where [ +1< % .. m; — L.

Induction step: Take any (m,v, P) € GPy such that [IL™(m,v, P)| = I.
For any pair (i,j) € IL™(m,v, P), the m-Inessential pair property implies

fm’(ﬂ’b,l),P) = 0

For any two pairs (i,75), (i, + 1) € M \ IL™(m,v, P) such that i € N and
7 < m;, Intra m-fairness implies
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fij(m>vaP)—fi(jﬂ)(m,%P) fzy(m Upp (3 +1) P) fz'(j+1)(m,%;(i’j+l)7p)- (3-13)

Next, for any two pairs (i, m;), (k,1) € M\ IL™(m,v, P) such that k € P(i), Inter
m-fairness implies

fimi(mavap) fll( m, m’ ) = fzml(ma /Unz(k’l)ap) - fkl(mavr;(hl)ap)' (314>

Using Intra m-fairness and Inter m-fairness and the fact that P is a permission
tree structure, we can generate » ,_\ m; — [[L™(m,v, P)| — 1 linear equations. By
Efficiency,

Z fij(m,v, P) =v(m). (3.15)

(4,5)EMFTN\IL™(m,v,P)

We obtain a system of ).\ m; — [IL™(m,v, P)| linear equations of the following
form

( fll(m,v,P) — flz(m,U,P) = fll(m U(l 2) P) —
frz(m, v, P) — fiz(m, v, P) = flz(m’vﬁé’g),P) -

fl(m1_1)<m v, P) f1m1<m,v7 P) =

Frtma (1,07, P) = fy 1y, 07, )

Frons (m, v, P) = for (m, 0, P) = funy (m, vm®V, P) = for (m, vm®V, P)
f21(m7U7P) - f22<m,U,P) = f21(mav7(n ), ) f22(m Um( 2),P)

Z fij(m,v, P) = v(m).

\ (i,§)EM+T\IL™(m,v,P)

(k,1) (4,5+1)

Recall that (k,1) and (4,7 + 1) are m-inessential pairs in v, and v, 7" respec-
tively, but are not m-inessential pairs in (m,v). Thus,
1IL™ (m, vm ™Y, P)| > T+ 1 and |[IL™ (v ™™, P)| > I + 1. By the induction hy-
pothesis,
f (m,vﬁl(k’l),P) and f(m, oI, P) are uniquely determined. Therefore, all the
unknowns of the linear system formed by , , and are located on
the left hand side side of the equations.

Let us show that this system of ) ._\ m; — [IL™(m,v, P)| linear equations with
Y ien Mi — [IL™(m, v, P)| unknowns leads to a unique solution. It admits a unique
solution if and only if

Az =10
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admits a unique solution z € RZien ™~ L™ (mv.P)l where A is a matrix of size
Zml |[IL™(m,v, P)|) x (Zml — |[IL™(m, v, P)])
1EN iEN
and b a real vector of size
Zmz |[IL™(m,v, P)|,
1EN

respectively given by

1 -1 0 0O O

0 1 -1 0O O
A=19 o 1 -1 0

o o ... 0 1 -1

1 1 1 1 1

fir(m, U% 2)7P) - f12(m71);z(1’2)>P)

f12(m U”% 3)7P> o f13<m7U;l(173)7P)
b=

flml (ma U;L(ZJ)) P) - f21 (m7 /UT_YL(Q’l)7 P)

v(m)
The equation Az = b admits a unique solution z = A~'b if and only if A is invertible,
i.e., the matrix A is full rank.

We show that A is full rank. We prove such statement by showing the linear

independence of A’s columns. Let us denote by a; the i-th column of A such that
A = (ay,...,a,). Suppose that there exists \ € R2Zien mi—[IL™ (m0.P)l gych that

ALa1 + Aoy + A AT 17 (0, P) G mi— | T (mo,P)| = 0.
First, one can infer from the ), \ m; — [IL™(m,v, P)| — 1 first rows of A that

)\1 = )\2 _ ... = )\ZiGN m;—|IL™(m,v,P)|-
Then, the last row of A indicates that
)\1 + )\2 + e + )‘Ziewmrlle(m,wP)\ = O

Hence A\ = Ao = ... = )\ZieNmi_‘[Lm(m7U7p)‘ = 0, meaning the columns of A are
linearly independent which is equivalent to say that A is a full rank matrix. Hence,
the linear system of equations leads to a unique solution. This completes the proof
of the induction step.

Conclude that f(*™ is the unique value on GPr satisfying Efficency, the m-

Inessential pair property, Intra m-fairness and Inter m-fairness, as desired.
|
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The four axioms of the statement of Theorem are logically independent, as
shown by the following alternative solutions.

- The value f given, for each (m,v, P) € GPr, by f(m,v, P) = 0, satisfies all the
axioms except Efficiency.

- We use an extension of the Equal division value from TU-games to multi-choice
games (see (2.42))). Fix a real number « €]0,1[. The value f® given, for each
(m,U, P) S QPT, by

Vie N,jeM;, fiimuv, P)= chDilj(m7 v)+ (1 — a)f-(f’m)(m,v,P),

)

satisfies all the axioms except the m-Inessential pair property.
- Take any (m,v, P) € GPr. Recall that
VseM, C(s)={(i,j) € M*:j=s}. (3.16)
Define, for each s € M, the set of pairs
W(s)=C(s)U{(i,m;) € M+ : (P(i),1) € C(s)}.

The value f given by

.. Av(5>
V(i,5) e M*,  fij(m,v,P)= ,
j 2 W)
(4,5)EW (s)

satisfies all the axioms except Intra m-fairness.

- The value f given, for each (m,v, P) € GPy, by f(m,v, P) = DP(m,v), sat-
isfies all the axioms except Inter m-fairness. Indeed, Inter m-fairness indicates
that the payoff of a pair (¢, m;) varies if the subordinates of ¢ do no longer par-
ticipate. This implies that the pair (i, m;) may have a non-null payoff before or
after these players stop participating, even if (i, m;) is a null pair. However, the
DP value satisfies the Null pair property, which contradicts this observation.

3.7.2 Characterization of f(+!

The reasoning is similar to the previous characterization, except that the concepts
of inessential players and fairness properties must be adjusted according to the pal-
permission structure P!,

Here, a player is considered to be inessential in two cases. First, if it and each of
its subordinates do not generate any worth at any level of activity. Second, if there
is an activity level greater than 1 at which its productivity falls to zero. Formally,
a pair (i,j) € M* is a 1-inessential pair in (m,v, P) € GPr in the following two
cases:
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- either j = 1 and (4, 7) is a null pair in (m, v, P) and for each k € P(i), (k, 1) is
also a null pair in (m, v, P);

- or j > 1 and (¢,7) is a null pair in (m, v, P).

The set of 1-inessential pairs in (m,v, P) is denoted by IL!'(m,v, P). Observe
that IL™(m,v, P) C IL'(m,v,P). This leads to a new inessential pair property,
weaker than the m-Inessential pair property.

Axiom 38 (1-Inessential pair property). For each (m,v,P) € GPr, if (i,j) €
ILY(m,v, P), then

fij(m,v, P) =0.
The 1-Inessential pair property implies the Null pair property (see [2.50)).
1-Inessential pair property = Null pair property

Also, the 1-Inessential pair property extends the Inessential player property (see
from TU-games with a permission structure to multi-choice games with a permission
structure.

Next, we provide two new axioms of intra and inter fairness, which are based
on similar principles as the previous ones except that the associated game from
which they are defined is different. Precisely, take any (m,v, P) € GPp. For each
pair (i,j") € M™, define the associated (i,j')-game (m, vl_(i’j/), P) € GPr where in
vy (0 l), player i stops its activity from level ;' onward. If j/ > 1, the other players
are not affected. If j = 1, then ¢ and its subordinates are no longer active. For each

s e M,

j =1 ifk=1iand s, > j,
o7 () = o(3) where 3, = ¢ 0 if ke P(i) and j' = 1,

Sk otherwise.

In (m,vl_(j’j), P) two cases occur: either j* = 1, and in this case any pair (k,) such
that k € P(i) U{i} becomes an 1l-inessential pair; or 7/ > 1, and in this case, for each
j > j', the pair (i, j) becomes 1-inessential.

Axiom 39 (Intra 1-fairness). For each (m,v, P) € GPr and each
(i,7), (4,5") € M™ such that j" > j,

Fiy(m,v, P) = fij(m, oy %9 PY = fo(m, v, P) = fiyr(m, vy %), P).

Axiom 40 (Inter 1-fairness). For each (m,v, P) € GPr, eachk € N, each (k,1) €
M and each i € P71(k),

fil(m,v, P) — fi1(m,U1_(k’1)a P) = fri(m,v, P) — fk1<m7vl_(k71)u P).
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Contrary to Intra m-fairness, which compares the variations in payoffs of (k,1)
and (i, m;), Inter 1-fairness compares the variations in payoffs of (k,1) and (7, 1).

Inter 1-fairness extends Permission fairness (see from TU-games with a
permission structure to multi-choice games with a permission structure.

In a pal-permission structure P;", a coalition s € M is feasible if the superiors
of each active player are active as well. From this observation the set of feasible
coalitions F(m, P;") is given by

F(m, P) = {s EM:[s;>0and ke P7'(i)] = [sp > 1]} (3.17)

Example 9. From Ezample[0, the coalition (sq, sp) = (2,1) is a feasible coalition in
P/ (see Figure (b)). In this situation, b cannot cooperate until a makes at least its
first activity level. When the coalition (2,1) forms, it is understood that a undertakes
its activity level 1 before reaching level 2. In this sense, both pairs (a,1) and (a,2) are
to be considered, and because (b,1) € P (a, 1), b is allowed to make its activity level
1. In other words, although (a,?2) is not a predecessor of (b,1) in P, we consider
that if level 2 is reached by a then level 1 must have been reached as well.

From the definition of feasible coalitions, we deduce the following proposition.

Proposition 16. The sovereign part o(s) and the authorizing part a(s) associated
with a coalition s € M in P;' are defined as

if Ik € P1(i) such that s, =
vie N, Ui(s):{() if Ak € (1) such that s = 0,

s; otherwise.

1 if 3k € P(i) such that s, > 0 and s; = 0,
s; otherwise.

Vie N, «s) = {

Proof. The proof of the proposition follows directly from (3.17)) and (3.2)). [ |

Example 10. Continuation of Example @ The set of feasible coalitions under P;"
consists of all coalitions such that if s, > 0, then s, > 1. For instance, coalition
(Sas sp) = (0,1) is not feasible since sy, =1>0 and s, =0 < 1.

The next proposition identifies a subset of coalitions whose worth is unchanged in
the associated (k,l)-game (m, vl_(k’l), P). From this proposition, we obtain that the

Harsanyi dividends of these coalitions coincide in (m, v, P) and (m, v, kD), P).

Proposition 17. For each (m,v, P) € GPr and each coalition s € M such that
ax(s) <,

vl_(k’l)(s) = v(s).
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Proof. By definition of v, (k’l),
k,l -
vy M (s) = v(3),
where

[—1 ifh=Fkands,>I,
=140 if he P(k) and [ =1,

S, otherwise.

By definition of the authorizing part of s and hypothesis, s < ag(s) < [. Thus,
s < | and so 5, = s,. For each h € P(k), if [ = 1, then ay(s) = 0 = sx. Thus,
by Proposition (16, s, = 0 and, by definition, s, = 0, so that s, = §,. For any
h ¢ P(k) U {k}, by definition, §, = s;. All in all, we get v; " (s) = v(3) = v(s). W

Proposition 18. For each (m,v, P) € GPr and each s € M such that ay(s) <,
A 7(1@ Dy = =A, ( )

Proof. The proof follows directly from Proposition [17| and the recursive definition of
the Harsanyi dividend (see ({2.3))). [

Theorem 19. A value f on GPr satisfies Efficiency, the 1-Inessential pair property,
Intra 1-fairness and Inter 1-fairness if and only if f = f(+V

Proof. We only show that f(t!) satisfies the 1-Inessential pair property, Intra 1-
fairness and Inter 1-fairness. The rest of the proof is similar to the proof of Theorem
, and so is omitted. Take any (m, v, P) € GPp. The permission structure P induces
the unique 1-permission structure P;” € P and thus a unique game (m, v, P;") € GP.

1-Inessential pair property: to show that f(+1) satisfies the axiom it is sufficient
to show that any 1-inessential pair in (m,v, P) is a null pair in (m, Rp+(v)). Take
any pair (i,j) € IL'(m,v, P). Take any s € M such that s; = j — 1, and consider
the coalition s’ = (s_;, 1) such that 7 <1 < m,;. We distinguish two cases:

- if j = 1, then (4,1) € IL*(m, v, P) means that (i, 1) is a null pair as well as each
pair (k,1), k € P(i). Next, by definition of the sovereign part of a coalition,
s’ > s implies o(s') > o(s). By Proposition for each k & P(i), op(s') =
or(s). For k € P(i) U{i}, ox(s') > ox(s). But, because (i,1) € IL'(m,v, P),
we obtain that v(o(s')) = v(o(s));

- if j > 1, then (4,7) € IL'(m,v, P) means that the pair (4, j) is a null level pair.
By Proposition , only the sovereign part of (7,7)’s subordinates can be af-
fected by a deviation initiated by 4, and, by definition of P;", these subordinates
are precisely the pairs (i,7 4+ 1),...,(i,m;). Because j > 1, the sovereign part
of (i,7)’s subordinates are not affected by such a deviation. Finally, because
(i,7) is a null level pair, it follows that v(o(s")) = v(o(s)).
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Thus, (7, ) is a null pair in (m, Rp+ (v)). By definition of f*+%) and the Null pair
property,

fii M (m,v, P) = DPy(m, Rp: (v)) = 0,

2

which shows that f(*1) satisfies the 1-Inessential pair property.

Intra 1-fairness: Take any two (i, ), (¢,j') € M™ such that j < m; and j" > j.
By definition of f(+1)
f(*’l)(m v P) f(+ 1)(m Ul_(i’jl) P)

ij
5 Sy Sae
a ZheN (s s<m ZheN an(s)
J<ai(s) j<ai(s)
5 Ly Sat e Qe
B ZheN an(s s<m ZheN a (s s<m ZheN an(s)

jSai(S) ]<az(s) ]<a1(s)
J'>ai(s) 7' <a;(s)

By Proposition , A _iin = Ay(s) when a,(s) < j'. Thus, we obtain
fi Mmoo P) f<+ m, vy P)
—(l 7’) )

Z Z ZheNah Z ZhEN@h s)

s<m ZhEN ah s<m s<m
jgai(s) ]<al(s) ]<a1(s)

j'>ai(s) 7' <ai(s)
Z —(1 J’)( )

ZheN (s Z ZhGN an(s)

s<m s<m

j<ai(s) j<ai(s)
J'<ai(s) J'Lai(s)

> oy
sm ZheN@h s<m ZheNah s)
§'<a;(s) §'<ai(s)

+.1 +.1 —(,
= fi(j, )(m,v,P) - fi(j, )(m vl( ”,P),
which shows that f(+) satisfies Intra 1-fairness. Note that

fl(f 1)(m U1_(” ), P) =0 because (i,7') is an 1-inessential pair in (m, vl_(i’j/), P).
Inter 1-fairness: Take any k,i € N such that : € P~(k). It holds that
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f(+ 1)(m v, P) f(+71)(m,vl_(k’1),P)

—(kl) (s)
N Z EheNah Z ZheNah s)

s<m s<m
1<ai(s) 1<az(s)
7(1@ 1) Z *(k 1) )
s<m ZhEN ah s<m ZhEN ah s<m ZhEN ah )
1<a;(s) 1< (s) 1<a;(s)
150 (s) 1Za(s)

= A,(s) when ax(s) < 1. Thus, we obtain

By Proposition note that Av—(k,l)(s)
1

£ (my v P) - f-(f’”(m,vf(k’”, P)

K3 2

- ¥

—(k 1) )

ZheN O‘h( ) Z ZheN ap(s)

s<m ZhEN ah s<m s<m
1<a;(s) 1<ay(s) 1<a;(s)
1>ag(s) 1<ag(s)
A —(k, 1) S
3 B g
s<m ZheN ah( ) <m ZheN an(s)
1<ay(s) 1<a;(s)
1<ay(s) 1<ag(s)
Z Avl—(k,l)(s)
s<m ZheN an(s) <m ZheN an(s)
1<a(s) 1<a(s)
)1 1 —(k,1
= k(:—l‘r )<m7U7P)_ IS_ )(mvvl( )7P)7

where the third equality follows from the fact that ag(s) > 1 implies a;(s) > 1
for i € P~'(k). This shows that f(t!) satisfies Inter 1-fairness. Observe that
,S“l)(m, vf(k’l), P) =0, because (k, 1) is an 1-inessential pair in (m, vf(k’l), P). N

The four axioms of the statement of Theorem (19| are logically independent. One
can find examples showing this independence that are close to the examples proposed
for the logical independence of Theorem [18 Therefore, we will omit the demonstra-
tion of the logical independence for Theorem [19]

3.7.3 Characterization of f(+%)

The characterization of f(+) slightly differs from the previous ones. There are two
main changes:

- first, the axiomatic characterization cannot be stated on the full class GPr.
Due to the definition of the F-permission structures (see Section [3.5)) we need
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to restrict the study to situations where, for each multi-choice game (m, v) and
each permission tree structure P, the following holds:

Vi,j € N,j EP(Z) == my; < m;.

The class of games satisfying this assumption is denoted by GPr. This class
of games contains the games in which each player has the same set of activity
levels. The reason for this change is that the F-permission structure conveys
the idea that each player should be able to supervise its subordinates. Thus,
we expect each player to be able to achieve at least the same activity levels as
its subordinates;

- second, we will no long apply the principle of permission fairness into two direc-
tions. Instead, a single axiom, generalizing the axiom of permission fairness,
is proposed. As in the previous sections, the notion of inessential players is
adjusted in the same way as in the previous sections.

Here, a player is considered to be inessential if there is an activity level at which
its productivity and the productivity of its subordinates fall to zero. Formally, a
pair (i,j) € M* is a F-inessential pair in (m,v, P) € GPr if it is a null pair
in (m,v, P) and if, for each k € P(i), (k,j) is also a null pair in (m,v, P). The
set of F-inessential pairs in (m,v, P) is denoted by IL¥(m,v,P). Observe that
IL™(m,v, P) C ILY (m,v, P). This leads to a new inessential pair property, weaker
than the m-Inessential pair property.

Axiom 41 (F-inessential pair property). For each (m,v, P) € GPr, if (i,j) €
ILY (m,v, P), then

fw’(m,v, P) = 0
The F-Inessential pair property implies the Null pair property (see [2.50)).
F-Inessential pair property = Null pair property

Also, the F-Inessential pair property extends the Inessential player property (see
from TU-games with a permission structure to multi-choice games with a permission
structure.

Next, we provide one last axiom of permission fairness. Instead of dealing with
permission fairness within and between players, the axiom compares the variations
in payoffs of each pair with the variations in payoffs of the root of P/ (despite not
being a tree, the pal-permission structure P; still has a unique root). Without loss
generality, we suppose that (1, 1) is the root of M. Before introducing the axiom,
we need a definition. Take any (m,v, P) € GPp. For each pair (i,j/) € M™*, define
the associated (i,j')—game (m, v;(i’j,), P) € GPr where in U;(i’j/), player i and its
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subordinates stop any activity from level j* onward. For each s € M, the worth

v;(i’j " is defined as

' =1 if s, > j for k € P(i) U {i},

Sk otherwise.

v;(i’j/)(s) =wv(§), where §; = {

By construction, for each k € P(i) U {i} and each | € M; such that [ > j', (k,1) €

ILY (m, v;(i’j /), P). The next axiom of permission fairness indicates that the changes
in payoffs of the pair (1,1) is equal to the changes in payoffs of the pair (i, j').

Axiom 42 (F-fairness). Take any (m,v, P) € GPr, for each (i,j") € MT\{(1,1)},

f(l,l)(mavap) - fu,l)(m,v;(i’j ); P) = f(i,j’)(m7vap) - f(i,j')(mavp:(i’j ), P)-

In a pal-permission structure Pj, a coalition s € M is feasible in the sense of (3.1))
if each player is active at a higher level than its subordinates. From this observation,
the set of feasible coalitions according to Pj is denoted by F(m, P}) and given by

F(m, Pf) = {5 EM:[s;>0and ke P‘l(z)] = [s > si]}, (3.18)

from which we deduce the following proposition.

Proposition 19. The sovereign part o(s) and the authorizing part a(s) of a coalition
s in P{t are defined as

-Vie N, ois)= min s
ke P~1(i)u{i}

-Vie N, w(s)= max .
ke P(i)Ufi}

Proof. The proof of the Proposition (19| follows directly from (3.18]) and (3.2)).
[

Example 11. Continuation of Fxample B The set of feasible coalitions under P
consists of all coalitions such that if s, > sp. For instance, coalition (Sq,sp) = (0, 1)
s not feasible since s, =1 >0 and s, =0 < 1.

As in the previous sections, we introduce a proposition stating that the Harsanyi
dividends of a certain subset of coalitions coincide in (m, v, P) and (m,v=®! P).

Proposition 20. For each (m,v,P) € GPr, s € M, k € N and l € M, such that
ak(s) < l}

AU;U@,Z) (8) = Av (S)
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We have the material to state the main result of this section.

Theorem 20. A wvalue f satisfies Efficiency, the F-inessential pair property and
F-fairness on GPr if and only if f = f+5).

Proof. We show that f(*f) satisfies the F-inessential pair property and the F-
fairness. Efficiency follows in the same way as in the previous theorems. Take
any F-permission structure P € P and the game (m,v, Py) € GPr.

F-inessential pair property: It is sufficient to show that an F-inessential pair in
(m,v, P) is a null pair in (m,RP;(v)). Take any pair (i,5) € 1LY (m,v, P). Take
any s € M such that s; = j — 1, and take any coalition ' = (s_;,[) such that
J < 1l < m;. By definition of the sovereign part of a coalition, s > s implies
o(s') > o(s). By Proposition [19] for each k € P~1(i), o(s') = ox(s), and if, for
ke P(i)U{i}, ou(s') > ox(s) then or(s') = 1. But, because (i,7) € IL"(m,v, P),
we obtain v(o(s")) = v(o(s)).

Thus, (7,7) is a null pair in (m,RP;(v)). By definition of f(*) and the Null
pair property,

v

£570 (m,v, P) = DPy(m, Rp (v)) = 0,
which shows that f(+¥) satisfies the F-inessential pair property.
F-fairness: Take any (k,[) € M*\ {(1,1)}. By definition of ft+)

F JF —(k,l
o ><mvP>— fr )(m, vy >P>
7(kl) )

N Z ZheNah Z ZheNah s)

s<m s<m
1<ai(s) 1<a1(s)

5 Ly S e S
s<m ZhENah s<m ZheNah s<m ZhENah )

1<ai(s) 1<Ex1)(sg }<<a1((s))
ag(s)< <ag(s
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By Proposition , A —wn(s) = Ay(s) when ag(s) <. Thus, we obtain
F

F JF —(k,l
& ><mvP>— fi )(m, v, >P>

= 2 >

s<m ZheN an(s s<m ZheN an(s s<m 2_heN O
1<ai(s) 1<ai(s) 1<y (s)
I>ag(s) I<ag(s)
B Av;(m) (S)
s<m ZheN an(s) s<m 2_hen n(s)
1<ai(s) 1<ai(s)
I<ap(s) I<ay(s)

w (D (s)

N Z ZheNah Z ZheNah()

s<m s<m
I<ag(s) I<ag(s)

g F k,l
o m, Py = 50 (m, oy ™0, P),

where the third equality follows from Proposition . Conclude that f,gl ) satisfies
F-fairness. Note that fk(;lJrF) (m, v}(k’l), P) = 0 because (k, 1) is an F-inessential pair
in (m, vF(kl),P).

The uniqueness part of the proof is similar to the proof of Theorem The
only difference lies in the fact that the linear system of equations arises from F-
fairness and Efficiency, instead of two axioms of permission fairness and Efficiency as
in the previous proofs. Indeed, remark the F-fairness generates ) .\ m; — 1 linear
equations and Efficiency generates one linear equation. We obtain a linear system of
> icn Mi equations with ). m; unknows. Proceeding as in the proof of Theorem
18] it is easy to show that this system is linearly independent. [ |

The three axioms of the statement of Theorem [20| are logically independent, as
shown by the following alternative solutions.

- The value f given, for each (m,v, P) € GPr, by f(m,v, P) = 0, satisfies all the
axioms except Efficiency.

- We use an extension of the Equal division value from TU-games to multi-choice
games (see (2.42)). Fix a real number « €]0, 1[. The value f given, for each
(m,U, P) < gPT? bY

Vie N,jeM;, fi(m,v,P)=aED(m,v)+(1- 04)]”(Jr m, v, P),

satisfies all the axioms except the F-inessential pair property.
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- The value f given, for each (m,v, P) € GPy, by f(m,v, P) = DP(m,v), sat-
isfies all the axioms except F-fairness. Indeed, F-fairness indicates that the
payoff of the pair (1, 1) varies if a player and all of its subordinates no longer
participate above a certain activity level. This implies that the pair (1, 1) may
receive a non-null payoff before or after these players stop participating, even
if (1,1) is a null pair. However, the DP value satisfies the Null pair property,
which contradicts this observation.

3.8 Conclusion

This chapter takes advantage of the information provided by the distribution network
to combine multi-choice games and permission tree structures. We have proposed
two approaches to combine the intra-player relationships provided by the permission
structure with the intra-player relationships provided by the game. This led us to the
definition of three specific pal-permission structures from which we have constructed
three new values. Finally, we have provided comparable axiomatic characterizations
of these values.

This chapter sheds light on the additional difficulties that arise when one tries to
combine a multi-choice game with a structure on the player set. It makes use of the
information provided by the distribution network, but has no consideration for the
Independence of higher demands or the Uniformity principle.
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Chapter 4: Marginalism, Egalitari-
anism and Efficiency in Multi-Choice
Games

4.1 Introduction

Contrary to Chapter 3, this chapter focuses on the Independence of higher demands
principle and the Uniformity principle. It will disregard the information provided by
the distribution network.

This chapter addresses the trade-off between marginalism and egalitarianism,
which is one of the main issues in economic allocation problems. Marginalism sup-
ports allocations based on a player’s marginal contributions to coalitions, whereas
egalitarianism is in favor of an equal allocation at the expense of the differences
between the players’ marginal contributions to coalitions. Observe that the Unifor-
mity principle can be seen as a form of egalitarianism. In the context of TU-games,
the trade-off between marginalism and egalitarianism can be seen as a compromise
between the Shapley value and the Equal division value since the two values are
often seen as the embodiment of marginalism and egalitarianism, respectively. This
compromise can be made by considering convex combinations of the Shapley value
and the Equal division value (see Section [2.1.2).

In multi-choice games, several solution concepts were inspired by the Shapley
value, the Equal division value, the Core and the Weber set. In Chapter 2, the
extensions of the Core from TU-games to multi-choice games by (Grabisch & Xie
(2007) (see Definition and [van den Nouweland et al. (1995)) (see Definition
are presented. Grabisch & Xie| (2007) show that their extension of the Core and
the Weber set both coincide on the class of super-modular multi-choice games (see
Proposition @ It should be observed that this property does not hold for the
extension of the Core and the Weber set provided by [van den Nouweland et al.
(1995)), since, for each multi-choice game, their extension of the Weber set is strictly
included in their extension of the Core. For this reason, we prefer to consider the
Core and the Weber set as introduced by (Grabisch & Xie| (2007)) (or simply the Core
and the Weber set afterwards). Precisely, we focus on a necessary condition for a
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payoff vector to be in the Core (see Definition . This condition, called Multi-
efficiency, extends Efficiency from TU-game to multi-choice games. As a reminder,
Multi-efficiency is based on the concept of synchronized coalition (see (2.44)). A
payoff vector is Multi-efficient if for each level j, the sum of the payoffs of all players
for their activity levels up to j is equal to the worth of the j-synchronized coalition.
We say that a solution on multi-choice games satisfies Multi-efficiency if it assigns a
multi-efficient payoff vector to each game in this class.

In this chapter, we introduce a new axiom for multi-choice games related to Multi-
efficiency and the Independence of higher demands principle: Independence of higher
activity levels. This axiom ensures that the payoff distributed to a player’s activ-
ity level is independent from higher activity levels. In particular, Independence of
higher activity levels protects players with lower activity levels from being influenced
by players with higher activity levels. We show that if a value satisfies Independence
of higher activity levels and Efficiency, then it satisfies Multi-efficiency. Therefore,
Multi-efficiency can be seen as a desirable axiom for multi-choice games. First, it
is implied by two desirable axioms for multi-choice games, one of them being a di-
rect translation of the Independence of higher demands principle. Second, from a
technical point of view, it is a necessary condition to be in the Core. However, none
of the previously introduced single-valued solutions for multi-choice games (see Sec-
tion satisfies Multi—efﬁciencyE] For this reason, we propose several solution
concepts for multi-choice games satisfying Multi-efficiency. This allows us to discuss
the trade-off between marginalism and egalitarianism by means of a compromise be-
tween multi-efficient solutions. To that end, we first study a multi-efficient extension
of the Shapley value, which we call the multi-choice Shapley value. This value
is computed as follows. Assume that the grand coalition forms step by step starting
from the empty coalition, in which no player participates at all. At each step, one
player increases its activity by one unit according to a restricted order (see )
The marginal contribution of a player for an activity level to a coalition is the varia-
tion in worth that is created when that player reaches that particular level from the
level just below. The multi-choice Shapley value assigns to each activity level of each
player its expected marginal contribution assuming that each restricted order occurs
with equal probability. This value is the centroid of the Weber set and therefore
belongs to the Core of super-modular multi-choice games. As an additional remark,
we show that the multi-choice Shapley value is consistent with the discrete serial cost
sharing method for discrete cost sharing problems (see Definition [22).

Then, we introduce the multi-choice Equal division value: it divides the
variation in worth between two consecutive synchronized coalitions (e.g. the j-
synchronized and the (j + 1)-synchronized coalitions) equally among the players
able to play the required activity levels. This value applies the Uniformity principle
since it allocates the same amount to any two players with the same maximal activity
level.

IThe list of single valued solutions provided in Section is not exhaustive, but, to our
knowledge, no multi-efficient value for multi-choice games exist in the literature.
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To our knowledge, no previous work has addressed the trade-off between marginal-
ism and egalitarianism in the context of multi-choice games. We address this trade-off
by compromising between the multi-choice Shapley value and the multi-choice Equal
division value. To that end, we introduce the multi-choice Egalitarian Shapley
values for multi-choice games. This family of values is composed of convex combi-
nations of the multi-choice Shapley value and the multi-choice Equal division value.
Obviously, the multi-choice Egalitarian Shapley values are multi-efficient. Since we
consider multi-choice games, we can define a specific convex combination at each ac-
tivity level. This allows for different types of compromise, depending on the activity
level.

We provide several axiomatic characterizations of these new multi-efficient solu-
tion concepts. To that end, we introduce Sign symmetry for equal pairs, which is an
extension of Sign symmetry from TU-games to multi-choice games. Additionally, we
propose Equal treatment for equal pairs, which strengthens Sign symmetry for equal
pairs. Furthermore, we introduce Weak monotonicity, which relaxes Strong mono-
tonicity. Combining classical and new axioms for multi-choice games, we provide
two characterizations of the multi-choice Shapley value, one that relies on Additivity
(Theorem and another one that does not (Theorem [22). Furthermore, we show
that the multi-choice Shapley value admits an expression in terms of Harsanyi divi-
dends (see (4.23)). Next, we provide an axiomatic characterization of the multi-choice
Equal Division value (Theorem . Finally, we provide an axiomatic characteriza-
tion of the Egalitarian Shapley values (Theorem [24)).

The rest of the chapter is organized as follows. Multi-efficient solution concepts
are introduced in Section [£.2] Section introduces Multi-efficiency. Subsection
introduces the multi-choice Shapley value, Section introduces the multi-
choice Equal Division value and Section introduces the multi-choice Egalitarian
Shapley values. Axiomatic characterizations of these solution concepts are intro-
duced in Section [4.3] Additional remarks regarding the multi-choice Shapley value
and its relationship with the serial cost sharing method are made in Section [£.4]
Finally, Section concludes the chapter.

4.2 Multi-efficient solution concepts

In this section, we discuss a necessary condition for a payoff vector to be in the
Core of multi-choice games (see Definition [16)), which we call Multi-efficiency.
We propose new multi-efficient solution concepts for multi-choice games. We first
provide a new extension of the Shapley value (see Definition [4]) from TU-games to
multi-choice games. Next, we provide new extensions of the Equal division value and
the Egalitarian Shapley values from TU-games to multi-choice games.
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4.2.1 Multi-efficiency

Recall that the Core of a multi-choice game (m,v) € G (see Definition is denoted
by C(m,v) and defined as the set of payoff vector x satisfying

Vs e M, Zixij > v(s) (4.1)

i€N j=1
IAM;
and VI < maxmy, ZN Zl xij = v((l A my)ien). (4.2)
1eN =

Equation (4.2)) is the Multi-efficiency condition. Let us translate this condition
into an axiom for solutions on G. Let f be a solution on G.

Axiom 43 (Multi-efficiency). For each (m,v) € G,

l/\mi
Vi < max my, Z Z fiz(m,v) = v((L Amy)ien). (4.3)
€
1eEN j=1

Remark 4. For each (m,v) € G, (4.3) can be re-written as
VI < maxmy,
keEN

Z fulm,v) = v((I Amg)ken) — (L= 1) A mg)gen)- (4.4)
i€Q(l)

The sum of the payoffs of all pairs (i,1) containing activity level | is equal to the
surplus generated between the l-synchronized coalition and the (I — 1)-synchronized
coalition.

4.2.2 The multi-choice Shapley value

In this section, we define the multi-choice Shapley value, which is a multi-efficient
value that extends the Shapley value from TU-games to multi-choice games.

Assume that the grand coalition m forms according to a restricted order (see
(2.45))) over the set of pairs. The multi-choice Shapley value assigns to each pair
(i,7) € M its expected marginal contribution, assuming that each restricted order
over the set of pairs occurs with equal probability.

Definition 28 (Multi-choice Shapley value). For each (m,v) € G, the multi-
choice Shapley value ¢ s defined as

V(i,j) € M*,  pii(m,v) = 1l L ' Z nf]?’x(m,v). (4.5)

j< max my 1Q()]

ke N 0ax€Oax
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Whenever m = (1,...,1), this value coincides with the Shapley value on TU-games.
Recall that, for each (m,v) € G, the Weber set W is the convex hull of all marginal
vectors defined as

W(m,v) = co({n’é* (m,v) |bax € Oax}).

The multi-choice Shapley value is the centroid of the Weber set. By Proposition [7]
the Weber set coincides with the Core on the class of super-modular multi-choice
games. Therefore, the following result holds.

Proposition 21. For each super-modular multi-choice game (m,v) € G,
w(m,v) € C(m,v).

The next results states that the multi-choice Shapley value admits an alternative
expression which requires less orders over the set of pairs to be computed. For each
7 < maxgey mg, denote by

M = {(i,j) € M* i € Q(5)}
the subset of pairs containing the activity level j. An order over M ™+ is given by

Qj : M+’j — {177|Q(j)|}

Denote by ©; the set of all orders over M 7. These orders can also be interpreted
as orders over the set of players in Q(j). For each 0; € ©; and h € {0,...,]|Q(j)|},

define s%" as
J if ie€Q(j) and 6;(i,7) <h,
VieN, "= j—1 if ieQ(j) and 0,(i,) > h, (4.6)
my; if i ¢ Q(])

Observe that
§P1QUI = (J Amg)keny and %0 = (7 = 1) Amu)ken-

The coalition s%" € M represents a situation in which each player able to play at
J and ordered prior to step h, with respect to 8;, participates at its activity level
7, whereas each player able to play 7 but not ordered prior to step h, with respect
to 0;, participates at its activity level j — 1. Players unable to play j participate at
their maximal activity level.

Proposition 22. For each (m,v) € G, the multi-choice Shapley value ¢ admits an
alternative expression given by

o 1 i i
V(Z,j) c M-i-’ %j(m’v) = o Z [U(Sejﬁg( J)) _v(segﬁy( J) 1) . (4.7)
|Q(])‘ 9j€9j
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Proof. We show that the multi-choice Shapley value admits an alternative expression
given by (4.7). Observe that there are |0;| = |Q(!)|! ways to order the pairs in M*!
for each [ < maxgey my. Additionally, there are

[Tiem

1<j

ways to order the pairs in M 1!, then the pairs in M2, and so on, until the pairs
in M*J=1, Similarly, there are

[TIem

I>j

ways to order the pairs in M+7+1 then the pairs in M T7%2, and so on. Observe that,
for each Ogx € O¢x, there exists exactly one order 0; € ©; such that sloxfax(b:3) —
5%:6::3) - Additionally, for each 6; € ©;, there are

[TIem! = JTIe®!

I<j >3

orders fgx € Ogx such that s/6x:96x(3) = 959303 Tt follows that, for each (m,v) €
G and (i,j) € M,

pij(m, v)
_ 1 baxfax(.3)) _ 4 (Pax,0ax(,5)—1
J— @“)"BGXGZ@GX [o(s ) = v(s )
[y QU [y [ i
I« max my Q]! @Ze(;j [v(s ) s )]'

The first line comes from the definition of the multi-choice Shapley value, the second
line follows from (4.6 and the fact that there are

[TIew! < TIewm!

I<j >3

orders fgx € Ogx such that sfoxfax(bi) = 85:6:(3) for each 6; € ©;. Simplifying
the expression, we obtain the desired result

5 [on - saions]

9‘7' € Qj

0,0y € MY, pylm,v) = |@<1j>|!

In the sequel, we will retain expression (4.7]) of the multi-choice Shapley value.
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4.2.3 The multi-choice Equal division value

In this section, we propose a new multi-efficient value that extends the Equal division
value from TU-games to multi-choice games. This value is referred to as the multi-
choice Equal division value. The multi-choice Equal division value divides the surplus
generated between two consecutive synchronized coalitions equally among the
pairs containing the activity level on which the players in the larger of the two
coalitions are synchronized.

Definition 29 (Multi-choice Equal division value). For each (m,v) € G, the
multi-choice Equal division value & is defined as

V(i j) € M,
1 , .
€is(m,) =t [0 Amiie) = o((( = 1) Amiie))|. (4.8)
Whenever m = (1,...,1), the multi-choice Equal division value boils down to the

Equal division value on TU-games (see (2.10)). The Multi-choice Equal division
value allocates the same total payoff to any two players sharing the same maximal
activity level. Therefore, this value is in line with the Uniformity principle.

4.2.4 The multi-choice Egalitarian-Shapley values

In this section, we propose a trade-off between marginalism and egalitarianism by
considering convex combinations of the multi-choice Shapley value and the multi-
choice Equal division value.

Definition 30 (Multi-choice Egalitarian Shapley value). Let
a ={a?}i<j<k be a parameter system such that o’ € [0,1] for each 1 < j < K. For
each (m,v) € G, the multi-choice Egalitarian Shapley value x* is defined as

V(i,5) € M, Xij(m,v) = o pii(m,v) + (1 — a?)&;(m,v). (4.9)

Whenever m = (1,...,1), these values boil down to the Egalitarian Shapley values
on TU-games (see (2.12))). We illustrate the possibilities offered by multiple convex
combinations through an example.

Example 12. Consider (m,v) € G and i € N such that m; = 3. Consider an
FEgalitarian Shapley value defined by o = 0.2, o = 0.5 and o® = 0.8. The payoff
Xi; will be closer to the multi-choice Equal division value if j =1 and closer to the
multi-choice Shapley value if j = 3. Thus, egalitarianism is progressively overtaken
by marginalism as the activity level increases. This is due to the fact that o' < o <
a3. Depending on the parameter system, a multi-choice Egalitarian Shapley value
operates different compromises between egalitarianism and marginalism for different

activity levels. These differences can be progressive as it is the case in this example.
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4.3 Axiomatic characterizations

In this section, we discuss new and classical axioms for multi-choice games. We also
provide axiomatic characterizations of each solution introduced in Section

4.3.1 Characterizations of the multi-choice Shapley value

We provide two axiomatic characterizations of the multi-choice Shapley value. The
first characterization relies on Linearity, whereas the second does not. We also pro-
vide an expression of the multi-choice Shapley value in terms of Harsanyi dividends.
Let f be a value on multi-choice games.

The next axiom adapts the Independence of higher demands principle to the
framework of multi-choice games. It requires that if the maximal activity level of
each player reduces to a certain level, then the payoff of each player for this activity
level remains unchanged.

Axiom 44 (Independence of higher activity levels). For each
(m,v) € G,

V(i,j) € M*,  fij(m,v) = fi;((5 A mi)ken, v). (4.10)
It turns out that Independence of higher activity levels combined with Efficiency
implies Multi-efficiency.
Proposition 23. If a value f on G satisfies Efficiency and Independence of higher
activity levels, then it satisfies Multi-efficiency.

Proof. Let (m,v) € G, | < maxgey mg and f a value satisfying Efficiency and In-
dependence of higher activity levels. Consider the sub-game ((I A my)gen,v). By
Efficiency, it holds that

l/\mi

DO LA miken, v) = o((LA ML) ken). (4.11)

ieN j=1

By Independence of higher activity levels,

hAm; IAm;
YD il Amken,v) =Y > fij(m,v). (4.12)

iEN j=1 iEN j=1
Combining (4.11)) with (4.12)), we obtain the desired result. |

Remark 5. The converse of Proposition 18 not true. Indeed, consider the value
d defined for each (m,v) € G and each (i,j) € M* as

v((J Amp)ren) — v(((F — 1) Amg)ren)
dij(m,v) = {h € N :my, > my,Vk € N}|
0 otherwise.

if mi > my,Vk € N,
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The value d satisfies Multi-efficiency, but does not verify Independence of higher
activity levels. To see this, consider N = {1,2,3} and (m,v) € G such that m =
(3,2,3). Observe that dy1((2,2,2),v) = 3v(1,1,1) # dy,1(m,v) which shows that d
violates Independence of higher activity levels.

The next two axioms compare the payoffs of equal pairs (see for the defini-
tion of equal pairs). First, we introduce the Equal treatment for equal pairs axiom,
which states that two equal pairs should receive the same payoff. We also suggest
a relaxation of Equal treatment for equal pairs into Sign symmetry for equal pairs.
This new axiom states that two equal pairs should receive a payoff of the same sign.

Axiom 45 (Equal treatment for equal pairs). For each (m,v) € G and two
distinct equal pairs (i,5)(i',j) € MT,

fij<m7 U) = fi'j(mv U)'
Whenever m = (1,...,1), Equal treatment for equal pairs boils down to the classical
axiom of Equal treatment for equal for TU-games.
Axiom 46 (Sign symmetry for equal pairs). For each (m,v) € G and two dis-
tinct equal pairs (i,7), (i',7) € M,

sign(fij(m,v)) = sign(fi;(m,v)).
Whenever m = (1,...,1), Sign symmetry for equal pairs boils down to the Sign
symmetry axiom for TU-games.

Equal treatment for equal pairs = Sign symmetry for equal pairs

We have the material to provide a first axiomatic characterization of the multi-
choice Shapley value.

Theorem 21. A wvalue f on G satisfies Efficiency, Independence of higher activity
levels, Linearity, Sign symmetry for equal pairs and the Null pair property if and

only if f = .
Proof. The proof is divided in two-steps.

Step 1: we show that ¢ satisfies all the axioms of the statement of Theorem

Efficiency: For each (m,v) € G,

Z Z ij(m,v)

iEN j€M+

- Y

J< T}gl%(mkzer)
€ S Z S [ (19)) (50030001

J< Taxmy |Q o €0, icQ())
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Observe that, for each 6; € 0,
> [v<30jﬂf<’>f‘>> — (%) | = (810N — g (s%0),
i€Q(J)
By , for each 6; € ©;,
PR = (G Amypen, and  s%0 = ((j — 1) A mg)ren-

It follows that

>0 wim,v)

1EN ]EM;L

1
- : v((G Ami)ken) = (G = 1) Amiren) |- (4.13)
i< %}émk [QU)I! @Ze(;j [ J Tk J Kk }

Since the quantity v((j A mg)ren) — v(((j — 1) A my)ken) is independent from any
order §; € ©;, it follows that it is summed as many times in (4.13)) as there are orders
in ©;. Therefore, it holds that

>0 wiy(mw)

iEN ]€M7,+

1 . ' '
- i< mza;(mk WQ(J)! [U((J Amg)ken) —v((( — 1) A mk)keN}

= Y oG Amen) = v(((G = 1) Amidie))

j< maxmy
keN

= U(m)v
which shows that the value satisfies Efficiency.

Other axioms: By definition of the multi-choice Shapley value (see (4.7)), the
payoff of a pair is independent from any activities different from the activity level
contained in this pair. Therefore, we have that ¢ satisfies Independence of higher
activity levels. Linearity follows directly from . By definition of equal pairs (see
(2.26))), o satisfies Equal treatment of equal pairs, which implies that ¢ satisfies Sign
symmetry for equal pairs. By definition of null pairs (see (2.25))), ¢ satisfies the Null
pair property. This concludes Step 1.

Step 2: To complete the proof, it remains to show that there is at most one value

satisfying all the axioms of the statement of Theorem [21] Take any f satisfying all
the axioms of the statement of Theorem 21| Consider any (m,v) € G. We know that
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each multi-choice game admits a unique linear decomggsition in terms of minimal
effort games {us}ser. Consider s € M such that s # 0. The set of top pairs T'(s)

(see (2.29))) can be re-written as
T(s)={(i,s") € M+ s, = 5T},

where sT = max;cy s;. Let us show that f(m,u,) is uniquely determined. We divide
this Step 2 into several sub-steps.

Step 2.1. Let us show that, for each (i,7) € M* such that j # s*, fi;(m,uy) is
uniquely determined.

Step 2.1.1. If j < s”, then (j Amy)ren # s. It follows that ((j Amy)ken, us) is the
null game since u,(t) = 0 for each t < (j A mg)ren. Recall that each pair is a null
pair (see ) in the null game. By Independence of higher activity levels and the
Null pair property, for each (i,j) € M+ such that j < s, we obtain

fij(m,us) = fi;((J A mp)ren, us) = 0.

Step 2.1.2. If j > s” then, by definition of a minimal effort game (see (2.31)), (4, j)
is a null pair in (m, us). By the Null pair property, for each (i,j) € M™ such that
j> s,

fij(m, us) =0.

We have shown that f;;(m,u,) = 0, and so is uniquely determined, for each (,j) €
M™ such that j # s7.

Step 2.2. We now show that, for each pair (i,j) € M+ such that j = sT, i.e., each
pair (i,s7) € M*T*", fir(m,u,) is uniquely determined. To that end, consider the
game (m,w) € G defined as

VE<m, w(t)=u(t)— > @ir(m u)ug_,ery(t). (4.14)

(i,sT)eT(s)

Step 2.2.1. We show that

Z fist (m,w) = 0.

(i,sT)eM+:sT

We consider pairs in M*+" . By definition of M +s7 observe that

Z fisT(m7w> = Z fisT<m7w>‘

i€Q(sT) (i,sT)eM+-sT
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We have that any pair (i,s7) € M**" is either in T(s) or not. Since f satisfies Effi-
ciency and Independence of higher activity levels, by Proposition 23] f also satisfies
Multi-efficiency. Therefore,

Z fist(myw) =w((s" Amy)gen) — w(((s™ = 1) A mg)en)
(i,sT)eM+sT

@ETA)
=" u((s" A my)ren)

- Z PisT (ma Us)u(o,i,sT)((ST A mk)kGN)
(1,sT)ET(s)

—us(((s" = 1) Amg)ren)

+ Z PisT (m, us)u(o_i,sT) (((ST - 1) A mk)kEN)'

(i,sT)ET(s)

(4.15)

Observe that ((s” Amy)ken) > s > ((0_4,s7), (s — 1) Amy)ren) 2 s and (((s* —
D) A mi)ren) 2 (0-,s7), where (i,s7) € T(s). By definition of a minimal effort

game (2.31),

us((s" Amp)ren) = 1,

and, V(i,s7) € M g,y ((sT Ampken) = 1.
us(((s" — 1) Amg)ren) =0,

and, V(i,s7) € M g, oy (((sT = 1) Amy)ren) = 0.

It follows that (4.15) becomes

Z Jist (m7 w) =1- Z PisT (mv us) —0+0. (416)

(4,sT)eM+»sT (i,s7)ET(s)

Observe that, since (i,s7) ¢ T(s) if and only if s > s;, then each (i,s) ¢ T'(s) is
also a null pair in (m,us). Since ¢ satisfies the Null pair property, ¢;,r(m,us) = 0
for each (i,s”) ¢ T(s). Since ¢ satisfies Efficiency, Independence of higher activity
levels, by Proposition [23| the value satisfies Multi-efficiency. Therefore,

Z PisT (mv us) = Z PisT (ma us) + Z PisT (ma us)

(i,sT)ET(s) (i,sT)ET(s) (i,sT)¢T(s)

= Z PisT (mv us)

T
(i,sT)eM T

=u,((s" A my)ren)
=1.
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Therefore, (4.16]) becomes
> fir(maw) =1-1=0, (4.17)
(i,sT)eM+sT

which concludes Step 2.2.1.

Step 2.2.2. We show that, for each (i,s”) € M+
fist(m,w) = 0.
We know that each pair (i,s7) ¢ T(s) is a null pair in (m,u,). Moreover, each
pair (i,s") ¢ T(s) is a null pair in each (m,ug , r), (i';s") € T(s). Indeed, in
(m, u((L.,,sT)% (i',s7) is the only productive pair and all other pairs are null pairs.

It follows that each pair (i,s7) ¢ T(s) is a null pair in (m,w). By the Null pair
property, for each (i,s7) ¢ T'(s),

fisr(m,w) = 0. (4.18)

It follows that
Z fzs Z fst m, w) + Z fisT<m>w)
(4,sTYeM+sT (i,5T)eT(s) (i,sT)¢T(s)

Z fist(m,w) 4+ 0
(i,sT)eT(s)

0. (4.19)

En
=
5

To complete the proof of Step 2.2.2, it remains to show that if there exist two
distinct pairs (i, s7), (i, sT) € T(s), then these pairs are equal. By definition of a
minimal effort game (see (2.31])), two distinct pairs (i, s7), (i, s7) € T'(s) are equal in
(m, us). Since p satisfies Equal treatment for equal pairs, it follows that y;,r(m, us) =
wirst(m, us). By definition of a minimal effort game, for each t € M such that
ti:ti/:ST—l,

u(Ofi,sT)(t) Uo_,,sT) ( ) - 07 (42())
and U(O_i’sT ( ) 0 M ST)(t -+ 677) = ]_ (421)
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Therefore, for each t € M such that t; =ty = s7 — 1,

Z PksT <m7 us)u(o_k,sT) (t + 6i)
(k,sT)eT(s)

— Z Prsr (M, Us )y, 57y () 4 @i5r (M, 1)
— Z Prsr (M, Us) (o, 57y () 4 @irgr (M, u)

= Prsr (M, us)u(O_k,sT)(t + eir),

where the first equality and the third equality follow from (4.20)) and (4.21]), and the
second equality follows from @;,r(m, us) = @y (m,us) by Equal treatment for equal
pairs. It follows that

w(t +e;) =w(t+ey),

for each t € M such that t; = t; = sT — 1, showing that (i,s7), (i',sT) € T(s
are equal pairs in (m,w). By Sign symmetry for equal pairs, sign(fisr(m,w))
sign(fysr(m,w)). Tt follows from (4.19) that, for each (i,s7) € T(s),

~—

fist(m,w) = 0. (4.22)
Combining (4.18) with (4.22), the proof of Step 2.2.2 is complete.

Step 2.2.3. We show that for each (i, s7) € M*+"
fisT (m7 us) = QsT (mv us)-

By ([#.14), (£.22) and Linearity, for each (i, s7) € M**",

fisT (m> ?U) = fisT (m7 US) - fisT <m7 Z PrsT (ma us)u(O_k,sT))

(k,sT)eT(s)

=)
— fisT(m7 uS) - fisT <m7 Z (;OksT(maus)u(O_k,sT))

(k,sTYeT(s)
k,sT)eT

PhsT (m, us)fisT (m, u(O,k,sT)> .
( s

(s)

Additionally, by the Null pair property and Multi-efficiency,

fisT (m7 u(O,i,sT)) =1
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since (i, s”) is the only productive pair in (m,u_, ,r)). Therefore, for each (i, s”) €
M+

Vst (Mmyug) if k=1,
Qpsr (M, Us) [T (m’u(ofk,sTO :{ ks ( )

0 otherwise.

It follows that, for each (i,s7) € M**"

fz'sT (m, us) = Q4T (m7 us)7

therefore f;,r(m,us) is uniquely determined. This concludes Step 2.2.3.
From Step 2.1 and Step 2.2, we conclude that f(m,u,) is uniquely determined.
By Linearity, f(m,v) is uniquely determined, which concludes the proof of Theorem

21l |

The five axioms of the statement of Theorem are logically independent, as
shown by the following alternative solutions.

- The value f given, for each (m,v) € G, by f(m,v) = 0 satisfies all the axioms
except Efficiency.

- The value f given, for each (m,v) € G, by

(

A(erm
QOij(TTL, ’U) + ((Q/IQk()fiV)(v) lfj — 1 and mT > 17
5 _ A((apm
Jia(mv) =3 i m,v) — “%ﬁ;f(”) if j =2 and m” > 1,
| 2ii(m, v) otherwise,

satisfies all the axioms except Independence of higher activity levels.
- The value f given, for each (m,v) € G, by

V(i,j) e M,

Z ((((J — 1) Amp)hen +€;)%) +1 Ay(s),

fglm,v) Y ez (G = 1) Amnen + en) + 1

s<m
(1,4)ET(s)
satisfies all the axioms except Linearity.

- The multi-choice Equal division value ¢ satisfies all the axioms except the Null
pair property.
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- Take any (m,v) € G and fix any arbitrary integer g;; € {1,2} for each (4, ) €
M™. The value f? given by

V(i j) € M7, = )
s<m
(i.1)E€T(s)

Z(kl eT(s Bkl

satisfies all the axioms except Sign symmetry for equal pairs.

By Theorem 21} we provide another alternative expression of the multi-choice
Shapley value in terms of Harsanyi dividends.

Corollary 1. The multi-choice Shapley value admits an alternative expression in
terms of Harsanyi dividends. For each game (m,v) € G, the value is defined as

A,(s)
T(s)|

V(Z,j) € M+7 Spij(mav) = Z
s<m
(4.4)€T(s)

(4.23)

Proof. By the the proof of Theorem 21} ¢ satisfies Efficiency, Linearity, Independence
of higher activity levels, the Null pair property and Equal treatment for equal pairs.
Consider (m,us) € G, s € M such that s # (. Similarly to (4.18), for each
(1,7) ¢ T(s), the Null pair property and Multi-efficiency imply

@ij(m, us) = 0. (4.24)
All pairs in T'(s) are equal pairs in (m, u,). Thus, by Equal treatment for equal pairs,
Pist (M, us) = ... = pgr(m, uy). (4.25)
By Efficiency and Linearity, we obtain the desired result. [

We provide a second axiomatic characterization of the multi-choice Shapley value
without resorting to Linearity. In line with |[Young (1985)) and Casajus (2018)) (see
Theorem (3| and , we use a Strong monotonicity axiom. This axiom states that,
if the marginal contributions to coalitions of a pair increase from a game (m,w) to
another game (m,v), then the payoff of this pair also increases.

Axiom 47 (Strong monotonicity.). For each (m,v),(m,w) € G, each (i,j) €
M and each s € M such that s; = j — 1,

v(s+e) —v(s) > w(s+e)—w(s),
it holds that

fis(m,v) > fij(m,w).
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Whenever m = (1,...,1), Strong monotonicity boils down to the axiom of Strong
monotonicity for TU-games introduced by [Young (1985)). We have the material to
provide a second axiomatic characterization of the multi-choice Shapley value.

Theorem 22. A wvalue f on G satisfies Efficiency, Independence of higher activity
levels, Strong monotonicity and Sign symmetry for equal pairs if and only if f = .

Proof. From Theorem [21] we know that ¢ satisfies Efficiency, Independence of higher
activity levels and Sign symmetry for equal pairs. By definition (see (4.7])), the multi-
choice Shapley value satisfies Strong monotonicity.

Next, we show that ¢ is the unique value satisfying all the axioms of the state-
ment of Theorem 22, Take any [ satisfying all the axioms of the statement of
Theorem [22| and consider any (m,v) € G. Recall that (m,v) € G can be rewritten as
(M, > senr Au(t)ue). We define the set of coalitions for which the Harsanyi dividend
is non-null as

T(v) = {t € M| A,(t) # 0}.
By induction on the cardinality of 7 (v), we show that
f(m,v) = @(m,v).

Initialization: If |7 (v)| = 0, then each Harsanyi dividend is null. The only game
(m,v) € G such that |7 (v)| = 0 is the null game. Recall that

M ={(i,j) e M* :i e Q(j)}.

Since f satisfies Efficiency and Independence of higher activity levels, by Proposition
23| it satisfies Multi-efficiency. It follows that, for each j < maxgey my,

> filmv) =u((G Ami)ken) = o((( = 1) A mi)ken)

(i,)eM I

=0. (4.26)

Recall that any two distinct pairs (7,7), (¢/,7) € M ™ are equal in the null game
(m,v). Therefore, by Sign symmetry for equal pairs,

sign(fij(m,v)) = sign(fy;(m,v)). (4.27)

Combining ([4.26) and (4.27)), for each j < maxgey my, and each (i,7) € M7, we
obtain

fl-j(m, U) = 0
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Recall also that each pair is a null pair in the null game. Since ¢ satisfies the Null
pair property, for each j < maxgey my, and each (i,j) € M7,

ij(m,v) = 0= fi;(m,v).

This concludes the initialization.

Hypothesis: Fix r € N such that r < |M|—1. We assume that, for each (m,v) € G
such that |7 (v)| <,

f(m,v) = @(m,v).
Induction: Consider any (m,v) € G such that |7 (v)| = r + 1. Let us show that

f(m,v) = o(m,v).
We define the minimum coalition of the set 7 (v) as

p:/\t.

teT (v)

%
Two cases can be distinguished. First, assume that p # 0. Consider any pair
(i,7) € M such that j > p;. By definition of p, there exists a t € T (v) such that
j > t;. For such ¢, consider the game (m,v — A,(¢t)u;). By definition of a minimal

effort game (2.31)) and (4.4)), (¢, 7) is a null pair in (m, A,(t)u;). Therefore (i, j) has
the same marginal contributions in (m,v) and in (m,v—A,(t)u;). Moreover, observe
that

T ()| > [T (v—Au(t)u)].
Therefore,
r =T (v = Ay(t)uy)]

By the induction hypothesis and Strong monotonicity, for each (i, j) € M T such that
j > Di,
fij(m,v) = fij(m, v — Ay (t)ue)
H
2 pui(m, v — Ay (t)uy)
= p;j(m,v). (4.28)

Next, we assume that p = 0. For each (i,7) € M, there exists a t € T (v) such
that j > t;. In this case, (4.28) holds for each (i,j) € M and the proof is complete.
It remains to show that, if p # 0, then for each (i,7) € M™* such that j < p;,

fij<m7 1)) = Qij (m7 U)'
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We proceed in two-steps.

Step 1. We define the game (m,w) € G as

w=uv-— Z i (m, v)ue_, 5, (4.29)
(i.j)eM™
J<pi

and we show that, for each (i,1) € M such that [ < p;,
fa(m,w) = 0. (4.30)

Step 1.1. To that end, we show that

Z fu(m,w) =0.
(i, eM Tt
I<p;
By Proposition 23] f satisfies Multi-efficiency. By Multi-efficiency and (4.29)), for
each | < maxgeny my,

Z fa(m,w) =w((l Amp)gen) —w((l = LA my)pen

(i,))emtt

= Y falmw) =w((l Ampen) — w((l = 1A m)ren

(i,))eM+t
I<p;

- Z fiz(m,w)

(i,))eM+t
I>p;

4.
(1 A miien) — o1~ 1L A mien
— Y ei(mv)u (LA ME)ken)
(i,5)eM*
J<pi
+ > wy(m)ue (L= 1T AmE)ken)

(G5)eM™
J<p;

- Y falmw). (4.31)
(i, eM !
I>p;
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Before proceeding further into the computation of (4.31)), observe that
= > wulmv)ue_ (A m)en)

(ij)eM™
J<pi

+ D pilmvu (0= 1A mE)en)
(i,5)eM+
J<pi

=— > eimv)ue_, (LA mkken)
(i,j)eM+
J<pi
i<l
= > wulmv)ug_ (A M)
(i,j)em+
J<pi
=l
— D ei(m0)uge_ 5 (LA mi)kex)
(i,j)eM+
J<pi
Y
+ D pulmvug (0= 1A mE)ken)
(ij)eM+
J<pi
i<l
+ D i(mvue_, (0= 1A mg)ken)
(i.j)EM™
J<pi
Jj=l
By definition, p; < m; for each i € N. For each i € N and j < p; < m;,

0 otherwise.

ug_, ) (LA ME)ren) = {

It follows that

- Z @ij(mﬁv)u(oﬂyj)((l/\mk)keN) (4.32)
(i,5)eM™*
J<pi
+ D pilmvue (0= 1A mE)ken)
(i,5)eMT
J<pi
=- Z @ij(m,v) — Z @ij(m,v) + Z pij(m,v)
(i.j)eM* (i.j)eM* (i.5)eM™
J<pi J<pi J<pi
J<i J=l g<l
== Y emo)=— > galm,v). (4.33)
(i,j)eM™ (3,l)eM+!
= 1<p;
‘]:
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By ({32, (@:31) becomes

Z fa(m,w) =v((L A mg)ren) — v((l = 1T Amg)ren

(@,0)eM T
I<pi

- Z pa(m,v) Z fu(m,w). (4.34)

(G,l)eM ™! (G,l)eM ™!
I<p; I>p;

By ([4.28), for each (i,1) € M ™! such that [ > p;,
fu(m,w) = py(m,w). (4.35)
Combining (4.34) and - we obtain

Z fa(m,w) =v((l Amp)gen) —v((l = LA my)ren

(i,l)emM+t
I<p;

Z wi(m,v) Z wi(m,w). (4.36)

(i) eM+t (i,l)eM+!
I<p; l>pz

Moreover, each (i,l) € M*! such that [ > p;, is a null pair in (m,uo_,;), where
(i,7) € M is such that j < p,. By definition of (m,w) (see (4.29)), it follows that
each pair (7,() such that [ > p;, has the same marginal contributions in (m,w) and in
(m,v). Since ¢ satisfies Strong monotonicity, for each (i,1) € M ™! such that [ > p;,

pi(m, w) = pu(m,v). (4.37)
Combining (4.36)), (4.37) and the fact that ¢ satisfies Multi-efficiency, we obtain

Y fulm,w) =v(( Amp)ken) = o((L = LAmy)ken (4.38)

(i) eM+t
I<pi

- Z @i(m,v)

(G,l)eM T

=0. (4.39)
This concludes Step 1.1.

Step 1.2. We show that all the pairs (i,1) € M such that | < p;, are equal in
(m,w).

By definition of M, it holds that [ > 1. Consider two pairs (i,1), (i',1) € M™!
such that [ < p; and [ < py. Since p = /\teT(v) t, each t € T (v) verifies t; > [ and
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ty > I. In other words, for each s € M such that s; < [ or sy < [, A,(s) = 0.
Therefore, for each s € M such that s; = sy =1 —1,

v(s+e;) =v(s+ey)=0. (4.40)

Therefore, (i,1) and (¢',1) are equal in (m,v). Since ¢ satisfies Equal treatment for
equal pairs and by (4.29), for each s € M such that s;, = sy =1 —1,

(4.29)
w(s+e) =uv(s+e)— Z Pnj(m, v)u_,.5)(s + €:)
(hg)eM™*
J<pn

=v(s+e;) — Z nj(m,v)ug_, jy(s +€;)

(h,j)eM+
J<pn
htiil
= pajlm,v)ue (s +e)
J<p;
Jj<i-1
- Z Pij (mv U)U((th)(s + 61-) - S‘%’l(m, U)U(O,i,l)(s + 62-)
J<pi
Jj<Ii—1
=v(s+ ;) — Z ni(m,v)ug_, jy(s +€;)
(h,j)eM+
J<pn
htii!
- Z wirj(m, v)ue_, (s + €)
J<p;r
Jj<i-1
=Y pii(m,v)u_, (s +e) = pa(m, v)
J<pi
Jj<i-1
=v(s+ex)— > on(mv)u_, (s + ex)
(hj)eM+
J<pn
htii!
= > pui(myv)ug, (s + ex)
jSpi/
Jj<i-1
— Y pis(m,v)u_ (s + er) = pi(m, v)
J<pi
Jj<i-1
22 w(s + ey).

Therefore, two pairs (i,1) and (i’,1) such that [ < p; and | < py, are equal in
(m,w). This concludes Step 1.2
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By Sign symmetry for equal pairs,
sign(fu(m,w)) = sign(fin(m,w)). (4.41)
Combining (4.38) and , for each (i,1) € M such that [ < p;, we obtain
fa(m,w) = 0,

which concludes Step 1.

Step 2. For each (i,5) € M* such that 0 < j < p;, we define the game (m,w") € G
as

w? = v — pi(m, v)u_, ). (4.42)
In this step, we first show that, for each (i,j) € M* such that j < p;,
ij(m,v) = fij(m,v) — fi;(m,w").

The game (m,w") is defined in such a way that the pair (7, j) has the same marginal
contributions in (m,w) and in (m,w"). Indeed, observe that the pair (,7) has null
marginal contributions to coalition in each game (m,u_, ;) such that 7 # 7 or
i" =i and j’ # j. Therefore, by Strong monotonicity, for each (i,j) € M™ such that

.j S Di,
fz-j(m, U)) = fij (m, w”) (443)

Additionally, by Multi-efficiency, (4.42) and the definition of a minimal effort game
(see (E31)),

Y Fiilmow?) =0 (G Amiken) = w? (G = 1) A mg)ren)
(k,j)eM+:7

AéQU((J' A Mg)ken) —

il
— ii(m, v)ue_, 4)((J
(
(

(7 = 1) Amg)ren)
JAMy)ken)
+ ij(m, U)U(o H(((F — 1) Amg)ren)
(

(5 A mi)ken) = v(((J = 1) Ami)ren)

— ¢ij(m,v). (4.44)

Each pair in M7\ {(4,7)} is null in (m,ug_, ;). Therefore, by (4.42)), each pair
in M9\ {(7,7)} has the same marginal contributions in (m,w") and in (m,v). It
follows that, by Strong monotonicity, each pair in M7 \ {(4, )} receives the same
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payoff in (m,w") and in (m,v). Thus,

E frj(m,w) = E frj(m,w?) + fij(m, w')
(k.j)eM+i (k,j)eM ™+
ki

= Z fkj(mvv) + fij(m7wij)
(k,j)eM*i
kti

=v((J A mp)ren) — v(((J — 1) Ami)ren)
— fii(m,v) + fij(m,w"). (4.45)

Combining (4.44) and (4.45)), for each (i,7) € M such that j < p;, we obtain
pij(m,v) = fij(m,v) — fi(m, w?), (4.46)

which concludes Step 2.

We have the material to conclude the proof of the Induction step. By ,
fij(m,w') = f;;(m,w) and by ([£.30)), f;;(m,w) = 0 for each (i,5) € M* such that
j < pi. By (1.46), for each (i,j) € M such that j < p,,

fij<m’ U) = Pij (mv U)'
Therefore, for each (m,v) € G and each (i,j) € M,
fij<m7 U) = Pij (m7 U)'
The proof of the theorem is complete. [

The four axioms of the statement of Theorem are logically independent, as
shown by the following alternative solutions.

- The value f given by f(m,v) = 0 for each (m,v) € G satisfies all the axioms
except Efficiency.

- The value f given, for each (m,v) € G, by

V(i j) € M™,
mT
‘;Oij(mﬂ])—i—‘Q(l)’ if j =1and m? > 1,
fij(m U) = m” o T
7 @ij(m,v) — if j =2and m" > 1,
’ 1Q(2)]
Pij (m,v) otherwise.

satisfies all the axioms except Independence of higher activity levels.

- The multi-choice Equal division value £ satisfies all the axioms except Strong
monotonicity.
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- The value f given, for each (m,v) € G, by

eij(m,v) + 1 if (4,5) = (1,1),
V(i,j) € M*,  fij(m,v) = ¢ pi(m,0) — 1 if (i,5) = (n,1),
Pij (m,v) otherwise,

satisfies all the axioms except Sign symmetry for equal pairs.

4.3.2 Characterization of the multi-choice Equal Division
value

To characterize the multi-choice Equal Division value, we introduce the Sign preser-
vation axiom. This axiom is a stronger version of Sign symmetry for equal pairs. It
requires that two pairs featuring the same activity level receive a payoff of the same
sign.

Axiom 48 (Sign preservation). For each (m,v) € G and each (i,7),(i',j) € MT,

sign(fij(m,v)) = sign(fy;(m,v)).

Sign preservation = Sign symmetry for equal pairs.

We have the material to provide an axiomatic characterization of the multi-choice
Equal Division value.

Theorem 23. A value f on G satisfies Efficiency, Linearity, Independence of higher
activity levels, Sign preservation and Equal treatment of equal pairs if and only if

f=¢&
Proof. First, let us show that ¢ satisfies all the axioms of the statement of Theorem

251

Efficiency: For each (m,v) € G,

Z Z Sij(mvv)

1EN jeM+

- Z Z [ (G Ami)ren) —v(((F — 1) Amg)ren)

i< maX M i€Q(j

- Z v((F A muren) — o(((F — 1) Amg)gen)

j< max my
keN

= ov(m).
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This shows that the value satisfies Efficiency.

Other axioms: By definition of £ (see ), the payoff of a pair does not depends
on activity levels different from the one contained in this pair. Therefore, £ satisfies
Independence of higher activity levels. Linearity, Sign preservation and Equal treat-
ment of equal pairs are direct consequences from the definition of &.

Next, we show the uniqueness of the solution. Let f be a value satisfying all the
axioms of the statement of Theorem 23l We know that each characteristic function
v admits a linear decomposition in terms of Dirac games. By Linearity, for each
(m,v) € G,

f(m,v) = Z U<S)f(m7 55)

s<m

For each s € M, we show that

f(m7 55) - gij (mv 55)

We consider several cases.

Case 1. Suppose that s € M is not a synchronized coalition, that is s # ((IAMg)ken)
for each | < maxgey myg. Since f satisfies Efficiency, and Independence of higher
activity levels, by Proposition [23] it satisfies Multi-efficiency. Therefore, by Multi-
efficiency, for each 7 < maxgen my,

Z fz‘j(ma ds) = 0s((J Ami)ren) — 0s(((J — 1) A )ien)-

(ivj)€M+’j

Since s # ((7 Amy)ren) and s # (((j — 1) A my)ren), by definition of a Dirac game,

> fi(m,s,) =0. (4.47)

(ivj)€M+’j

Since 05((7 A mg)ken) — 9s(((5 — 1) Amy)ren) = 0, by Sign preservation and (4.47)),
for each (i,7) € M,

fij(m,ds) = 0 = &;(m, ds).

Case 2. Suppose that s € M is a synchronized coalition, that is s = (I A my)ken,
where [ < max,cy my. Take any activity level j such that j < [. By Multi-efficiency,

D f(mi8) = 6,(( A mr)ken) = (G = 1) Ami)ken).

(i,)eM 7
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Since s # (( Amy)ren) and s # (((j — 1) Amg)ren), by definition of a Dirac game,

Z fij(m, (55) =0.

(i,5)eM 7

Since d5((7 A mg)ken) — 9s(((5 — 1) Amy)ren) = 0, by Sign preservation and (4.47)),
for each pair (4,7) € M7 such that j < I,

fij(m7 0s) =0= Sij(mv ds)-

Case 3. Suppose that s € M is a synchronized coalition such that s = (I A my)ken,
where [ < maxgey my. Similarly to Case 1 and 2, for each (i,j) € M™ such that
Jg>1+1,

fij(m, ds) = 0 = &;(m, ds).

Case 4. Suppose that s € M is a synchronized coalition such that s = (I A my)ken,
where [ < maxyey my. Consider the pairs (i,7) € M™ such that j = [, that is the
pairs in M. By Multi-efficiency and the definition of a Dirac game,

D falm,65) = 6.((1 A mi)ken) = 6:((1 = 1A my)pen)

(z,l)eM+:t

=1. (4.48)

Two distinct pairs (i,1), (i',1) € M*! are equal in (m,d,). Therefore, by Equal
treatment of equal pairs,

fﬂ(m, 58) = fi/l(m, 55) (449)
From (4.48) and ([4.49)), it follows that for each (i,1) € M*+,
1
fa(m, ds) = m = &u(m, ds).

Case 5. Consider s € M such that s = (IAmg)ren, where | < maxyeny my. Consider
the pairs (i, + 1) € M1, By Multi-efficiency and the definition of a Dirac game,

Z firr)(m, 8s) = 6 (((1 + 1) Amp)ren) — 6s((L A Mg )ren)

(i,l4+1)eM+:i+1
=01
= -1

Similarly to Case 4, for each (i,] + 1) € ML,

1
fiarny(m, ds) = RGN i1y (m, 9s).

[+1

Therefore, for each s € M, f(m,ds) = £(m,d,). By Linearity, we conclude the proof
of Theorem 23] [
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The five axioms of the statement of Theorem [23| are logically independent, as shown
by the following alternative solutions.

- The value f given, for each (m,v) € G, by f(m,v) = 0 satisfies all the axioms
except Efficiency.

- The value f given, for each (m,v) € G, by

V(i,j) € M,

(m.v ((k Amp)nen) — (K —1) Amyp)nen)
Botm ) = e S ;

k>j

satisfies all the axioms except Independence of higher activity levels. Observe
that this value extends the Equal division value from TU-games to multi-choice
games.

- The value f given, for each (m,v) € G, by
V(i,j) e M,

Fis(m, v) =P = D) A n)nen e;)?) + 1

Z (0(((G = 1) Amn)nen +ex)?) +1
keQ(k)

X [v((j Amy)ken) —v(((7 — 1) Amk)ken |,

satisfies all the axioms except Linearity.

- The multi-choice Shapley value ¢ satisfies all the axioms except Sign preserva-
tion.

- Take any (m,v) € G and fix any arbitrary integer 8% € {1,2} for each (i, j) €
M™. The value f? given by

V(i,j) e M,

fo(m,v) = B

ZkeQ(J’) P

satisfies all the axioms except Equal treatment for equal pairs.

v((J Ami)ren) —o(((7 — 1) Amg)ren) |,

4.3.3 Characterization of the multi-choice Egalitarian Shap-
ley values

In this subsection we provide an axiomatic characterization of the multi-choice Egal-
itarian Shapley values. To that end, we introduce two new axioms.
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A multi-efficient value shares the surplus generated between two consecutive syn-
chronized coalitions among the pairs containing the required activity level (see )
This surplus can eventually be negative. Requiring that the payoff of a pair varies
according to its marginal contributions to coalitions regardless of the surplus to be
shared is then a strong requirement in Strong monotonicity. On the contrary, it
seems reasonable that the payoff of a pair, let us say (i,7) € M ™7, does not decrease
from one game, let us say (m,v) € G, to another, let us say (m,w) € G, if the
surplus generated between the j-synchronized coalition and the (j — 1)-synchronized
coalition does not decrease from (m,v) to (m,w). The next axiom is a weaker ver-
sion of Strong monotonicity which requires that the surplus generated between two
synchronized coalitions should not decrease from one game to another.

Axiom 49 (Weak monotonicity). For each (m,v),(m,w) € G and each (i,7) €
M such that

v((J Amy)ken) —v(((F — 1) Amg)ren)
>

w((J A mpren) — w(((F = 1) Amp)ren),
and for each s € M such that s; = j — 1,

v(s + e:) — v(s) > w(s + e;) — w(s),
then,

fi(m,v) = fij(m, w).

Whenever m = (1,...,1), Weak monotonicity boils down to the axiom of Weak
monotonicity for TU-games (see (2.15)). Obviously, Strong monotonicity implies
Weak monotonicity.

Strong monotonicity = Weak monotonicity

Consider (m,v) € G and two distinct pairs (i, 5), (', ) € M7, We say that the
pair (i,7) is more desirable than the pair (i, 7) in (m,v) if its has better marginal
contributions to coalitions. Formally, (7, 7) is more desirable than (7', j) if for each
s € M such that s;, = sy =7 — 1,

U(S + 62') Z U(S + 61'/).

The next axiom requires that a pair receives a greater payoff than other less desirable
pairs.

Axiom 50 (Level desirability). For each (m,v) € G and two distinct pairs (i, j), (¢, j) €
M such that (i,7) is more desirable than (i',7) in (m,v),

fij(m,v) > fi;(m,v).
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Whenever m = (1,...,1), Level desirability boils down to the axiom of desirability
for TU-games (see (2.14)). We have the material to provide a characterization of the
multi-choice Egalitarian Shapley values.

Remark 6. By definition, Level desirability implies Equal treatment for equal pairs.
If (m,v) € G is the null game, then Multi-efficiency and Level desirability imply
fij(m,v) =0 for each (i,j) € M.

Theorem 24. A solution f on G satisfies Efficiency, Linearity, Independence of
higher activity levels, Weak monotonicity and Level desirability if and only if f = x?,
for some parameter system «.

Proof. Consider any parameter system «. By definition and the fact that multi-
choice Egalitarian Shapley values are convex combinations of the multi-choice Shap-
ley value and the multi-choice Equal division value (see (4.9))), x* satisfies all the
axioms of the statement of Theorem 241

Next, we show that the multi-choice Egalitarian Shapley values are the only
values satisfying all the axioms of the statement of Theorem [24] Consider a value f
satisfying all the axioms of the statement of Theorem [24 To prove the uniqueness
part, we show that, for each (m,v) € G, there exists a parameter system « such that

f<m7v) = Xa(mv U)'

By Linearity, for each (m,v) € G,

fm,v) = Z Ag(v) f(m; u).

t<m

For each t € M, we introduce the notation t7 = max;ey t;. Take any 1 <1 < m?”.
Let us show that f can be written, for each (m,u;) such that t¥' =1, as

v(i,j) € M7,

fij(m,uy) = {

Aog(m,u) + (1 —a)é(m,uy) if j =1,
0 otherwise,

for some 0 < o! < 1. To that end, consider all pairs (4,j) € M+ such that j <. By
Independence of higher activity levels,

Jij(myue) = fiz((G A M) ken, )

Since ((7 Amy)gen, ug) is the null game, by Remark @, for each (i,7) € M such that
J <l
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Consider all pairs (i,7) € M™ such that j > [. These pairs are null pairs in (m, u;)
and thus are equal. From Remark @ and Multi-efficiency, for each (i,7) € M™ such
that j > [,

Now, consider all pairs (i,1) € M* such that i € Q(I). We show that f can be
written, for each (m,u;) such that t7 = [, as

V(i) € MY, falm,w) = a'pu(m,u) + (1 — ab)éa(m, uy),

for some 0 < a! < 1. We proceed by induction on ¢'(I) the number of players that
play [ in coalition .

Initialization: Take any minimal effort game (m,u;) € G such that ¢ = [ and
¢'(l) = 1. In such game, there is exactly one player, let us say k € N, that plays the
activity level [ in ¢.

Before proceeding further into the initialization step, we must show the following

claim. There exists a unique ¢ € R such that, for any minimal effort game (m,u;) €
G, t' =1, ¢'(1) = 1, it holds that

V@, 0) € MY i#k,  fa(m,u) =, (4.52)

where k refers to the only player that plays the activity level [ in ¢. This means that
all the pairs (i,1) € M, i # k, receive the same payoff in (m, u;) and that this payoff
does not depend on the player £ that plays the activity level [ in t. To this end, we
distinguish three exclusive cases.

Case 1. If |Q(m™)| > 3, then there is at least three players in Q(l). Consider any
three distinct players in (/) denoted by k, i and . Consider the three coalitions
t,t' t" € M defined as

tr, =1, and VhEN\{k}, ty, <,
ti=1, and Vhe N\{i}, t,<I,
ty =1, and Yhe N\{/}, t <L

Consider the minimal effort games (m, u;), (m,uy) and (m, u). Observe that:

- (i,1) € M is a null pair in (m,u;) and (m,uy), and it is the only non null
pair in (m, uy);

- (¢,1) € M* is a null pair in (m,u;) and (m,uy), and it is the only non null
pair in (m, u);

- (k,1) € M is a null pair in (m,uy) and (m,u), and it is the only non null
pair in (m, uy);
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- (3,1),(7',1) € M are equal pairs in (m, u;);

- (4,1),(k,1) € M™" are equal pairs in (m, u);

- (¢,1), (k, 1) € M are equal pairs in (m, uy).
Observe that

u (LA mp)nen) = up (LA mp)nen)
= wp (I Amp)nen)
and  w(((1 — 1) Amp)hen) = ue (1= 1) Amp)nen)
= up (((I = 1) Amp)pen). (4.53)

By (4.53), the fact that (i,1) € M* is a null pair in (m,u;) and (m, uy), and Weak

monotonicity, one obtains

fa(m,u) = fu(m, up). (4.54)

Similarly,

fin(m, ug) = fin(m, uy)
and  fu(m, uy) = fra(m,up). (4.55)

By the fact that (i,1), (i',l) € M™ are equal pairs in (m,w,;) and Level desirability,
one obtains

fa(m, ) = fin(m,uy). (4.56)
Similarly,

fz‘/l(m, Ut’) = fkl(m7 Ut')
and fil<m7 ut”) = fkl(ma ut”)- (457)

Combining (4.54)), (4.55)), (4.56)) and (4.57)), one obtains

E39)
fulm,w) =" fa(m,up)
@57
= ful
= fu

(
I
(

m, ut//)
m, ut’)

m, uy)
(4.55)
g f’i’l m

= Cl’

7ut)

for some ¢ € R.
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We have shown that there exists a unique ¢! € R such that, for any minimal effort

game (m,u) € G, |Q(m7)| = 3,17 =1, ¢'(1) = 1, (152) holds.

Case 2. If |Q(mT)| = 2, then there is at least two players in Q(). If there are at
least three players in (), then the proof is identical to the one in Case 1. Therefore,
let us assume that Q(1) = 2. Let us call the players in Q(I) by ¢ and k. Consider the
two coalitions t,t" € M defined as

t;=1, and Vhe N\{i}, tp<l,
t,=1, and Vhe N\{k}, ¢, <Ll

Consider the minimal games (m,u;) € G, (m,uy) € G, and (m,u; + uy) € G.
Observe that (i,1), (k,l) € M are equal pairs in (m,u; + uy). Therefore, by Level
desirability, it holds that

Ja(m, ug +uy) = fra(m, ug + uy). (4.58)
By Linearity, (4.58)) becomes

Ju(m,ug) + fu(m,uy) = fr(m, u) + fru(m, uy)
= falm,w) = fulm,w) + fu(m,uy) — fulm,uy). (4.59)

Since f satisfies Efficiency and Independence of higher activity, by Proposition 23]
f satisfies Multi-efficiency. Since i and k are the only two players in Q(1), by Multi-
efficiency, it holds that

fu(m,ug) + fra(m,uy) =1
and fil<m7ut’) + fkl(m,ut/) =1.

It follows that
fa(m,ue) + fu(m, ue) = fulm,wp) + fra(m, w) (4.60)
Combining (4.59) and (4.60]), one obtains

Jee(m,ue) + fra(m,ue) — fu(m, ue) + fra(m, ug)
= fa(m,uy) + fra(m, uy)
= fulm,u) — falm,up) + fu(m,u) = fulm,uy)
= fulm,u) = fulm,uy) = Cl7

for some ¢! € R.
We have shown that there exists a unique ¢ € R such that, for any minimal effort

game (m,u;) € G, |Q(mT)| =2,tT =1, ¢(I) = 1, (4.52) holds.
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Case 3. Finally, assume that |Q(m®)| = 1. If there is only one player in Q(I), then
there is nothing to show. If there are two players in Q(1), then (4.52)) holds according
to Case 2. If there three players or more in Q(1), then (4.52) holds according to Case
1.

We have shown that there exists a unique ¢! € R such that, for any minimal effort
game (m,u;) € G, t© =1 and ¢'(I) = 1, (4.52) holds.

Next, take any minimal effort game (m,u;) € G such that ¢t = [ and ¢'(I) = 1.
The pair (k,[) is the only non-null pair in (m,w,;) featuring the activity level [ and
ug(m) > 0. By , Multi-efficiency and the fact that null pairs featuring the
activity levels [ are equal pairs in (m,u), it holds that

fr(m,u) =1 —(|Q(1)] — 1)

Define o' as
ol =1-2Q(I)],

so that one obtains

l

“ Q)

Now, we show that o! < 1. By Remark |E|, each pair receives a zero payoff in the null
game. Observe that each pair in M has better marginal contributions to coalitions
in (m, u;) than in the null game. Moreover, it holds that

ur (LA mg)ken) — u((0— 1) Amy)ren) > 0.

Thus, by Weak monotonicity, fi(m,u;) > 0 for each (i,1) € M. Tt follows that

1—a
d=— >0 = o' <1.
Q)]
Therefore, for each (i,1) € M,
1—a
if j =1 and ¢ # k,
Q)]
fa(m,up) = (4.61)
1—af !
——+a ifj=landi=k,
Q)]
for some 0 < o' < 1. Observe that, for each (i,1) € M+,
1 0 ifi+#k,
é-ll<m7ut) - |Q(l>|7 wzl(muut) - {1 ifi= k.
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Comparing &;(m,u;) and @y (m,u,) with (4.61]), one obtains
V(i,0) € MT,  falm,u) = aloa(m,u) + (1 — a)éa(m, u).
for some 0 < o! < 1. This concludes the initialization step.

Hypothesis: Consider r € N such that 1 < r < |Q(l)|. Consider any ¢ such that
q'(l) = r. In this case, there are r players that play [ in ¢. Assume that

V(i, 1) € M*,  fa(m,u) = a'ou(m,u) + (1 — o) (m, uy).

Induction: Consider any t such that ¢’(l) = r + 1. Let s =t — ey, for some k € N
such that ¢, = x. Obviously, it holds that ¢°(I) = W. Recall that (i,l) ¢ T'(t) if
t; < l. Observe that if (i,1) ¢ T(t) then (i,1) & T(s). If (:,1) & T(t) then (i,1) is
a null pair in (m,u,;) and is also a null pair in (m,us). Therefore, each (i,1) ¢ T'(t)
has the same marginal contributions in both games (m,u;) and (m,u,). Moreover,
it holds that

(LA M) hen) — we(((0 = 1) Amp)nen)
= us((L Amn)nen) — us(((L = 1) Amn)en)-

Then by double application of Weak monotonicity, the induction hypothesis and by
definition of ¢ and &, for each (i,1) & T(t),

fu(m,uy) = fulm, ug)

H
2 ol py(m,ug) + (1 — a)&(m, uy)
(1-a')
_ | (462)
[40]
By Multi-efficiency, (4.62)) and the definition of a minimal effort game,
Z fa(m,u) =u(EAmp)hen) — u(((0—1) Amp)nen)
(D)ET(?)
Z le m, ut
(HLDET (1)
1—a
=1-0—(JQW]—IT)) (4.63)

QM

Additionally, any two distinct pairs (i,1), (i',1) € M™* such that (i,1)

, (71
are equal in (m,u;). By Remark [f] and by Level desirability, for each (i

1) €
1) € (t),

fil(maut) = C,,
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for some ¢ € R. Tt follows that

> fulmiw) = |T(1)|c (4.64)

(3,1)eT(t)

Therefore, combining (4.63) and (4.64)), for each (i,1) € T'(t), we obtain

1= (el - MO g

T(#)]

It follows that, for each (i,1) € T'(¢),

1—a
L= () =1T®))
) [2[0]
T(1)]
_ ol . 1—a
@) Q)]
= algy(m,uy) + (1 — ah)éu(m, ). (4.65)

Combining (4.62)) and (4.65)), if 7 = [, then for each (i,l) € M,
Su(m, ) = lpu(m,ue) + (1 — o) (m, uy).

This concludes the induction step.
We have shown that there exists a parameter system a such that f can be written,
for each (m,u;) such that tT =1, as

log(m,u) + (1 —ab)&u(m,uy) if j =1,
0 otherwise.

V(i,j) € M*,  fii(m,u) = {

By definition of multi-choice Egalitarian Shapley values (see (4.9))), for such a pa-
rameter systems «, there is a x® such that, for each (m,u,),

f(m? U’t) = Xa<m7 ut)'

We conclude by Linearity that there exists a parameter system « such that, for each

(m,v) € G,
f(m,v) = x*(m,v).
This concludes the proof of the theorem. [ |

The five axioms of the statement of Theorem [24] are logically independent, as shown
by the following alternative solutions.

167



The value f given, for each (m,v) € G, by f(m,v) = 0 satisfies all the axioms
except Efficiency.

The value f given, for each (m,v) € G, by
V(i j) € MY,

f ( ) maXge N Mg
i(m,v) = ———
R D ken Mk

maxgen My

elm,v) + <1 - D _ken Mk

)¢(m.v).

satisfies all the axioms except Independence of higher activity levels.

The following value f on G satisfies all the axioms except Linearity. Take any
(m,v) € G. Denote the difference in worth between the grand coalition and
the (mr — 1)-synchronized coalition by

V =v(m) —v(((my — 1) A mg)ren.

The value f is defined as follows:

A 1QUmT)| £ 2. then f(m.v) = o(m, v);
~if |Q(mT)| = 2, then there are two players ¢ and 7 in Q(m?”). For each
(k,j7) € M™* such that j # mrp,

frj(m,v) = ori(m,v),

and for the two remaining pairs (i, mr), (¢', my) € M7, it holds that

(fim:r (mv U)7 fi’TnT (m7 U)) =

( (QpimT<m’U)7 (pi/mT(m7 U)) if (pimT(m7 U) >0 and Spi’mT(mv U) > 0,
(0,V) if Yimg(m,v) <0, Yim(m,v) >0and V >0,
(V,0) if Yimg (M, v) <0, @im,(m,v) >0and V <0,
(@ime (M, 0); @iy (M, 0)) 3 Gimr (M, 0) <0 and iy (m, ) <0,
(0,V) if Yimy(m,v) > 0, irm,(m,v) <0and V <0,
L (V,0) if Yimg(m,v) >0, Qi (m,v) <0and V > 0.

Let us illustrate this value with a simple example. Consider the two games
(m,v), (m,w) € G, where Q(m”*) = {1,2}, and such that

V =v(m) —v(((my —1) Amg)ren >0
W =w(m) —w(((mr —1) Amyg)geny <0
V+W >0

Oimp(m,v) >0 and @i, (M, w) >0
Oomp(m,v) <0 and Qo (M, w) < 0.
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According to the value f, it holds that

(flmT (m7 U)) meT (mv U)) = (Vv O)
(flmT (m7 w)a Jomy (ma w)) = (07 W)
(flmT(m’ v+ w)7 f2mT<m7U + w)) = (V + W> 0)

Obviously, (V + W,0) # (V,0) + (0,W). This shows that f does not satisfy

Linearity.
- The value f given, for each (m,v) € G, by

Y(i,j) € MT,
fij(m,v) =v(((4 — 1) Ami)ren) + €i)
(v((G A ma)ren) — o(((G — 1) A my)gen))
Q3]
B ZkeQ(j) v(((7 = 1) Amg)ken) + ex)
Q3] ’

satisfies all the axioms except Weak monotonicity. Observe that this value
extends the Equal surplus division from TU-games to multi-choice games.

+

- Take any (m,v) € G and fix any arbitrary integer 5% € {1,2} for each (i,75) €
M™. The value f? given by

V(i,j) e MT,

72 (m, ) = Z?W o((G A miken) = o(((G = 1) Amidien)].

satisfies all the axioms except Level desirability.

4.4 Additional remarks

In this last section, we formulate two remarks regarding the solutions introduced
in this chapter. First, we discuss the relationship between the multi-choice Shapley
value and the discrete serial cost sharing method introduced by Moulin & Shenker
(1992) for discrete cost sharing problems (see Definition [22)). Second, we discuss a
potential application of the multi-choice Egalitarian Shapley values.

Fix N = {1,...,n} a set of n different goods produced in indivisible units.
Recall that a discrete cost sharing problem can be expressed by a couple (q,C),
where ¢ = (q1, ..., qn). Each ¢; € N represents the demand in good i, and C is a non
decreasing real-valued function on [, 5{0,1,..., ¢} such that C' (ﬁ) = 0. The total
cost to be shared is given by C(¢). As mentioned in Section[2.4.4] the class of discrete
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cost sharing problems is the class of monotonic multi-choice games G,,. Recall that
a method on G,, is a map ¢ that associates to each problem (q,C) € G,, a vector
9(q,C) € R" satisfying the budget balanced condition, i.e., Y.y gi(¢,C) = C(q). A
popular cost sharing method for cost sharing problems is the discrete serial cost
sharing method (see Definition introduced by Moulin & Shenker| (1992)).

We provide an alternative expression of the discrete serial cost sharing method
proposed by |Albizuri et al.| (2003). To that end, we define a specific TU-game.

Consider (¢,C) € C and j < m”. Define the TU-game (Q(j), w{*”) as

VE C Q(j),
W (E) = C(((j — 1) A g)ren + eE) - C<(U —A ‘-’k)’feN>'

The worth w§q’c)(E) can be interpreted as the additional costs generated when each
player in E increases its activity level (demand) from j — 1 to j while all the other
players play either the activity level j — 1 or their maximal feasible activity level if
they are unable to do so. |Albizuri et al.| (2003) show that the discrete serial cost
sharing admits the following expression

qi
Vie N, SCSi(q,C)=Y Sh, (Q(j), w§.‘1»C>>. (4.66)
j=1

Proposition 24. The multi-choice Shapley value is consistent with the discrete se-
rial cost sharing method proposed by Moulin & Shenker| (1992).

Proof. Observe that, for each i € N and each j < ¢;,

VE C Q(), w*(E)=w\""(B).

J

Therefore,

J

VieN,j<aq, Shi(N, w](.q’C)) — Sh, <N, w(qfei"”). (4.67)

Additionally, recall that, for each j < m”, the set of orders ©; over M/ can be
interpreted as the set of orders over the set of players in Q(j). An order over Q(j) is a
map 07 : Q(j) — {1,...,]1Q(j)|}. We denote by Q(j) the set of of orders over Q(5).
Consider an order HJJ-V € @j and h € {1,...,]|Q(j)|}. Recall that, for each B € 2V,
the vector eg € R4l is defined as (ep); = 1 if i € B and (eg); = 0 otherwise. We
denote by

(7 =D Agr)ren +e_on

the coalition in which each player in Q(j) ordered prior to step h with respect to
8§V , participates at its activity level j, whereas each player in Q(j) ordered after
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step h with respect to ¢9§V , participates at its activity level 7 — 1. Each player not
in Q(j) participates at its maximal activity level. Obviously, this coalition coincides
with s%" where 6; is the counterpart of Gj-v among the orders in ©;. We use the
convention

((J = 1) AN qr)ren + € oNo = (7 = 1) A qi)ren-

Consider an order Hj-v S @j. For each i € Q(j), we denote by

N

0! ,
i’ (q,C) :C(((] — 1) A qr)ren + €E9§V,0]N(i))
—C(((J = 1) Aqr)ren + eEé);.V,o;,V(i)—l)) (4.68)

the marginal contribution of player ¢ for its activity level j with respect to the order

0§V . By (.6), (4.7) and (4.68)), for each (¢,C) € C, the multi-choice Shapley value

can be re-written as

V(Z,]> € MJr’j? Spij(Q7 C) =

By definition of the Shapley value for TU-games (see Shapley (1953))), for each j <

m?,

vie Q) Shi( Nowi) :le)“ S i @0) =pulaC). (469)

oY eQ;

It follows that the multi-choice Shapley value is consistent with the discrete serial
cost sharing method since, for each i € NV,

ai
SCSi(q,C) — SCS;(q—e;,C) :Z Sh; <N, w§q,0)>
=1

gi—1
5 (¥ )
j=1
—Sh; (N, wé‘j’c)>
=Pig; <Qa C)?
where the second equality follows from (4.66) and (4.67)), and the third equality
follows from (|4.69)). |

To conclude this section, we discuss a potential application of the multi-choice
Egalitarian Shapley values. Consider a wage assignment problem in a firm as dis-
cussed in Abe & Nakada (2019). In a firm, each worker may receive a base salary in
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addition to a reward for its contribution to the firm. This wage assignment may be
more secure than an assignment without a base salary given the possibility that em-
ployees cannot contribute due to raising children, for instance. Such assignment can
obviously be viewed as a compromise between marginalism and egalitarianism. [Abe
& Nakadal (2019) point out that the wage may be affected by exogenous variables
independent of one’s contributions, such as seniority or educational background. A
way to address this problem is to model it with a multi-choice game and endow
each employee with a maximal activity level representing its seniority or education
background. In this case, if we assume that the assignment of an employee is equal
to the total payoff she receives by a multi-choice Egalitarian Shapley value, then the
base salary a worker receive corresponds to the egalitarian part of the value. Observe
that, the base salary of an employee will increase with respect to her seniority or
education. In addition, this increase depends on the parameter system used for the
computation of the value. For instance, one could select a parameter system that
operates a progressive compromise between marginalism and egalitarianism.

4.5 Conclusion

This chapter focuses on the principles pursued by GRDF and the doctrines that are
driving the solution concepts for cooperative games. Consequently, it disregards the
information provided by the distribution network.

We introduced: the multi-choice Shapley value and the multi-choice Equal di-
vision value. The two values satisfy Independence of higher activity levels, which
is a translation of the Independence of higher demands principle to the framework
of multi-choice games. We show that the combination of Independence of higher
activity levels and Efficiency implies Multi-efficiency, which is Core necessary con-
dition. Additionally, the multi-choice Equal division value is a solution in line with
the Uniformity principle.

Finally, we introduce the multi-choice Egalitarian Shapley values for multi-choice
games. These values are computed as the convex combination of the multi-choice
Shapley value and the multi-choice Equal division value.

Two axiomatic characterizations of the multi-choice Shapley value are provided.
Following the first characterization, we show that the multi-choice Shapley value
admits an expression in terms of Harsanyi dividends. Finally, one axiomatic char-
acterization of the Equal division value and one axiomatic characterization of the
Egalitarian Shapley values are provided.
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Chapter 5: Values for Multi-Choice
Games with a Priority Structure

5.1 Introduction

The two previous chapters deal with the principles pursued by GRDF and the in-
formation provided by the distribution network respectively. This chapter aims to
address both issues at the same time. Contrary to Chapter 3, a permission structure
is not extracted from the information provided by the distribution network. Instead,
we extract a priority structure, which naturally arises in the context of gas distribu-
tion. For instance, it seems reasonable to prioritize the supply of a hospital rather
than the supply of an amusement park. Additionally, contrary to Chapter 4, which
considers both the Uniformity principle and the Independence of higher demands
principle, this chapter only focuses on the latter.

In the framework of multi-choice games, the use of a priority structure on the
player set brings additional possibilities that would not have been possible in the
framework of TU-games. Similarly to Chapter 2, the set of activity levels is linearly
ordered. Consequently, it provides an intra-player information, whereas the priority
structure provides an inter-player information. Depending on the cooperative situ-
ation, these two pieces of information can be useful to define a relevant allocation
process. In this chapter, a lexicographic order defined over the set of player-activity
level pairs is defined. Consider any two player-activity level pairs (i,7) and (¢, j).
The two players ¢ and i’ are part of a priority structure. The activity levels of the
players are assumed to be the most significant criterion. If one of the two pairs has a
higher position than the second in the lexicographic order, then it features a higher
activity level than the second pair. If the two activity levels are equal, then the pair
featuring the player that has priority over the second player has a higher position
than the other pair in the lexicographic order.

In line with this lexicographic order, a generalization of the Priority value from
TU-games to multi-choice games is introduced: the multi-choice Priority value.
This value equally divides the net surplus of each coalition among the player(s) in
the coalition with the highest position in the lexicographic order. Such allocation
process especially makes sense when resources are scarce, and trade-offs have to be
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made among different criteria.

We provide two axiomatic characterizations of the multi-choice Priority value.
Both characterizations rely on known axioms for multi-choice games: Efficiency,
Additivity and Independence of higher activity levels. In addition, we use new axioms
that take into account the priority structure. The two characterizations differ in these
new axioms.

As our first main result, we show that the multi-choice Priority value is charac-
terized by the combination of Efficiency, Additivity, Independence of higher activity
levels and the next two axioms (see Theorem [25]). The first axiom is called: Priority
relation for the same maximal activity level. This axiom considers two players with
the same maximal activity level and comparable in terms of priority. This axiom
expresses the idea that the payoff possibilities of a player are blocked by any other
player with higher priority, even if they both have the same maximal activity level.
In terms of gas distribution, this axioms holds a nice interpretation: the supply pos-
sibilities in gas of a consumer are blocked if there is another consumer with the same
demand in gas and who has priority over it. For instance, the supply of a hospital
should be prioritized over the supply of an amusement park, even if both of them
have the same demand in gas. The second axiom is called: Balanced contributions
for the same prevailing group. This axiom relies on a fairness requirement for indis-
tinguishable players regarding both the priority structure and their maximal activity
level. It indicates that such players affect each other payoff in the same manner.

The second characterization of the multi-choice Priority value consists of a set
of axioms with similar interpretations than the axioms of the statement of Theorem
21 Tt invokes Independence of null pairs: removing a player’s maximal activity
level does not alter the payoffs of the remaining player’s activity level if this player
is unproductive in each coalition in which it plays its maximal activity level. Yet,
the multi-choice Priority value departs from the multi-choice Shapley value in one
important aspect. Contrary to the latter, it does not satisfy Equal treatment for
equal pairs: two players that contribute the same amount to each coalition in which
they play the same activity level should receive the same payoff for this activity level.
In the presence of priority relations, this axiom becomes very strong. Therefore, it
is replaced by two new axioms that take into account the priority structure. Both
axioms deal with decisive players. A player is decisive if each coalition in which it does
not play its maximal activity level generates a null worth. This notion generalizes
the notion of a veto player from TU-games to multi-choice games. In terms of
gas distribution, a decisive player can be viewed as a consumer without whom the
distribution network would never have existed. For instance, some consumers with
very large demand in gas can be held responsible for the creation of the distribution
network. Indeed, in some cases, a distribution network is created for the sole purpose
to supply a single consumer with an important demand in gas. Subsequently, this
allowed other (smaller) consumers to be connected to this distribution network. All
in all, the decisive gas consumers can be viewed as the necessary condition for a gas
distribution network to exist. Consider two decisive players with the same maximal
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activity level. The axiom of Priority relation for decisive players requires that the
payoff of the first decisive player is zero if the second decisive player has priority over
it. This axiom has a strong meaning in terms of gas distribution since it ensures
a null payoff to any decisive gas consumer as long as another consumer with the
same demand has priority over it. Second, the axiom of Decisive players with equal
prevailing group property deals with decisive players that are incomparable in terms
of both maximal activity level and priority. It requires that such players should be
treated equally for their maximal activity level. Therefore, this axiom is a relaxation
of Equal treatment for equal pairs. As our second main result, we show that the
multi-choice Priority value is the unique value that satisfies Efficiency, Additivity,
Independence of higher activity levels, Independence of null pairs, Priority relation
for decisive players and the Decisive players with equal prevailing group property
(see Theorem [26)).

Finally, we consider priority structures in which the set of players can be par-
titioned into several priority classes. Precisely, each class contains incomparable
players that have priority over each player in the next class. In such priority re-
lations structured by classes, we show that the multi-choice Priority value can be
interpreted as a sequential procedure involving specific TU-games. Consider a given
activity level that is played by at least one player and a priority class p. Consider all
players in this priority class which are able to play the required activity level. The
payoff obtained by these players correspond to their marginal contribution to the
coalition formed by all players over which this class has priority (and that are able
to play the required activity level). The final payoff of each player in this priority
class for the required activity level is the Shapley value applied to a TU-game on the
subset of players in the priority class p, which are able to play the required activity
level (Theorem [27)).

The rest of the chapter is organized as follows. Section introduces the axioms
and proceeds to the axiomatic study. Section discusses multi-choice games with
a priority relation structured by classes. Finally, Section concludes the chapter.

5.2 Axiomatic study

The class of multi-choice games with a priority structure is denoted by GS. There are
several ways to consider the influence of a priority structure on multi-choice games.
Here, this issue is approached through an axiomatic study. Denote by f a value on

gs.

Remark 7. If f satisfies Independence of higher activity levels, then for each
(m,v,>) € GS and each i,i' € N such that m; = my,

vj<mi) fij(mavai):fij(m_ei’uvvi)
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5.2.1 Balanced contributions

This section introduces axioms that compare players with the same maximal activity
level. Consider two players ¢ and i’ such that m; = m; and i > ¢/. This axiom states
that the payoff of i’s maximal activity level remains unchanged if player i’'s maximal
activity level decreases by one unit.

Axiom 51 (Priority relation for the same maximal activity level). For each
(m,v, =) € GS, and each i,i" € N such that m; = my and i’ > 1,

f’imi(m7v7 t) = fzml(m — €, , t)

To introduce the next axiom, a definition is needed. A player ¢ prevails on
another player ¢ if it has priority over ¢ and its maximal activity level m; is not
lower than m;. Take any (m,v,>) € GS. For each i € N, the set of players that
prevail on i is defined as

Li(m,v, =) =T 1iN {k e N\ {i}:my > mi}.

The next axiom is inspired by the well known Balanced contributions axiom
introduced by Myerson| (1980) for TU-games (see Axiom [12)). Originally, Balanced
contributions asserts that for any two players, the amount that each player gains or
loses by the other player’s withdrawal from the game should be equal. It expresses
a fairness requirement according to which two players affect each other payoff in
the same way. There are several generalizations of this axiom from TU-games to
multi-choice games that translate this fairness condition in case a player gets access
to (or looses) an additional activity level (see Theorem [15). However, because of
the exogenous asymmetries between players, it seems more reasonable that such
condition applies with respect to the priority structure. In particular, the next
axiom relies on the idea that two players affect each other payoff in the same manner
if they have the same maximal activity level and the same prevailing group.

Axiom 52 (Balanced contributions for the same prevailing group). For each
(m,v,>=) € GS, and each i,i" € N such that i # i', m; = my and L;(m,v,>) =
Li(m,v, =),

fimi(mava i) - fzmz<m — €y, 0, t) = fi/mi/ (ma v, i) - fi/mi/ (m — €, 0, t)

Proposition 25. There is at most one value on GS that satisfies Efficiency, Inde-
pendence of higher activity levels, Priority relation for the same mazimal activity
level and Balanced contributions for the same prevailing group.

Proof. Let f be a value on GS that satisfies all the axioms from the statement of

Proposition [25] Let us show that, for each (m,v,>) € GS, f(m,v,>) is uniquely
determined. We proceed by induction on the number of activity levels in a game
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given by ..\ m; for each (m,v) € GS.

Initialization: Take any (m,v,>=) € GS such that ) .. m; = 1. There exists a
unique ¢ € N such that m; = 1 and m; = 0 for each k # i. By Efficiency and by
definition of a payoff vector, each payoff vector verifies f;;(m,v,>) = v(m). This
shows that f(m,v,>) is uniquely determined.

Induction hypothesis: Assume that f(m,v,>) is uniquely determined for each
(m,v,>) € GS such that

ieN
Induction step: Take any (m,v,>) € GS such that

ieN
Let us show that f(m, v, >) is uniquely determined. Recall that the highest maximal
activity level in (m,v, =) is denoted by

m? = maxmy,
keN

and denote the set of players having access to m” by
Qim")y={ic N|m; =m"}.

By Independence of higher activity levels, for each player i € N \ Q(m’) and for
each 7 <my,

fis(m,v, =) = fiz((ma A jlren, v, =), (5.1)

Observe that there is less than W activity levels in (m — e;, v, >=). Therefore, by the
induction hypothesis, fi;((my A j)ken, v, =) is uniquely determined. Thus, by (5.1)),
fi;(m, v, =) is uniquely determined, for each i € N\ Q(m”) and for each j < m;.

Then, take any i € Q(m”). Assume that |Q(m”)| = 1. It follows that m;, < m;
for each k € N. Denote by M, = M*\ {(i,m;)} the set of pairs associated with
the game ((mg A (m; — 1))gen, v, =) = (m — e;,v,>=). By Independence of higher
activity levels,

v1€€N,j<mz fkj(m7vai):fkj<m_eiav7i)

— Z frilm —e;v, =) = Z fri(m, v, >). (5.2)

(k.j)eM*,, (k.j)eMZ,,
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By Efficiency and (/5.2]),

(k.j)eM™
= Z fri(m,v, =) =v(m —e;)
(kj)eM*,,
= fim;(m,v, =) = kajmv>
(k,j)eM~+
— Z fk] m, v, >—)
(k,9) €M+

This shows that fi,,, (m, v, =) is uniquely determined.

Now, assume that |Q(m”)| > 1. Consider the subposet (Q(m”),>=20"")) of
(NN, =) and the priority group 1,_q.r, k of a player k € Q(mT). Two separate cases
are considered.

Case 1. Take any k € Q(m") such that T_g..7) k # 0. Then, there is at least one
i € Q(mT) such that ¢ = k. By Priority relation for the same maximal activity level,

Jeme (M, v, =) = frm, (m —e;,0,2). (5.3)

Observe that there is a total of W activity levels in (m — e;,v,>=). By the induc-
tion hypothesis, fgm, (m — e;,v,>) is uniquely determined. Therefore, by (5.3,
frmy (M, v, >) is uniquely determined.

Case 2. Take any i € Q(m") such that T_g,.r) i = 0. Define

Qm") ={i€ Qm") | T _qur i =0}

the set of players with the highest maximal activity level and with an empty priority
group in (Q(m"),=). Denote by |Q(m”)| the number of players in Q(m"). By
definition, for each i € Q(m™), L;(m,v,=) = 0. If |Q(m™)| > 1, then by Balanced
contributions for the same prevailing group,

vi,i' € Q(m"),

Jim:(m, v, 2) = firm, (M, 0, 2) = fim,(m — €, 0, =) = fim, (m —ei,v,=). (5.4)

Observe that there is a total of W activity levels in (m —e;, v, =) and (m —e;, v, >).
The right hand-side of (5.4) is uniquely determined by the induction hypothesis.

Applying the same argument for each player in Q(m”) one generates (|Q(;n )|)
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equations of type (5.4). Moreover, by Efficiency

Z fiz(m,v,>) Zifij(m,v,t)

(4,5)EM T €N j=1
=v(m)

m;—1

:Z Z fij(maui)

iEN j=1

+ Z Jemy (M, v, =) + Z Jim,; (m, v, ).

kZQ(mT) ieQ(mT)

This can also be written as

m;—1
> Jimilmvm) =v(m) =3 3 fi(m, v, z)
i€Q(m™) N =1
Z Jemy (M, v, ) Z Jem,(m,v, =), (5.5)
kgQ(m™) keQ(m™)

kZQ(m™)
Let b denote the right-hand side of (5.5)). At this step, it has been shown that:
- fij(m,v,>) is uniquely determined for each j < m;;

- fim,, (m, v, =) is uniquely determined for each k ¢ Q(m");

- frm, (m, v, =) is uniquely determined for each k € Q(m”) and k ¢ @(mT).

Therefore, b is uniquely determined. From ([5.5) and (5.4), one generates the system
of (lQ(m |) + 1 equations with Q(m”) unknowns

Z fzml(ma v, i) == b,
i€Q(mT)
VZ.7/L./ S Nma flml (ma v, i) - fi’mi/<m7v7 i)
- fzml(m - e’i/7U7 i) - fi/mi/ (m - e’i7U7 i)

(4) =

Without loss of generality, relabel each player in Q(m™) by 4y, s, . . . gy~ BY
considering the sequence of players (iy, is, . .. ,i|@(mT)|), one obtains the subsystem of
|Q(mT)| equations with |Q(mT)| unknowns

Z fimi(mava t) = bv
i€Q(mT) -
VEk € {17 cee |Q(mT)‘ - 1}7
fikmik (m, U; t) - fik+1mik+1 (m7 U; i)

- f"kmzk (m - eik+17 v, t) - fik+1mik+1 (m - e’ik7 v, i)

(
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It is straightforward to verify that these |Q(m”)| equations are linearly indepen-
dent. Therefore, the subsystem of (A) admits a unique solution. We conclude that
the original system (A) admits at most one solution. This allows to conclude the
induction step. The proof of the theorem is completed.

[

In many economic decision problems, a decision maker has to choose an option
within a finite set of possible alternative. Often, these alternative are defined accord-
ing to a finite number of criteria (see Svenson (1979)). A popular decision making
process is to select the alternative according to a lexicographic order based on these
criteria (see Fishburn (1974))). Put simply, one classifies the criteria according to
their relative significance. Then, the alternative that performs the best on the first
criterion is selected. If more than one alternative is selected, then the second crite-
rion is used to tiebreak the alternative. This process continues until there is only
one alternative left, or no criterion left.

We introduce the multi-choice Priority value for multi-choice games with a
priority structure that follows a lexicographic allocation process. The activity levels
of the players are assumed to be the most significant criterion. The multi-choice
Priority value allocates the surplus of each coalition among a subset of players within
this coalition. These players are chosen according to a lexicographic decision process
that selects the players with the highest activity level in the coalition. In case more
than one player is selected, the process sorts the players according to their position
in the priority structure.

Precisely, we derive a lexicographic partial order (M™,>*) from the total order
on the set of activity levels (M;", >) of the players i € N and the priority structure
(N, ).

Definition 31. Given a multi-choice game with a priority structure (m,v, =) € GS,
define the lexicographic partial order =* on the set of pairs M as

V(i j), (') € M7,

(i,7) = (0", j) <= |[i>jTorlj=j andi=1i1|. (5.6)

We now have the material to define the multi-choice Priority value, I'. For each
s € M, the value assigns to a pair (¢,s;) € C(s) a share of the Harsanyi dividend
A, (s) if no other pair in C'(s) has a higher position in the lexicographic order induced
by the coalition.

Definition 32 (Multi-choice Priority value). For each (m,v,>) € GS, the multi-
choice Priority value I' is defined as

V(Z,j> < MJr, Fl-j(m,v, i) = Z AU—(S> (57)

J=Ssi
(1.7)€2(C(s),=")
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where for each s € M, Z(C(s),>="*) is the set of mazimal elements of the sub-poset
(C(s),=*), and C(s) is the set of pairs featuring players and their non-null activity

level in s (see (2.39)).

Whenever m = (1,...,1), this value coincides with the Priority value for TU-games
with a priority structure . Whenever the priority structure is a trivial poset
(N, =9), this value coincides with the multi-choice Shapley value .

The next theorem provides an axiomatic characterization of the value I' on the
class of multi-choice games with a priority structure.

Theorem 25. A value f on GS satisfies Efficiency, Independence of higher activity
levels, Priority relation for the same mazimal activity level and Balanced contribu-
tions for the same prevailing group if and only if f =T.

Proof. By Proposition 25, we know that there is at most one value that satisfies all
the axioms from the statement of Theorem 28 It remains to show that the value T’
satisfies these axioms.

Efficiency: Take any (m,v, =) € GS. By definition of I", the Harsanyi dividend of
a coalition s € M is equally allocated among the pairs in Z(C(s), =*). Therefore, it
holds that

A5
> Tymen) =3 3 e

(i.j)eM+ s=m (i,j)€Z(C(s),z*)

= Z Av(s)

s<m

= v(m).
This shows that the value I' satisfies Efficiency.

Independence of higher activity levels: Take any (m,v,>) € GS and any pair
(i,7) € M* such that j < m;. By definition of I", the payoft I';;(m, v, =) only depends
on the coalitions s € M verifying s, < j for each k € N. Thus, it is straightforward
to see that the value I' satisfies Independence of higher activity levels.

Priority relation for the same maximal activity level: Take any (m,v,>) €

GS, any s € M, and any two players i,7 € N such that m; = my and i’ > i. If
(i,m;) € Z(C(s), =*), then we necessarily have sy < my, i.e., s < m—e;. Therefore,
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it holds that

Ty (0,0, =) = 3 _Bu(s)

(i,m;)€Z(C(s),=")
=Tim,(m — ey, v, 7).

This shows that the value I' satisfies Priority relation for the same maximal activity
level.

Balanced contributions for the same prevailing group: Take any (m, v, =)
GS and any two players 7,7 € N such that m; = m; and L;(m,v, >=) = Ly(m, v, =
Observe that, for each s € M, if (i,m;), (i, my) € C(s), then

(i,m;) € Z(C(s),=") < (i',my) € Z(C(s),="). (5.8)
Let us compute the payoff of the pair (i, m;). By definition of T,

Ay(s)
Pimi (m7 v, t) = T 7797 N w =\
2 EeGLe)
(Z7ml)€Z(C(S)7t*)

B A,(s) A,(s)
= 2 Zowot X e

s<m s<m
(i;mi)€Z(C(s),=7) (i;mi)€Z(C(s),=7)
Si’<mi’ Syt =M/

By (£.9),
Pimi (m’ U, t) — Z AU—(S)

= 1Z(C(s), =)
(val)eZ_(C(S)vt*)
S <My
Ay(s)
_|_
2 1Z(C(s), =%)|

Moreover,

Cim((m—ex),v,2) = > _Buls)

I
N
Q|
E
MO
Y

s<m
(3,m;)€Z(C(s),=")

81 <ms
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The same reasoning holds for (i, m; ), from which one concludes that

Lo, (m, v, =) — Dim, (M — e),v,>) = Z Av()s)

s<m

(7:7mi))(i/’mi’)GZ(C(S)vt*)
= Lim, (m,v, =) = Lit, (M — ), v, =),

as desired. This concludes the proof of the theorem. [ |

The four axioms of the statement of Theorem are logically independent, as
shown by the following alternative solutions.

The value f given, for each (m,v) € G, by f(m,v) = 0 satisfies all the axioms
except Efficiency.

The value f given, for each (m,v) € G, by

Ay(s)
v<i7j)EM+7 fi'(mﬂ)’t): 7
: Zm Z(Ce). =1 Y s
5;>7>0 (kysk)EZ(C(s),=*)

(’i,si)EZ(C(S),t*)
satisfies all the axioms except Independence of higher activity levels.

The multi-choice Shapley value satisfies all the axioms except Priority relation
for the same maximal activity level.

Take any (m,v) € G and fix any arbitrary integer fx, € {1,2} for each (k,[) €
M™. The value f? given by

Vi) e M*, fimum) = Y G A(s),
s<m Z B
s (i'.4))€Z(C(s),=*)

(ivsi)GZ(C(s)vt*)

satisfies all the axioms except Balanced contributions for the same prevailing
group.

5.2.2 Decisive players and priority relations

This section provides a second characterization of the value I' for multi-choice games
with a priority structure. The next two axioms are generalizations of standard axioms
for multi-choice games to multi-choice games with a priority structure.

Axiom 53 (Null game). If (m,v,>) € GS is the null game, then

V(Z7J)GM+, fZ(mavat):O
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Axiom 54 (Independence of null pairs). For each (m,v, =) € GS and each null
pair (i,7) € MT,

V(i',5") € MTNA{(,ma)},  fup(m,v, =) = fug(m — e, v, 2).

By successive applications of Independence of null pairs and Efficiency one obtains
the following result.

Proposition 26. If a value f on GS satisfies Efficiency and Independence of null
pairs, then it satisfies the Null pair property.

The next two axioms relate to decisive players with the same maximal activity
level. A player ¢ € N is decisive if any coalition in which it does not play its
maximal activity level generates zero worth. Put differently, i € N is decisive if the
pair (i,m;) is a decisive pair. Let s € M be a coalition such that s; = j — 1. The
surplus v(s + e;) — v(s) refers to the marginal contribution of i for its activity level j
to the coalition s. It is straightforward to see that two decisive players i, such that
m; = my have the same marginal contributions to coalitions, i.e., for each s where
s; = sy = m;—1and s < my, k # 4,4, it holds that v(s+e;) = v(s+ey) = O.E] In this
case, the pairs (z,m;) and (7', m;) are equals. Equal treatment of equal pairs imposes
that equal pairs receive the same payoff. However, two decisive players may differ
according to their position in the priority structure. Priority relation for decisive
players aims to accommodate this difference. It requires that the payoff of a decisive
player is zero if the other decisive player has priority over it.

Axiom 55 (Priority relation for decisive players). For each
(m,v, =) €GS, for each i,i' € N decisive players such that my = m; and 7' > 1,

fimi(m7v7 i) - O

Whenever two decisive players are indistinguishable in terms of both maximal
activity levels and priority, there is no reason to treat them differently. The next ax-
iom relies on this idea and weakens the Equal treatment of equal pairs by considering
decisive players with the same prevailing group and maximal activity level.

Axiom 56 (Decisive players with equal prevailing group property). For each
(m,v, =) € GS, for each pair of decisive players i,i'" € N such that m; = my and
Li(m,v, =) = Ly(m,v, =),

fimi(m> v, i) = fimi/ <m7 v, t)

Interestingly, the combination of Priority relation for the same maximal activity
level and Null game implies Priority relation for decisive players. Moreover, the
combination of Balanced contributions for the same prevailing group and Null game
implies the Decisive players with equal prevailing group property.

IThis observation can be extended by considering two decisive players with different maximal
activity levels.
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Proposition 27. On GS, the two following properties hold:

a. Priority relation for the same maximal activity level and Null game imply Pri-
ority relation for decisive players;

b. Balanced contributions for the same prevailing group and Null game imply the
Decisive players with equal prevailing group property.

Proof. We prove both points of the proposition separately.

Point a: Let f be a value on GS that satisfies Priority relation for the same maximal
activity level and Null game. Take any (m, v, >=) € GS and any decisive player i’ € N.
By Priority relation for the same maximal activity level, for each decisive player i € N
such that my = m; and i’ = 1,

f’imi(mava t) = fzmb(m — €, 0, t)

Since (i',my) is decisive in (m,v, =), the sub-game (m — ey, v, =) is a null game.
Therefore, by Null game,

fimi(m>va i) = fzml(m — €, 0, i) = 0.

This shows that f satisfies Priority relation for decisive players.

Point b: Let f be a value on GS that satisfies Balanced contributions for the same
prevailing group and Null game. Take any (m,v,>=) € GS and any two decisive
players 7,7 € N such that m; = my and L;(m,v,>) = Ly(m,v,>). By Balanced
contributions for the same prevailing group,

Jim: (M, v, 2) = fim,(m — ey, v,2) = fim, (M, v,2) = fim,(m —e;,v,=).

Since (i,m;) and (i',my) are decisive in (m,v, =), it holds that (m — ey, v, =) and
(m — e;,v, =) are null games. By Null game,

fzmz(m — €y, 7, t) = fi/mi/ (m — €, i) = 0.
Thus, we conclude that
fimi(ma v, i) = fi’mi/(ma v, i)

This shows that f satisfies the Decisive players with equal prevailing group property.
|

The next result provides a second axiomatic characterization of I' on the class of
multi-choice games with a priority structure.
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Theorem 26. A wvalue f on GS satisfies Efficiency, Additivity, Independence of
higher activity levels, Independence of null pairs, Priority relation for decisive players
and the Decisive players with equal prevailing group property if and only if f =T.

Proof. By Theorem [25, we know that the value I' satisfies Efficiency and Indepen-
dence of higher activity levels. Since I' is a weighted sum of the Harsanyi dividend,
it satisfies Additivity. Observe that, for each null pair (i,j) € Mt and each s € M
such that s; > 7, it holds that A,(s) = 0. From this observation, it follows that I"
satisfies Independence of null pairs. Since Additivity implies Null game, by Proposi-
tion [27], T satisfies Priority relation for decisive players and the Decisive players with
equal prevailing group property.

It remains to show the uniqueness of the value. Let f be a value on GS that
satisfies all the axioms from the statement of Theorem Let us show that f is
uniquely determined. Take any (m,v,>) € GS. By Additivity, it is enough to show
that, for each t € M, f(m,A,(t)us, =) is uniquely determined. Take any t € M,
recall that the highest activity level in t is denoted by 7.

Each pair (i,j) € M* such that j > t;, is a null pair in (m, A,(t)uy, =). Since f
satisfies Efficiency and Independence of null pairs, by Proposition [26] it satisfies the
Null pair property. Therefore, for each (i, 5) € M+ such that j > t;, fi;(m, A, (t)us, =
) = 0. By successive applications of Independence of null pairs, for each (i,7) € M+
such that 7 <t;, we obtain

fij(m7 Afu(t)uh i) = fij(tv Av(t)uta i)

Take any pair (i, ) € MT such that j < tI. By Independence of higher activity
levels,

Ji(t Ao()ur, =) = fig (e A J)rens Do (t)ur, =)

Then, by definition of a minimal effort game (see Definition [2.31)) and by the fact
that Additivity implies Null game,

Jij (e A J)ren, Do (t)ug, =) =0
= [ij(t; Ap(t)ug, =).

Observe that any i € Q(t7) is a decisive player in the game (, A, (t)us, =).
Take any pair (i,j) € M™T such that j = t; = t7, ie., i € Q(tT). Two cases are
distinguished. First if L;(t, A,(t)ug, =) # 0. Since i’s maximal activity level in
(t, Ay()ug, =) is t1, 7' € Li(t, Ay (t)us, =) implies ¢/ = ¢ and ty = tT. Thus, there
exists another player i’ € Q(t7) such that i’ = i. By Priority relation for decisive
players,

fij(t7 Av(t)uh E) — 0
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Now suppose that L;(t, A,(t)u,, =) = (. Consider the set of pairs
M,y ={0G.j)e M |ie€ Q") Li(t, Ay(t)us, =) = 0}.

At this step, we know that f;;(m, A,(t)us, =) = 0 for each (i,5) € M\ M L(t If
|M (t)| 1, then fij(m, Ay(wy), =), for (i,j) € M+( »» 1s uniquely determined by
Efficiency. If |M L(t )| > 1, then by Efficiency,

S fam A=) = > fii(t Ay(thug, =) = Ay(t). (5.9)

(i.)eM+ (Z])EML(t)

By the Decisive players with equal prevailing group property,
V(i,j), (i,uj/) € MZ(t)? fl]( ( )uta —) fZJ (t A ( )uta —) =, (5'10)

for some ¢ € R. From (5.10) and (5.9), f;;(m, A, (t)us, =) is uniquely determined for
each (i,7) € M} + Add1t1V1ty allows to conclude the proof.
[

The six axioms of the statement of Theorem are logically independent, as
shown by the following alternative solutions.

- The value f given, for each (m,v) € G, by f(m,v) = 0 satisfies all the axioms
except Efficiency.

- The value f given, for each (m,v) € G, by
V(i,j) € M7,

(m v _ Av(s)
Futms ) z:: ZC(s) =9 Y s

()2 =) (h,51)€ 2(C(s) =)

satisfies all the axioms except Independence of higher activity levels.

- The value f given, for each (m,v) € G, by

(i, j) € M,
Ofia- 2 1
fij(m,v?t): Z (U( j)) + 2 Av(s)v
o< > (0 41
(i,j)ezs%gj(s),t*) (k.j)EZ(C(s),=*)

satisfies all the axioms except Additivity.
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- Take any (m,v) € G. For the sake of presentation, we use the notation
vi<m®, ZC(j)=Z(C((j Amp)ren), =").

The value f given by

fij(m, v, z)
o((J Amggen) —o(((G — 1) Amplren) ... . .
_ 1ZC(5)] if (i,7) € ZC(j),
0 otherwise,

satisfies all the axioms except Independence of null pairs. Indeed, this value
allocates to each pair (i,7) € ZC(j) an equal share of the difference between
the worth of (j A my)ren and ((j — 1) A my)ken. Take any pair (4, j) € ZC(j)
and assume that it is a null pair. If player ¢ reduces its maximal activity level to
j—1, this may impact the payoff of the other pairs in ZC'(5), which contradicts
Independence of null pairs.

- The multi-choice Shapley value satisfies all the axioms except Priority relation
for decisive players.

- Take any (m,v) € G and fix any arbitrary integer fi; € {1,2} for each (k,!) €
M*. The value f? given by

V(i) € M, fimu,m) = ) Bi Ay (s),
s<m Z ﬁi’j’
) (i",3")€Z(C(s),=*)

(i»si)EZ(C(s)at*)

satisfies all the axioms except the Decisive players with equal prevailing group
property.

5.3 Priority relations structured by classes

This section presents situations in which the set of players can be partitioned into
several priority classes (Ny ..., N,). Each priority class contains incomparable play-
ers that have priority over each player in the next class. Such priority structures
generalize the linear priority structures. Formally,

Vi,i' € N, [i>1i] < [i € N,,i' € Ny = p<Yp].

The set of players over which player ¢ € IV, has priority is

\L>.Z': U Np/.

p'>p

In the following, N>, stands for Up,>p Ny.
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Example 13. Let N = {1,2,3,4,5,6,7,8} be the set of players and consider (N, )
a priority structured by classes. Suppose that the set of players is partitioned into
three cells: Ny = {4,5,6}, No = {2,3} and N3 = {1,7,8}. Each player in Ny has
priority over players in No U N3, and each player in No has priority over players in
Ns. Figure 2 represents the Hasse diagram of the poset (N, ).

Figure 2: Hasse diagram of (N, =) structured by classes.

5.3.1 The multi-choice Priority value as a sequential alloca-
tion process

Consider the class of multi-choice games with priority relations structured by classes.
We define a sequential allocation process denoted by f. First consider an activity
level j < max;cny m; and the set of players that are able to play this activity level, i.e.,
the set (j). Then, consider the priority class p € {1,..., ¢}, and players in N,, that
are able to play j, i.e., the subset of players N, N Q(j). Finally, one assigns to each
pair (i,7) € M™ such that i € N,, the Shapley value obtained by 7 in a TU-game on
N, NQ(7). This sequential allocation process is detailed by the following procedure.
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Allocation process for multi-choice games with a priority relation struc-
tured by classes

1: for j =1 to max;cy m; do

2:
3: fort=1toqgdo
4: p=q—t+1
5: if N,NQ(j) # 0 then
6:
VE C N,n Q).
wt(B) =o(((G = 1) Amidsen + emor. )
- U(((j — 1) Amy)ren + €N>pﬂQ(j)> (5.11)
Vie NyNQ(J),
fij(m7v> t) = Shi(Np N Q(])>wgp)
7 else
8:
9: end if
10: end for
11: end for

Line 1 highlights that the procedure applies from the smallest activity level j = 1
to the highest activity level in the multi-choice game. Similarly, line 3 emphasizes
that for each level of activity, the procedure applies from the last priority class N,
to the first priority class N;. Line 6 defines the TU-game (N, N Q(j),w}), whose
interpretation is the following. Assume that all players in N, NQ(j) play the activity
level 7. These players obtain their marginal contribution to the coalition in which
all players in N>, N Q(7) play j, while all other players play j — 1 (or their maximal
activity level). To determine how this contribution is allocated, one defines the TU-
game (N,NQ(j),w?) as in (5.11)). For each coalition £ € N,NQ(j), the worth wf(E)
corresponds to the surplus generated (in the game (m, v, >)) when each player in E
increases its activity level from j — 1 to 7. For an illustration of the procedure, see

Example [14] below.

Remark 8. Observe that, for each priority class p € {1,...,q} the TU-game (N, N
Q(j),w}), as defined in (5.11), is the sub-game of the TU-game (Q(j),w;) where

VE CQU),  wi(B) =v((G—1) Amisen +ex) —v((G= D Amiien ). (5.12)

One can interpret w;(E) as follows. Suppose that each player outside coalition E
plays its activity level j—1 or its mazimal activity level (if it is unable to play j—1).
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Then, the worth w;(E) corresponds to the surplus generated (in the game (m,v,>))

when each player in E increases its activity level from j — 1 to j.E|
Let E C Q(j), by definition of the Harsanyi dividends given by (12.32)),

w;(B) = > Aty = > A,
t<((G—DAmy)ken+er t<((G—DAmp)ken
that is
VE CQ(j), wy(E)= > A (1)

t<((F—1)Amp)ren+er
tL((G—DAMmE)ken

(5.13)

It should be observed that this sum takes in arguments each coalition t < ((j — 1) A
my)ken + €k in which at least one player in E plays activity level j. This observation

will be useful to prove the next results.

Example 14. To illustrate the allocation process, consider (m,v, =) € GS such that
(N, =) is the priority structured by classes given in Example . Letmy; =1, my =
me = mg = 2, m3 = my = ms = mg = 3. It holds that Q(1) = N, Q(2) = N\ {7}
and Q(3) = {3,4,5,8}. Apply the sequential procedure to determine the payoffs of

the pairs in M.

1. Consider the activity level j = 1, and the subset of players Q(1) = N.

1.1. Consider the priority class p = 3 and players in N3N Q(1) = {1,7,8} = Ns.
All players in this subset cooperate at activity level j = 1. The contribution
v(en,) — v(0) is allocated among all players in N3 according to the TU-game

(N3, w?) defined as,

VE C N3, w}(E)=uv(eg).

Then, assign Shi(Ns,w?) to each player in i € N3, which corresponds to their

payoff for their activity level j = 1.

1.2. Consider the priority class p = 2 and players in No N Q(1) = {3,2} = Ns.

Define the TU-game (No,w?) as

VE C Ny, wi(E)=v(er+en,)—vien,).

Then, assign Sh;(No,w?) to each player i € No, which corresponds to their

payoff for their activity level j = 1.

20mne can also find a similar construction of TU-games in the context of cost sharing problems

(for instance, see [Albizuri et al.| (2003)).
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1.8. The procedure is applied similarly. Thus, one defines the TU-game (Ny,wl) as
VE C Ny, wi(E)=v(er+enuns) — v(enuny)-

Then, each playeri € Ny receives Sh;(Ny,wi) which corresponds to their payoff
for their activity level j = 1.

The total worth allocated to players in Q(1) is

U(el\h + 6N2UN3) + U(eNQUN3) + U(eNg) - U(6N2WN3) - U(€N3) = U(la Tt 1)'
2. Consider the activity level j = 2 and the subset of players Q(2).

2.1. Consider the priority class p = 3 and players in N3 N Q(2). Then, define the
TU-game (N3 N Q(2),w3) as

VE €2 NQ(2), wi(E)=v((1,...,1)+ep)—v((1,...,1)).
Then, assigns Sh;(N3 N Q(2),w?}) to each player i € N3 N Q(2).
The next steps are applied similarly. [

We now show that the multi-choice Priority value applied to a multi-choice game
with a priority structure organized by classes coincides with the Shapley value of a
certain TU-game. First, we need an intermediary result.

The following proposition establishes that the Harsanyi dividend of a coalition
E C Q(j) of the intermediary TU-game (Q(j), w;), defined as (5.12)), has a relevant
expression in terms of the Harsanyi dividends of multi-choice coalitions (of the multi-
choice game (m, v, =)). Specifically, the Harsanyi dividend of a coalition £ C Q(j)
is the sum of the Harsanyi dividend of the multi-choice coalitions ¢ such that for each
i€ E t; <(j—1)Am; and for each i € E, t; = j.

Proposition 28. For each TU-game (Q(j),w;) as defined by (5.12), it holds that
VE C Q). Au(E)= > A, (t).
t<((F—1)Amg)ken+ep:

ViEE,tiZJ

Proof. Let (Q(j),w;) be the TU-game derived from (m,v,>) € GS and the activ-
ity level 7 < max;eny m;. The proof proceeds by induction on the size of coalitions

E C Q(j).

Initialization: Take any coalition E C Q(j) such that |E| = 1. Let say that
E = {i} C Q(j). By definition of the Harsanyi dividend of a TU-game,

Ay, ({i}) = w;({i})
— Z A, ().

t<((G—DAmy) ken+ei
tL((G—1)Am)ken
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where the first equality comes from the definition of the Harsanyi dividend in TU-
games and the definition of w;; and the second equality comes from . Observe
that the set of coalitions t < ((j — 1) A my)ren +¢€; and t £ ((j — 1) A my)ren is
equal to the set of coalitions ¢t < ((j — 1) A my)ken + €; such that ¢; = j. Therefore,
we obtain

A= S AW,

t<((F—1)Amg)ken+e;
ti=J

the desired result.

Induction hypothesis: Assume that for each E C Q(j) such that |E| = r with
L<r <[QU)I;

ij <E) = Z Av(t>

t<((G—DAmg)ven+er:
VieE:t;=j

Induction step: Take any coalition E C Q(j) such that |E| = r + 1. By definition
of the Harsanyi dividend, it holds that

Ay, (E) = wi(E) = > A, (T).

TCE

Observe that, for each T' C E, it holds that || < r. By (5.13) and the induction
hypothesis, it follows that

Ay, (E) = > NOEDS > Ay(t). (5.14)
tS((j—l)/\mk)keN-i-eE TCFE tg((j—l)/\mk)ke]\r-l-eq"
tZ((G—1)AmE)ken VieT:ti=j

Note that, each coalition ¢t < ((j — 1) Amg)ken +ep and ¢ £ ((7 — 1) A my)gen is
such that

- for each player i € N\ E, t; < (7 — 1) Amy,
- for some players in F, t; = j.

Consider a coalition t < ((j — 1) Amg)ren + ep and t £ ((7 — 1) A mg)gen. Denote
by T C FE, the subset of players such that t; = 5. Summing over all coalitions ¢ of
this form, one obtains

3 Y Aam= Y A

TCE t<((j—1)Amy)renter t<((I—)Ami)kenter
VieT:t;=j tL((F—1)Ami)keN
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From this observation, (5.14]) now becomes

ij (E) = Z Z Av(t) - Z Z Av<t)

TCE t<((j—1)Amg)kenter TCE t<((j—1)Amg)kenter
VieT:t;=j VieT:t;=j

— > Ay(t).

t<((j—1)Amy)ken+er
VieE:t;=j

This concludes the induction step and completes the proof. [

The main result of this section establishes that, on the class of multi-choice games
with a priority structure organized by classes, the multi-choice Priority value assigns
to each pair (i,j) € M a payoff resulting from the above sequential procedure: the
payoff assigned to an activity level j of the player ¢ € N, coincides with the Shapley
value obtained by 7 in the TU-game (N, N Q(j), w}).

Theorem 27. For each (m,v,>=) € GS, where (N,>) is a priority structured by

the classes (Ny,...,N,), for each priority class p € {1,...,q}, and for each pair
(i,7) € M+ where i € (N, NQ(j)), it holds that

Fij(ma U, t) = Shz((Np N Q(])): w§)7
where the TU-game (N, N Q(j),w?) is defined as (5.11)).

J

Proof. Take any multi-choice game with priority structure (m,v,>=) € Gp, where
(N, >) is structured by the classes (Ny,...,N,). Take any class p, any activity
level j < max;ey m; and consider the TU-game (N, N Q(j),w”?) given by .
Adapting an intermediary result provided by [Béal et al. (2021&)421 one can show that
the Harsanyi dividends of the TU-game (N, N Q(j),w?) are given by

VECN,NQ(), Ap(E)= > A, (TUE).

J
TCN>pNQ(H)

From, Proposition 28] one can write

VECN,NQU), Ap(B)= 3 S A (1)
TCN>pNQ(H) t<((—D)AMg)keNteruT
Vie BUT:t;=j

Next, take any priority class p € {1,...,q} and any pair (i,j) € M7 such that
i € N,. The payoff of the pair (¢, j) through the value I is

Av(*s)
Lyi(m, v, 5) = __Suls)
j 2 7,
(1)e2(C(s) =)

3The reader is referred to the proof of Theorem 3 in Béal et al.| (2021a).
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Observe that, if apair (7/,7’) € C(s) is such that either ¢/ # i and j' > j or ¢/ =i
and j' > j, then we necessarily have (i,7) ¢ Z(C(s),>=*). From this observation,
I';;(m,v,>) can be written as

Ty(m, v, =) = Z AU—()S)

s<(jAMmE)ken

8i=]
(4,5)€2(C(s),=")

_ A,(s)
Z A =)
=7

(14)eZ(C(s) =)

Because i € N, for each coalition s < ((j — 1) A mg)ren + eg(;) such that (i,7) €
Z(C(s),="*), it holds that

_S’L:j

VE e N\ Q(j): sk < my < J;

Vk € Ny N Q(j), where p’ > p: 55, < j;

Vk € (N, UN>p) NQ>): sk < J.

These four points imply that the payoff of the pair (,7) is obtained by summing
the Harsanyi dividends of (m,v,>) over the multi-choice coalitions s < ((j — 1) A
M) keN + €(N,UN-,)NQ() such that s; = j. Moreover, by summing over such multi-
choice coalitions, one considers all sub-coalitions of players 7' C (N, U N-,) N Q(j)
containing player ¢. Thus, we obtain

A, (s)
Lij(m, v, =)= ) 2. 2 [Z(C(s), =)

ECNpNQ(j) TCN>pNQ(j) s<((I—1)Amg)ren+epur
i€l VEEEUT : sp=j

It should be observed that |Z(C(s),=*)| does not depend on the coalitions 7" C
N-, N Q(j). More precisely, it can be shown that, for each coalition s < ((j — 1) A
my)ken + egpur such that Vk € EUT where s, = j, one have |Z(C(s),=*)| = | E|.
Therefore, it holds that

Lij(m,v, =) = Z ﬁ Z Z Ay(s)

ECNpNQ(j) TCN>pNQ(F) s<(G—1)Amp)ren+epur
i€R VEeEUT : sp=j

. ﬁAwp(E)

j
ECN,NQ(j)
i€R

= Shi((N, N Q(4)), wy),
where the second equality comes from ([5.15), and the third equality comes from

the definition of the Shapley value for TU-games. This completes the proof of the
theorem. [
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5.4 Conclusion

This chapter provides an axiomatic study on the class of multi-choice games with
a priority structure. A new value for this class is introduced and characterized:
the multi-choice Priority value. This value takes advantage of a lexicographic partial
order resulting from a specific combination of the ordered sets of activity levels of the
players with the priority structure. The axiomatic approach allows to endogenously
determine the partial lexicographic order on the set of pairs (composed of players
and their activity levels). It can be pointed out that many other combinations are
possible. In particular, several relaxations/alternative forms of the axioms would
lead to different combinations, and thus, to different values.

This chapters takes advantage of the information provided by the distribution
network by extracting a priority structure from it. Moreover, this chapter has con-
sideration for the principles pursued by GRDF since the multi-choice Priority value
is in line with the Independence of higher demands principle. However, this chapter
fails at considering the Uniformity principle.
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Chapter 6: Sharing the Cost of a
gas Distribution Network

6.1 Introduction

To convey out its task properly, a gas distribution network operator is confronted
with various operation costs, some of which are not directly assignable to a given
consumer. Usually, a network operator recovers these costs by sharing them among
the consumers. A cost sharing is relevant if it meets the principles selected and the
objective pursued by the network operator.

In our case, the main principles pursued by GRDF are the Independence of
higher demands principle and the Uniformity principle. In this chapter, we consider
these two principles along with a third one that makes sense in the context of gas
distribution. Moreover, we take the distribution network into account in the model
and in the cost sharing rules developed in this chapter.

The gas distribution network is represented by a finite set N C N of n consumers
and a rooted tree graph D. The nodes of the graph represent the consumers, the
root represents the source in gas and the arcs of the graph represent the pipelines
making up the network. An integer in N refers to both a consumer and the pipeline
having this consumer at its tail since each node has at most one direct predecessor
in a rooted tree graph.

Each consumer ¢ € N has an effective demand ¢; < K, where K € N is an
upper bound for effective demands. This effective demand corresponds to the highest
daily volume that this consumer expects to achieve in a year. For instance, the effec-
tive demand of a regular household is often determined by its consumption during
winter. The effective demand is communicated to the operator in advance in order
to design the network accordingly. The profile of all effective demands is given by
q = (q1,--.,q,). Without loss of generality, for each i € N, assume that ¢, > ¢;.
Each consumer i € N is endowed with a discrete set {0,1,...,¢;} that describes
its effective demand ¢; and each of the demands smaller than ¢;. This set can be
interpreted as the set of all demands available to 7, since 7 is not required to demand
¢; all year round.
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The network operator must be able to satisfy any effective demand at any time.
Therefore, we assume that each pipeline is designed to satisfy the highest effective
demand of the consumers located at the tail and downstream of that pipeline (its
highest downstream demand for short). Formally, a pipeline with consumer ¢
located at its tail is designed to meet its highest downstream demand denoted by g;,
and is given by

q;, = max qk-

ke {i} U {downstream consumers of i}

There are alternative to this approach to pipeline design that we will not consider for
our study. Each of these approaches, including this one, has its advantages and its
drawbacks. We will discuss these alternative approaches at the end of the chapter.

A non-decreasing cost function C': N x {0,...,¢,} — R, computes the cost of
any pipeline of any capacity. From this function, the total cost of operating the
network is computed as the sum of the costs of all pipelines, assuming that each
pipeline is designed to meet its highest downstream demand.

The problem is then to determine a relevant rule to share the total cost among the
consumers. This problem is called the cost sharing problem of gas distribution (the
gas distribution problem for short) and is denoted by (N, q,C, D). A cost sharing
rule is a map f that associates to each gas distribution problem (N, ¢, C, D) a profile

F(N,q,C, D) € RZ=V .

This profile specifies a positive cost share f;;(N, ¢, C, D) to each demand j € {1,..., ¢}
of each consumer i. This allows us to have a detailed overview of how much a con-
sumer must pay to increase its demand by one unit or more. A cost sharing rule is
particularly useful if the operator wants to derive a rate schedule from it.

Subsequently, a consumer ¢ € N with an effective demand ¢; is charged with the
total cost share

Z fij(N,q,C, D)

Obviously, a consumer’s total cost share is non-decreasing in its effective demand.
This property relates to the axiom of (demand) monotonicity discussed in Moulin &
Shenker]| (1992)) and Moulin| (1995). A cost sharing rule satisfies the budget balanced
condition, meaning that it recovers the total cost of operating the network.

We adopt a normative approach to determine relevant rules. Three principles
are considered: the Independence of higher demands principle, the Uniformity prin-
ciple and the Connection principle. The first two principles have been extensively
discussed in the previous chapters. In particular, we saw that the Uniformity prin-
ciple can be seen as a form of egalitarianism. The Connection principle has been
mentioned in the introduction of the thesis (see Section [1.8.5]). Below we provide
additional details.
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Consider a gas distribution network in which all the consumers, except one, have
a null demand in gas. To supply this consumer with gas, all the pipelines connecting
this consumer to the source must be involved. In other words, this consumer depends
on a number of pipelines in addition to the one to which it is the tail. It should be
reasonable to charge this consumer for the costs of operating these pipelines. In a
more general way, a consumer should pay for the portion of the network it uses.
This idea is the Connection principle. This principle is in the same spirit than the
upstream responsibility principle that comes from the unlimited territorial integrity
theory for polluted river problems. In short, the upstream responsibility principle
states that agents, located on a polluted river network, should pay for the cost of
cleaning the portion of the river that connect them to the source (see [Dong et al.
(2012) for details).

We define three cost sharing rules on the basis of these principles. Recall that
a cost sharing rule charges a cost share to each demand of each consumer. To
clearly present our cost sharing rules, assume that a pipeline is built, step by step,
by increasing its capacity to satisfy a demand from 0 up to its highest downstream
demand. At each step, an incremental cost is generated. This allows us to understand
how each incremental cost is shared among the demands of the consumers depending
on the cost sharing rule.

The first cost sharing rule is called the Connection rule and is computed as
follows. Consider any pipeline. Assume that each consumer located downstream
of this pipeline has an effective demand of at most 1 unit. Then, this pipeline is
designed to meet a demand of 1 unit. The Connection rule shares the cost of this
pipeline equally among the first unit of demand of all downstream consumers. Next,
assume that each consumer located downstream of this pipeline now has an effective
demand of at most 2 units. Then, upgrade this pipeline in order to meet a demand
of 2. This upgrade generates a positive incremental cost. The Connection rule shares
this incremental cost equally among the second unit of demand of all downstream
consumers whose demand is at least 2 units. This procedure continues until the
demand for which this pipeline is designed, i.e., its higher downstream demand is
reached and is applied to each pipeline. Obviously, this cost sharing rule recovers the
total cost of the network and respects the Connection principle. It should be pointed
out that the Connection rule also respects the Independence of higher demands
principle. Indeed, a consumer will never have to pay for upgrades with the purpose
of meeting demands higher than its own effective demand. This cost sharing rule
shares some similarities with the Downstream equal sharing solution, introduced by
Dong et al.|(2012)) for polluted river problems. However, contrary to the Downstream
equal sharing solution, the Connection rule takes into account the demands of the
consumers.

The second cost sharing rule is called the Uniform rule and is computed in a
similar manner to the Connection rule. Consider any pipeline. Assume that this
pipeline is designed to meet a demand of 1 unit. The Uniform rule shares the cost of
this pipeline equally among the first unit of demand of all the consumers regardless of

201



their position on the network. Then, assume that this pipeline is upgraded to meet a
demand of 2 units. This upgrade generates a positive incremental cost. The Uniform
rule shares this incremental cost equally among the second unit of demand of all the
consumers whose demand is at least 2 units. This procedure continues until the
demand for which this pipeline is designed (i.e., its higher downstream demand) is
reached and is applied to each pipeline. Obviously, this cost sharing rule recovers the
total cost of the network and respects the uniform principle and the Independence
of higher demands principle.

In the same way that we reach a compromise between marginalism and egalitari-
anism in Chapter 4, we try to reach a compromise between the Connection principle
and the Uniformity principle through a new family of cost sharing rules. Each cost
sharing rule in this family achieves a compromise by means of convex combinations
between the Connection rule and the Uniform rule. These cost sharing rules are
called the Mixed rules and are computed in a similar manner to the two other cost
sharing rules. Consider any pipeline. Assume that this pipeline is designed to meet
a demand of 1 unit. The Mixed rule charges to the first unit of demand of each
consumer a share of the cost of this pipeline. This share is computed as a convex
combination between the share that would have been allocated by the Connection
rule and the share that would have been allocated by the Uniform rule. In other
words, the amount charged to the consumers for their first unit of demand results
from a compromise between the Connection principle and the uniform principle.
Then, assume that this pipeline is upgraded in order to meet a demand of 2 units.
The incremental cost generated when this pipeline is upgraded is shared among the
second unit of demand of all the consumers whose demand is at least 2 units. This
share is computed as a convex combination (possibly different from the first combi-
nation) between the share that would have been allocated by the Connection rule
and the share that would have been allocated by the Uniform rule. In other words,
the amount charged to the consumers for their second unit of demand results from
a compromise between the Connection principle and the Uniformity principle. This
second compromise being potentially different from the first compromise. This pro-
cedure continues until the demand for which this pipeline is designed (i.e., its higher
downstream demand) is reached and is applied to each pipeline. The Mixed rules
allow for different compromises depending on the level of demand. For instance, it is
possible to operate a compromise in favor of the Uniformity principle for the demand
1, in which case, each consumer will be charged an amount relatively similar to other
consumers for their first demand. Meanwhile, it is possible to operate a compromise
in favor of the Connection principle for the demand 2, in which case, each consumer
with a demand of at least 2 will be charged an amount that greatly depends on its
position on the network for its second demand.

We axiomatically characterize these three cost sharing rules. To do so, we for-
malize the three principles into axioms for cost sharing rules. Moreover, we provide
additional axioms that do not necessarily fit into the idea of the three principles but
can still be viewed as desirable properties for cost sharing rules. We formally detail
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all the axioms in Section [6.3

Finally, we establish a link between the cost sharing rules introduced in this chap-
ter and the values for multi-choice games introduced in Chapter 4. From any gas dis-
tribution problem (N, ¢, C, D), one can derive the gas distribution game (N, ¢, v%P).
In this game, the player set represents the set of consumers, and the activity levels
represent the demands of the consumers. The worth of a coalition s corresponds to
the cost of the gas distribution network (N, s, C, D) designed to meet the demands
of the coalition s. We show that the Connection rule of a gas distribution problem
corresponds to the multi-choice Shapley value of the corresponding gas distribution
game. Similarly, we show that the Uniform rule corresponds to the multi-choice Equal
division value and the Mixed rules to the multi-choice Egalitarian Shapley values.
Moreover, we show that, for each gas distribution problem, the multi-choice Shapley
value of the corresponding gas distribution game is in the Core of the gas distribution
game. A related study by van den Brink et al. (2018) considers a polluted river prob-
lem and derives a special TU-game with a permission structure from the problem.
In particular, the authors show that the permission value (see Section of this
special TU-game coincides with the Downstream equal sharing solution applied to
the original polluted river problem. Additionally, several other papers address the
cooperative aspect of gas-related problems. For instance, Massol & Tchung-Ming
(2010) consider cooperation among liquefied gas suppliers and |Csercsik et al. (2019)
partition function form games to model transfer profit as externalities.

The rest of this chapter is organized as follows. After dealing with preliminaries on
the gas distribution framework in Section [6.2.1] we define gas distribution problems
in Section In Section [6.3] we define above mentioned rules and provide their
axiomatic characterization. Then, we show how solution concepts for multi-choice
games relate to our rules in Section Section concludes.

6.2 The model

6.2.1 Notation and Definitions

Fix N = {1,2,...,n}, n > 2 a finite set of consumers. These consumers are
connected to a source in gas § through pipelines. The consumers and the pipelines
form a fixed gas distribution network, which is modeled by a rooted tree graph.
A rooted tree graph is a couple (N US, D) where

D:NUS — 2NUS

is a map representing the connections (pipelines) between the nodes. The relationship
i" € D(i) means that ¢/ € N is supplied right after consumer i. Equivalently, we
denote by i € D71(¢’) if and only if ¢ € D(i). In this case, consumer i is the
predecessor of i’ while 7 is the successor of i. Put differently, 7 is the head of the
pipeline and 4’ is the tail of the pipeline.
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The transitive closure of a directed graph D is a directed graph D such that, for
each i € N, ' € D(1) if and only if there exists a path

i:hl,hg,...,hk:i/, such that hk < D(hkfl),...,hg S D(hl)

The consumers in D(i) are called the subordinates of i € N in D, and the consumers
in D'(i) := {i/ € N : i € D(i')} are called the superiors of i € N in D. Similarly,
the set D(E) represents the subordinates of the players in E € 2V and D~(E)
represents the superiors of the players in £ € 2¥. A cycle occurs in a graph
(N US, D) if there exists a path

i:hl,hg,...,hk:i, such that hk ED(hk,1>,...,h2 GD(hl)

A rooted tree graph is an acyclic directed graph in which each node has at most one
predecessor and only one node (the source) has no predecessor, i.e., D7!(S) = ). For
each 1 € N, we call pipeline i the pipeline having consumer ¢ as a tail. Consumer
1 € N and its subordinates are called the downstream consumers of pipeline 7. If
no confusion arises, we simply denote the gas distribution network by D.

Each consumer i € N has several levels of demand in gas that vary throughout
a year. A consumer’s effective demand ¢; € N,, refers to the highest daily volume
that a consumer ¢ € N expects to demand in a year. Fix K € N an upper bound
for effective demands, such that ¢; < K for each : € N. We model the set of all
available demands of any consumer i € N by the discrete set M; = {0,...,¢;}. We
denote by

QU)={ieN:q¢ =7}

the set of consumers with an effective demand of at least j. The profile of effective
demands is denoted by ¢ = (q1,...,¢,). Without loss of generality, assume that
Gn > q; for each i € N.

A cost function is a map

C:Nx{0,...,K} >R,

that measures the cost of any pipeline when designed to meet any demand. Formally,
for each i € N and j € {1,...,K}, C(i,j) represents the cost of operating the
pipeline ¢ when it is designed to meet a demand of j. We use the convention C(i,0) =
0 for each ¢ € N. We assume that each map

Vie N, C@i,):{l,....K} >R,

is non-decreasing: the larger the demand, the larger is the pipeline’s capacity, which
leads to higher costs. On the other hand, for any j € {1,..., K} and any two
i,i" € N, we do not necessarily have C(i,7) = C(7, j). Indeed, the cost of operating
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a pipeline may differ depending on the pipeline. These differences are due to exoge-
nous features of the gas distribution network such as the length or the geographical
location.

Equivalently, a cost function can be expressed as a matrix of incremental costs.
We denote by A,L»Cj the incremental cost of pipeline i for a demand j. The incre-
mental cost Aicj represents the increase in cost of pipeline ¢ when it is upgraded by
one unit to meet a demand of j instead of j — 1. Formally, it is defined as

Vie NVje{l,...,K}, AT =C(i,j)—C(i,j—1).

Obviously, Ag > 0 for each ¢ € N and each j € {1,...,K}, since C(i,.) is a
non-decreasing map. The (n, K) matrix of incremental costs collects all the
incremental costs, and is denoted by A®. Take any i € N and any j < K. The unit
cost matrix I is the (n, K) matrix defined as

1 itk=idl=y,

} (6.1)
0 otherwise.

Vke N,I<K, I,i{:{

In such matrix, only one pipeline ¢ generates a non-null incremental cost for a cer-
tain demand j. A matrix of incremental costs A can be expressed as the linear
combination of n x K unit cost matrices:

AC =3 ACTY. (6.2)

iEN j<K

Alternatively, the (n, q,) sub-matrix A% collects all the incremental costs gen-
erated by demands lower or equal than ¢,. Such sub-matrix represents a situation
where the highest effective demand of the consumers in N is ¢,. Similarly, a sub-
matrix I is a (n,q,) matrix where only one pipeline i € N generates a non-null
incremental cost for a certain demand 5 < ¢,,. In the following, we are only interested
in the incremental costs contained within A“9». Thus, we are going to focus on the
sub-matrix A% instead of the whole matrix A®. For the sake of clarity, we keep
the notation A to refer to A% . Similarly, for each i € N and each j < g,, we keep
the notation I to refer to I,

6.2.2 The gas distribution problem

We propose an approach to compute the total cost of operating a gas distribution
network from N, ¢, D and C. Alternative approaches are discussed at the end of
this chapter.

Assume that each pipeline is always designed to meet the highest effective demand
of its downstream consumers. Then, for each 7 € N, the cost of operating pipeline ¢
is given by

C(i,g;), where g = max g. (6.3)
keD(i)U{i}
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Equivalently, observe that

Vie N, Cli,g)= Y Af.

For each ¢ € N, one may have g; > ¢;. This is due to the fact that the highest
effective demand of the downstream consumers of ¢ may be strictly greater than the
effective demand of . We compute the total cost of operating the gas distribution
network as the sum of the costs of all the pipelines designed as in , which is
given by

ZC(Z’,@), or equivalently Z Z AS (6.4)

1EN i€N je{l,...,q;}

Definition 33 (The cost sharing problem of gas distribution). A cost shar-
ing problem of gas distribution (a gas distribution problem for short) is denoted by
(N,q,C, D), or (q, A°) for short, since N and D are fized and C and A® are equiv-
alent. The problem is to determine a way to share the total cost among consumers
based on their demands and location on the distribution network. The set of gas
distribution problems is denoted by GDP.

We address gas distribution problems by defining cost sharing rules (rules for
short). A rule on GDP is a map

f:GDP— ) Ry

4<(K, ... K)

that describes how much each consumer is charged for each of its demand units.
Take any (g, A°) € GDP. A rule f applied on (g, A®) € GDP assigns a non-negative
real number f;;(q, A°) € R, to each demand j € {1,...,¢;} of each consumer i € N.
This number represents the amount that a consumer must pay for its demand j,
assuming that it already pays a certain amount for its demand j — 1, its demand
j — 2, and so on. A rule is particularly useful if the gas network operator wants
to derive a rate schedule from it. A rule satisfies the budged balanced condition,
which states that a rule recovers the total cost of operating the gas distribution
network. Formally, the budget balanced condition is given by

¥(g,A%) € GDP, > > fii(q, A% =D C(i,7q,)

i€N je{l,...,q:} ieN

=> > A (6.5)
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Example 15. Consider the set of consumers N = {a,b,c,d}, the upper bound for
effective demands is K = 3, and the source in gas is S. In this ezample, we consider
the following tree graph D representing a gas distribution network.

D(8) ={a}, D(a) = {b,c}, D(c) = {d}, D(b) = D(d) = 0.

Consider the profile of effective demands ¢ = (1,3,1,2). We introduce the lengths

of the pipelines, which is one of the possible exogenous features of a gas distribution

network. The profile L = (1,1,2,1) collects the length of each pipeline. The network,

the profile of effective demands and the profile of lengths are described in Figure 1.
Consider the cost function

C:{a,bc,d} x {1,2,3} = R,

which specifies the cost of each pipeline when designed to meet a certain demand. The
cost of a pipeline is computed as the sum of its length and the highest downstream
demand it needs to meet. This cost function is obviously overly simplified but it is
consistent with the facts since the cost of a pipeline is increasing with respect to both
parameters.

Consider pipeline c. This pipeline 1s designed to meet its downstream effective
demand. In this case, the downstream effective demand of pipeline ¢ is 2 since d €
D(c), ga =2 and MaXy e Gk = da- Thus, this pipeline costs

C(c,qa) = Le+ qa
— 4.

Applying the same reasoning to each pipeline, we obtain the cost of operating each
pipeline. These costs are represented in Figure 2. The total cost of operating this gas
distribution network is given by

Z O(Zv qz) = O((L, Qb) + O(b> qb) + C(Cv Qd) + C(da Qd)

iEN
= 15.
S S
Lo=1 l
Ly=1 l 1
b,3 < a,l ~c,1 b = a - C
L.=2 4 4
l Lg= J 3
d,2 d
Figure 6.1 Figure 6.2
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6.3 Rules and their axiomatic characterizations

This section is devoted to the study of the Connection rule, the Uniform rule and the
Mixed rules. We provide an axiomatic characterization for each one of these rules.

6.3.1 The Connection rule

We define a rule on gas distribution problems that satisfies the Connection principle
and the Independence of higher demands principle. This rule is called the Connection
rule, it ensures that each consumer pays a fair share of the portion of the network
that connects it to the source. Formally, for each pipeline £ and each demand j
such that some downstream consumers of pipeline & are in Q(j), the Connection
rule shares the incremental cost Agj equally among the downstream consumers of
pipeline k that are in Q(7).

Definition 34 (Connection rule). The Connection rule ¥ is defined, for each
(¢, AY) € GDP, as

c

(D(k) U{K}) N QG|

Vi< an Vi€ Q). Wi(q,A%) = Y

keD~(5)u{i}

(6.6)

Proposition 29. The Connection rule satisfies the budget balanced condition.

Proof. Take any (q, A°) € GDP and any incremental cost Agj, where £ € N and
7 < qn. By Definition Akcj is taken into account in the computation of the

~

Connection rule if and only if the set of consumers (D(k)U{k})NQ(j) is non-empty.
The Connection rule divides Af; equally among the consumers in (D(k)U{k}HNQ>)
for their level of demand 7, which implies that the rule recovers Akcj entirely.

The set A°() of incremental costs taken into account in the computation of the
Connection rule can be defined as

A(T) = {A7 : (D(k) U {k}) N Q) # 0}

Alternatively, the set A°(Tot) of incremental costs taken into account in the com-
putation of the total cost (6.4)) can be defined as

A%(Tot) = {Akcj 17 <G}
To prove Proposition 29| let us show that
AC(W) = A%(Tot). (6.7)

First, let us show that A“(W) C A9(Tot). Take any A}, € A“(V). If (D(k) U
{k}) N Q(j) # 0, then there is at least one downstream consumer of pipeline k& with
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an effective demand of at least j. Put differently, this means that g, > j. This shows
that A (W) C A9 (Tot).

Next, let us show that A°(Tot) C A°(¥). Take any Af, € A(Tot). By def-
inition of A“(Tot), it holds that j < g,. Therefore, there is at least one down-
stream consumer of pipeline k£ with an effective demand of at least j. It follows that

(D(k) U {k}) N Q(j) # 0. This shows that A°(Tot) C A°(D).

Since (6.7]) holds, and since the Connection rule recovers the entirety of the incre-
mental costs in A(W), it holds that

2, 2. WuleA9= ) A

€N je{l,...qi} A€ AC (W)

A€ AC (Tot)

Y Y 4

keEN je{l,...q}

The proof of Proposition 29 is complete. [

The Connection rule shares some similarities with the Downstream equal sharing
solution introduced by |Dong et al. (2012) for polluted river problems. Both solutions
share the costs generated by an arc of the graph among downstream consumers. The
difference between the two solutions lies in the fact that gas distribution problems
consider situations in which agents can have several demands, which is not the case in
the model studied by Dong et al.| (2012). We provide an axiomatic characterization
of the Connection rule. Let f be arule on GDP. The costs of operating a distribution
network can be divided into two categories called: the construction costs and the
maintenance costs. The first axiom, Weak linearity, ensures that there is no difference
whether the consumers share the two costs separately or together. If the costs are
expressed in USD and we want the rule to be expressed in EUR, then Weak linearity
ensures that there is no difference between converting the currencies before or after
the application of the rule.

Axiom 57 (Weak linearity). For each (q, A°), (¢, A°") € GDP and each € Ry,
Vie Nj<a, fiyla, A%+ BAY) = fi(a. A9) + Bfij(a, AD).

The next axiom is a formal expression of the Independence of higher demands
principle. It ensures that the amount charged to a consumer for a certain demand
is independent of any higher demand. This axiom compares two situations. The
first situation is a gas distribution problem. The second situation is another gas
distribution problem similar to the first one, except that it is no longer possible for
consumers to demand more than a certain quantity, let us say /. This axiom requires
that the amount charged to any consumer for any demand below [ remains the same
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in both situations. Clearly, this axiom is an adaptation of Independence of higher
activity level (see Axiom to the framework of gas distribution problems.

Axiom 58 (Independence of higher demands). For each (¢, A°) € GDP and
each | < qp,

VieQ),j <, fij(q,A%) = fi; (L A qr)ren, A°).

The next result states that if a rule satisfies Independence of higher demands,
then the sum of all cost shares charged to consumers in Q(j) for their demand j is
equal to the sum of all incremental costs, generated by the pipelines, for a demand
J, that connect the consumers in (j) to the source.

Proposition 30. If a rule f on GDP satisfies Independence of higher demands then,
for each (q, A®) € GDP,

VI < gy, Z fra(g, AC) = Z A
keQ(l) i€D-1(Q()UQ(1)

Proof. Consider a rule f on GDP that satisfies Independence of higher demands. By
the Budget Balanced condition (see (6.5)), for each (¢, AY) € GDP,

. 2. fule A=, > A

keN je{l,...q1} i€EN je{l,...,q;}
= ¥ Yo=Y ¥ 4 69
JE{L-san} KEQ(S) ieN je{l,...,q;}
Recall that, for each 1 € N, g, = Maxy e p g} dh- Observe that, for each [ < ¢,,
(INQren)i =LNT;. (6.9)

Indeed, for each | < ¢, and i € N,
(UAQren)i = max ((LA@)ren)n

heD(@i)u{i}
= max (I Aq)
heD(i)u{i}
_ [ if MaX,, piyugi ¢ = l
MaX,,¢ i oy Ih otherwise.

By Independence of higher demands (IHD), and (6.9)), for each I < g,

Z Z fkj Q7AC (IHD Z Z fz] l/\Qk kGN;A )

Je{1,..,1} keQ(5 J€{1,...,1} i€Q(5)

By ¥ 4

EN je{1,.. (A ren )i}

Z YAl

i€N je{l,...,IAq;}
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Similarly, it holds that

D @AY= > > Fi(( = 1) Agken, A)

JE{1,.. I-1} keQ(j) JE{L,...,1-1} i€Q(j)

S S SR

€N je{1,...,(I-1)AG; }

Therefore, for each [ < q,,

Z Ja( q7AC = Z Z fij( CJ’AC Z Z fij(Q7AC)

keQ(l) Je{1,...,1} i€Q(j) Jje{1,...,1-1}i€Q(j)
_ C
DD IR ED DD DI
i€N je{l,...,Inq;} €N je{l,...,(I-1)Ag;}
_ C c
S I SRR D]
€N Lje{l,..,Ing;} je{1,...,(I-1)Ag;}

To conclude this proof, observe that, for each i € N such that I Ag, = (I — 1) A g,
i.e.’ ql S l - 17

C C _
Yo AG- Y, AG=0
Je{1,...,INg;} je{1,...,(I-1)Ag; }
On the contrary, for each ¢ € N such that IAG, > (I — 1) AG;, e, G > 1),
c C _ gC
Z Aij o Z Az’j = Ay
FE{L AT} GE{L,s(I=1)AG; }

Observe that g; > [ if and only if i € D=1(Q(1)) U Q(5). Therefore, for each I < gy,
we obtain the desired result

Z fulg, A9) = Z A?Z-

keQ(l) ieD=1(Q))UQ(D)
|

We say that a pipeline is irrelevant to a consumer if it is not a pipeline that helps
to connect this consumer to the source. The next axiom is in line with the Connection
principle. It ensures that a consumer is not charged for the costs generated by
irrelevant pipelines. Formally, the axiom is formulated using unit cost matrices (see
(6.1)). Take any (¢, 1) € GDP. Recall that the unit cost matrix I/ possesses a
unique non-null incremental cost. The next axiom states that the consumers for
whom this incremental cost is irrelevant should pay nothing in (q, IV).

Axiom 59 (Independence of irrelevant costs). For each (q, 1) € GDP,
vh € Q). h ¢ (DE UL}, fus(g, 1V) = 0.
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The next axiom ensures that the rule treats each downstream consumer equally
regarding a given upstream cost. Take any (¢, %) € GDP. This axiom states that
any two distinct consumers located downstream of pipeline ¢ are charged the same
amount for their demand j in (g, I¥/).

Axiom 60 (Downstream symmetry). For each (q, 1) € GDP,
We have the material to characterize the Connection rule.

Theorem 28. A rule f on GDP satisfies Weak linearity, Independence of higher
demands, Independence of irrelevant costs and Downstream symmetry if and only if
f=v.

Proof. First, we show that W satisfies the axioms of the statement of Theorem [28
Weak linearity: The proof is straightforward and so is omitted.

Independence of higher demands: The proof follows directly from the definition
of the Connection rule. The cost share charged to a consumer ¢ for a demand j is
computed using only the incremental costs generated by the demand j of the con-
sumers. Therefore, we directly have that W satisfies the axiom.

Independence of irrelevant costs: The proof follows directly from the definition
of the Connection rule. The cost share charged to a consumer ¢ for a demand j is
computed using only the incremental costs generated by the pipelines that connect ¢
to the source. Therefore, the incremental costs generated by the pipelines irrelevant
to ¢ are not taken into account by the Connection rule in the computation of the
cost share of ¢ for its demand j.

Downstream symmetry: Take any (¢, /) € GDP. For each h, h' € [D(i)U{i}] N
Q(7), it holds that
L’
(D(k) U {E}) N Q)]
1
(B U kDN QU)|
. I
and \Ilh/j ,]U = = kg -
(1) DE(J) (DR U (k1) N QU)|
1
(DR U{kH N QU

Uilg, I9) = Y

keD=1(h)Uh
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which shows that W satisfies the axiom.

Next, we show that the Connection rule is the only rule on GDP that satisfies all
the axioms of the statement of Theorem 28, Take any (g, A”) € GDP. Let f be arule
that satisfies all the axioms of the statement of Theorem 28 on GDP. Let us show
that f(q, A9) is uniquely determined. To do so, we focus on unit cost matrices, since
each problem (g, A) € GDP can be expressed as a non-negative linear combination
of unit cost matrices (see ), f satisfies Weak linearity and each incremental cost
is non-negative.

Take any 1% such that j < ¢, and i ¢ D~(Q(j))UQ(j). By the budget balanced
condition, it holds that

> Z sz ¢.17) =" Z 14, (6.10)

keEN le{1,..., keEN le{1,...,qs }

By (6.1)), it holds that I ,?l # 0if k=14 and [ = j. However, since
i ¢ DHQU)) VL),

it holds that

g; = max gqp< 7
heD( YU{s}

Therefore, there isno k € N and [ € {1,...,q,} such that I,Zfl # 0. Therefore, (6.10))
becomes

Z Z fkl Q7IU

keN le{l ,,,,, k}

Since the cost share charged to each demand of each consumer is always non-negative,
it follows that, for each k € N and each [ € {1,..., ¢},

fkl(qa ]U) = 0.
Therefore, f(q, ”) is uniquely determined. )
Now, consider I/ such that j < ¢, and i € D=H(Q(j)) U Q(j). By Independence
of irrelevant costs, for each k € Q(j) such that k ¢ D(i) U {i},
fkj(%[ij) = 0. (6.11)
By Downstream symmetry, for each k, h € Q(j) such that k, h € D(i) U {i},

fkj(q7 ) fh](q7 ) (612>
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By Proposition

2 Jui 019 - >, I

keQ(j) k€D=L(Q(4))UQ()
= 1. (6.13)
Combining (6.11), (6.12) and (6.13), for each k € (D(i) U {i}) N Q(j), we obtain
Foilg ) = ——— — 6.14
N RG] o1

By the budget balanced condition,

> fulg V) =1 (6.15)

keN le{1

Combining (6.13) and (6.17)), we obtain
2 Z Jula 1) = > Z Sula 1) - Z fusl@. T9)

keEN le{1,..., keEN le{1,..., keQ(j
G
=1-1
= 0.

Since the cost share charged to each demand of each consumer is always non-negative,

for each [ # j and each k € Q(l), it holds that

fulg, 1) = 0. (6.16)
Combining (6.11)), (6.14) and (6.16]), for each [ < ¢ and k € Q(I), we obtain
1 .
. —— ‘ — if ke D(E)U{i} and [ = 7,
fulg, 1Y) = ¢ [(D@) U{i}) N Q)]
0 otherwise.

Therefore, f(q, ) is uniquely determined. By ( and by Weak linearity we
conclude that f(q, A®) is uniquely determined. The proof of Theorem [28} E is complete.
[

The four axioms of the statement of Theorem are logically independent, as
shown by the following alternative solutions.
- Take any (q, A°) € GDP and fix any arbitrary integer 8y € {1,2} for each
i’ € N. The rule f# given by

Vi < qn, Vi € Q(j),

Uij(q, A°) lf {AL # 0,k € QU < 1,
fB<Q7 A%) = Z —— X A,?j otherwise,
keD-1(i)u{i}
eQ(y

satisfies all the axioms except Weak hnearity.
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- The rule f given, for each (¢, A) € GDP, by

WSaVieQU): feA)= 3 s
keD-1(i)u{i} 127 ) U {k})l

satisfies all the axioms except Independence of higher demands.

- The Uniform rule (introduced in the next section, see Definition satisfies
all the axioms except Independence of irrelevant costs.

- Take any (q, A°) € GDP and fix any arbitrary integer 8y € {1,2} for each
i’ € N. The rule f? given by

V) < a0, Vi € Q(),
A% = Y =—xAf,
keD-1(i)u{i}

z€Q(5

satisfies all the axioms except Downstream symmetry.

6.3.2 The Uniform rule

We define a rule on gas distribution problems that follows the Independence of higher
demands principle and the Uniformity principle. This rule is called the Uniform
rule, it ensures that two consumers are charged with the same amount for the same
demand, regardless of their location on the distribution network. Formally, take any
j < gn. The Uniform rule shares each incremental cost Af, where k € D YQ(5)) U
Q(j), equally among each consumer in Q(j), even if some of the consumers in Q(j)
are not downstream consumers of pipeline k.

Definition 35 (Uniform rule). The Uniform rule ) is defined, for each (q, A®) €
GDP, as

. . ) 1
Vi< g, Vi€ Q), (g, A°) = 00 > AL (6.17)
k€D=1(Q(4))UQ(>))

Proposition 31. The Uniform rule satisfies the budget balanced condition.

Proof. The proof is similar to the proof of Proposition [29] and so is omitted.
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Observe that, for each j € {0,...,q,} and each i € Q(j), (g, A°) does not
depend on the position of 7 in the gas distribution network. Observe that the Uniform
rule satisfies Weak linearity and Downstream symmetry.

We introduce a new axiom for rules on gas distribution problems. Let f be a
rule on GDP. Assume that one or several pipelines generate additional costs due
to exogenous reasons (incident, natural disaster, etc), which leads to an increase
of the incremental costs. This axiom ensures that additional costs do not increase
the inequalities between the cost shares of the consumers. Formally, consider any
demand j. This axiom compares the difference in cost share between two consumers
in Q(7) before and after the costs increase. In particular, it compares the difference
between the highest cost share charged to a consumer for its demand j with the
lowest cost share charged to a consumer for its demand j. This axiom states that if
the incremental costs increase, then this difference does not increase.

Axiom 61 (Non-increasing inequalities). For each (q, A®), (¢, A°") € GDP such
that Ag-l > Aicj, each i € N and each j < qp,
Vie{l,...,qn}, max fij(QaAC/) — min fij(QaAC/)
i€Q(4) i€Q(4)
< max fi:(q, A°) — min f;;(g, A°).
= ieQ(h) fule, A7) i€QU) fila A7)
We have the material to characterize the Uniform rule.

Theorem 29. A rule f on GDP satisfies Independence of higher demands and Non-
increasing inequalities if and only if f = Q2.

Proof. First, we show that (2 satisfies the axioms of the statement of Theorem

Independence of higher demands: The proof follows directly from the definition
of the Uniform rule. The cost share charged to a consumer i for a demand j is com-
puted using only the incremental costs generated by the demand j of the consumers.
Therefore, we directly have that () satisfies the axiom.

Non-increasing inequalities: The proof is straightforward since each consumer is
charged with the same amount for a given demand.

Next, we show that the Uniform rule is the only rule on GDP that satisfies all
the axioms of the statement of Theorem . Consider (¢, A°) € GDP and a rule f
that satisfies all the axioms of the statement of Theorem 29 on GDP. Let us show
that f(q, AY) is uniquely determined. By Proposition , for each j < q,,

Z fii(q, A®) = Z AL (6.18)

i€Q(5) i€D=1(Q())UQ)
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Consider the matrix of incremental costs 0¢ in which each incremental cost is null.
By definition of a rule, each cost share is non-negative. Thus, by (6.18)),

Vi < gn,Vi € Q(j), fij(g,0%) =0.

Observe that the difference between any two cost shares is always null. Therefore,
by Non-increasing inequalities and the non-negativity of the cost shares, we obtain

Vj S qn,W, i/ S Q(]>7 fij(Q7 AC) = fi'j<Q7 AC) (619>
Combining (6.18) and (6.19), f(g, A®) is uniquely determined, which concludes the
proof of Theorem [29 [

The two axioms of the statement of Theorem are logically independent, as
shown by the following alternative solutions.

- The rule f given, for each (¢, A“) € GDP, by

Vi< qnVie Q(])a fij(Q7AC> = ! Z Z Ag

ZkeN A €N je{l,...q;}

satisfies Non-increasing inequalities but does not satisfy Independence of higher
demands.

- The Connection rule satisfies Independence of higher demands but does not
satisfy Non-increasing inequalities.

6.3.3 The Mixed rules

Observe that the Uniform rule does not satisfy Independence of irrelevant costs. On
the other hand, the Connection rule does not satisfy Non-increasing inequalities.
This testifies that the Uniformity principle and the Connection principle are clearly
incompatible. However, both can be highly desirable in the context of gas distribu-
tion problems. For this reason, we propose a trade-off between the two principles
by compromising between the Connection rule and the Uniform rule. We define a
class of rules on gas distribution problems that follow the Independence of higher
demands principle and compromise between the Uniformity principle and the Con-
nection principle. A rule in this class is called a Mixed rule and is computed as
convex combinations of the Connection rule and the Uniform rule. Moreover, the
Mixed rules allow for different compromises between the Uniformity principle and
the Connection principle, depending on the level of demand.

Definition 36 (Mixed rules). Let a = {a’/}i1<j<x be a parameter system such
that o € [0,1] for each 1 < j < K. The a-Mized rule p® is defined, for each
(¢, A°) € GDP, as

Vi <aqn,VieQ(), w5, A°) = Wi(q, AY) + (1 — /) Qy5(q, A).
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An a-Mixed rule operates convex combinations between the Connection rule and
the Uniform rule. For each demand j € {1,...,q,}, a consumer i € Q(j) is charged
a cost share uf(q, A°) lying between W;;(q, A”) and €;;(q, A®). This cost share is
determined by the parameter o’. For instance, pretend that o’ is closer to 1. This
leads to a cost share closer to ¥;;(q, A®). On the other hand, if o/ is closer to 0,
then this cost share will be closer to ;;(q, AY).

Proposition 32. The Mized rules all satisfy the bugdet balanced condition.

Proof. The proof follows directly from Proposition 29 and Proposition |31}

To characterize the Mixed rules, we introduce three new axioms. The first axiom
describes how an irrelevant cost impacts the cost share of two distinct consumers.
The second axiom describes how the cost share of a consumer is impacted by two
distinct irrelevant costs. Finally, the last axiom describes the impact of a given cost
on two consumers. This cost being irrelevant for one of them, and relevant for the
other.

Let f be a rule on GDP. The first axiom states that any two distinct consumers
are equally impacted by irrelevant costs, without specifying the extent of this impact.
Take any (q, I'’) € GDP. Recall that a unit cost matrix I possesses a unique non-
null incremental cost. The next axiom states that any two distinct consumers for
whom this incremental cost is irrelevant should pay the same amount in (g, IV).

Axiom 62 (Equal impact of irrelevant costs). For each (q, ) € GDP,
Vh7 n e Q(j)a ha h' ¢ D(Z) U {Z}a fhj(Q7 Iij) = fh’j(Q7 Iij)'

Observe that both the Connection rule and the Uniform rule satisfy Equal impact
of irrelevant costs. Moreover, Independence of irrelevant costs implies Equal impact
of irrelevant costs.

Indep of irrelevant costs = Equal impact of irrelevant costs

The next axiom states that no matter where an irrelevant cost is located, the impact
of that cost on a consumer, for whom that cost is irrelevant, remains the same. Take
any two distinct problems (g, ¥), (¢, I"7) € GDP. Assume that each of the two unit
cost matrices features a unique non-null incremental cost that can be considered
irrelevant for a given consumer. The axiom states that the consumer for whom these
incremental costs are not relevant should pay the same amount in both problems.

Axiom 63 (Location independence of irrelevant costs). For each
(¢,1),(q,1'7) € GDP,

Vhe Q) h ¢ [DGE) UL} U [DE)YU{Y],  fui(q, 17) = fuy(g, 7).
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Observe that both the Connection rule and the Uniform rule satisfy Location in-
dependence of irrelevant costs. Moreover, Independence of irrelevant costs implies
Location independence of irrelevant costs.

Indep of irrelevant costs = Location indep of irrelevant costs

Similarly to Equal impact of irrelevant costs, the third axiom compares the cost share
charged to the consumers on the basis of the consumer’s geographical localization.
Take any problem (g, ) € GDP. A unit cost matrix I/ possesses a unique non-null
incremental cost. The axiom states that any consumer located downstream of the
cost generating pipeline should not pay less than any other consumer for whom this
cost is irrelevant.

Axiom 64 (Fairness). For each (q,1") € GDP,

A

VEk € [D(i) U {i}] N Q(j),
Yh e Q(j),h ¢ D@)U{i},  fij(q, I7) > fui(q, I7).

Observe that both the Connection rule and the Uniform rule satisfy Fairness. We
have the material to characterize the Mixed rules.

Theorem 30. A rule on GDP satisfies Weak linearity, Independence of higher de-
mands, Equal impact of irrelevant costs, Location independence of irrelevant costs,
Fairness and Downstream symmetry if and only if f = u®, for some parameter sys-
tem a.

Proof. Take any o parameter system and consider the Mixed rule p®. By definition,
and the fact that u® is computed as a convex combination of W and {2, u® satisfies
all the axioms of the statement of Theorem [30l

It remains to show that the Mixed rules are the only rules that satisfy all the
axioms of the statement of Theorem [30} Consider (¢, A) € GDP and f on GDP a
rule that satisfies all the axioms of the statement of Theorem 30l

Take any I/ such that j < ¢, and i ¢ D~*(Q(j)) UQ(j). In the same way as the
proof of Theorem [28] by the budget balanced condition,

Z Z fkl(Qa[U):Z Z [Izc]l
kEN le{1,...q} keN le{l,...q,}

=0.

Since the cost share charged to each demand of each consumer is always non-negative,
it follows that, for each k € N and each [ € {1,...,q},

fkl<Q7[ij) = 0.
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Therefore, f(g,I") is uniquely determined whenever j < ¢, and i ¢ D~1(Q(j)) U

Q) )
Now, take any I such that j < ¢, and i € D™1(Q(j)) UQ(j). By Equal impact
of irrelevant costs, for each h, k' € Q(j) such that h,h’ ¢ D(i) U {i},

fhj(q? IU) = fh’j((L IZ])
vy, (6.20)

for some Y > 0. By Fairness and Downstream symmetry, for each h € (D(i)U{i})N
Q)

Tni(q, ]Z’J’) >Y
= fulg, I7) =Y +W, (6.21)

for some W > 0. By Independence of higher demands and Proposition [30},

> fui(a. 1) =1 (6.22)
heQ(j)
Observe that Y < T By [6.21) and ((6.22)), it follows that
(D) U N QU)IY +T) +1QU)\ (BG) U {ih) nQUNIY =1
= (DO UEHNQGIW =1-[QU)IY
— 0= [(DOUEN NIV <1
— 0<W< — L
(D) UL} N QG|
W : (6.23)
[(D(i) U{i}) N Q)]
for some 0 < o/ < 1. Combining ([6.20]), (6.21)),(6.22)) and ([6.23]), we obtain
QUIY + o =
1—a’
— Y= —|Q(j)| : (6.24)
Combining (6.21]) and , for each h € (D(i) U {i}) N Q(j), we obtain
1—ad ol
hj\4, = N ) N 6.25
e 1) = 1051 B o i naw) 02
By and the budget balanced condition, for each [ # j and h € Q(1),
fhl(q, ]U) = 0 (626)
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Finally, combining (6.24]),(6.25) and (6.26)), we obtain
VI < gn,h € Q1),

0 if1# ],
1_Oéj 3 : AN .
Fulg, I7) = W j if l=jand h ¢ D(i) U{i},
100 t PO U Q0 if | = j and h € D(i) U{i},

for some 0 < o/ < 1. However, observe that
VI < gn, h € Q),
(0 i1 £ 5,
Upulg, 1) = 4 0 if | = j and h ¢ D(i) U {i},

1 A
L 1(DG) U{i}) N Q) J € D() U {i}

and

(0 if 1 £ j,
1 . . A .
Qilq, 17) = Q0 if l=7and h ¢ D(i) Ui},

Seml if | =jand h € D(i) U {i}.

Thus, for each h € N and [ < ¢,
Tri(q; [U) = Oél‘I’hz(CL [ij) +(1- al)th(% [ij)a (6.27)

for some parameter system « such that o/ is the one determined above. Observe that,
for any I/ such that ¢ € D=Y(Q(5)) U Q(j) and ¢’ # i, Equal impact of irrelevant
costs and Location independence of irrelevant costs ensure that still holds. It
follows that still holds with the same parameter system a.

By Weak linearity, we conclude that f(q, A°) = u®(q, AY). The proof of the
theorem is complete. [ |

The six axioms of the statement of Theorem are logically independent, as
shown by the following alternative solutions.

- The rule f given, for each (¢, A“) € GDP, by
Vi < gn, Vi € Q(j),

fii(q AC) _ Qij(QaAC) if D ien Zje{l ..... ) AiCj <10,
o Wi5(q, AC) otherwise.

satisfies all the axioms except Weak linearity.
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- The rule f given, for each (¢, A) € GDP, by

vj S qn7V7' € Q(]); fl](q7AC>

2. A

ZkeN U ien JE€{1,.. T}

satisfies all the axioms except Independence of higher demands.

To properly explain the next two alternative solutions, we introduce the following
claim. Take any (¢, A°) € GDP. Denote by A®(Tot) the set of incremental costs
taken into account in the computation of the total cost . Take any sequence
(fij)ij:AgeAC(Tot) of |A%(Tot)| rules on GDP. Then, the map f defined as

fg, A% = > (g 17AF) (6.28)

AT €AC (Tot)

is also a rule on GDP. Indeed, by the properties of the sum, it holds that f assigns a
positive cost share to each demand of each consumer. Moreover, by , f satisfies
the budget balanced condition.

In the next two alternative solutions, we define rules computed in a similar manner
than (6.28). This will be useful to understand how the rule treats each incremental
cost individually.

- Take any (¢, A°) € GDP and any h € N. Let us focus on a given (g, [F*AY)).
Recall that Q(1) = N. Define the cost share U; (g, I**AS)) of a consumer
1 € N for its demand unit 1 by

( AC
ﬁ if i¢ D(k)U{k}andi=h,
T="(g M AC ) — 0 if i¢ D(k)U{k}andi#h,
i (4, k) 1-—1
AY——— N if i D(k)U{k}and h ¢ D(k)U {k},
[D(i) U {i}]
\ Wii(q, [FPAS)  otherwise.

This cost share behaves just like the Connection rule, but it gives special treat-
ment to A by allocating it a non-null share for irrelevant costs. Indeed, for each
i € N, the cost share allocated by the Connection rule in (g, I*' AS)) is given
by

0 if i¢ D(k)U{k},

U, (g, IMAC) = AC R
e, 17 A) —kL__ if e D(k)U{k}.

D(i) U {i}

The main difference between the two costs shares ;" (g, IF' A$)) and
c

W1 (g, IM AS)) is that the former allocates % to h whenever A¢ is an irrelevant

cost for h, whereas the later allocates it a null share. In case AY, is a relevant
cost for h, then the two cost shares coincide.
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Observe that

> U e IMAR) = AL (6.29)
ieN
Indeed, if h € D(k) U {k}, then W;"(q, "' AS)) = W, (¢, I™ AS,). By the fact
that U satisfies Independence ofA higher demands and by Proposition |30} it
follows that (6.29)) holds. If h ¢ D(k) U {k}, then
S Wit e, 148) = 28 4 (o U fAG X
i1 ) 1) — 1, A/ .
= N D) U {)]
= Akch

which shows that ((6.29)) holds.

Using the rule ¥ =", let us define another rule denoted by f. For each demand
level j > 1 and each consumer i € Q(j), fij(q, AY) = V;;(q, A°). As for the
demand level 1, f is defined by

Vie N, falg, A%) = U "(q, T AL).

keEN

We show that f satisfies the budget balanced condition. By (6.29)), it holds

that
Z fir(q, AC) = Z Z \I/ﬁh(qy IklA%)
iEN kEN €N

= Af.

keEN

This means that f recovers all the incremental costs generated by the first
demands of the consumers, and share them entirely among the first demand
unit of the consumers. Since f coincides with the Connection rule for any level
of demand above 1, by definition of the Connection rule, we can conclude that
f satisfies the budget balanced condition. The rule f satisfies all the axioms
except Equal impact of irrelevant costs since consumer h is getting a special
treatment for its first level of demand.

Take any (g, A°) € GDP. For each k € N, fix any parameter o* € [0,1]. The
rule f@ is defined, for each (¢, A®) € GDP, as

Vi < g, Vi € Q()),
iO]{<Q7 AC)
- Z [&k\pij(qa [k]Aij) + (1 - ak)Qij(Q? [k]AkCJ) ’
k€D=1(Q(5))UQ(>H)
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This rule operates different compromises between the connection principle and
the uniformity principle for each pipeline of the network. For instance, pipeline
k € N may be attributed a parameter o = 1, in which case the rule f®
will share the incremental costs generated by k according to the connection
principle. Alternatively, pipeline ¥ € N may be attributed a parameter o =
0, in which case the rule f® will share the incremental costs generated by &’
according to the uniformity principle.

We show that f< satisfies the budget balanced condition. Pick any 5 < ¢,,. By
definition of the Connection rule and the Uniform rule, it holds that

> fg, A

1€Q(j)

= Z [ozk Z Uii(q, M AL) + (1= o) Z Qi (g, IV AY)

keD-1(Q())UQ(>H) 1€Q(4) 1€Q(4)

= > [efagra-ahag

keD=1(Q(5))UQ(j)

- Z AL

keD1(Q(1)UQ(>)
We obtain the desired result

ZZ ij(a, A Z Z Al

7<an i€Q(4) J<an keD— J)HUQ())

::EZ:EE:‘4M

keN j<gy

The rule f“ satisfies all the axioms except Location independence of irrelevant
costs.

The rule f is defined, for each (¢, A“) € GDP, as
Vi < qn, Vi € Q(j),
1 1 Wi(g, A9)
i ,AY) = . , AC | - s
e 4= (e *ragy) . 2 45 iag

keD=1(Q(5))UQ(j)

To leave no room for doubt, let us show that this rule satisfies the budget
balanced condition. Take any (g, A°) € GDP and any j < ¢,. Since ¥ satisfies
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Independence of higher demands, by Proposition [30] it holds that

> 5l =Rty X 46

i€Q(4) keD=1(Q(4))UQ())
1
_ - Ak@
- J
Q0)I k€D=1(Q())UQ(>))
1
@ o A
keD-1(Q(5))UQ () keD=1(Q(5))UQ())

1 C
I

keD1(Q(1))URQ()
= > AL
keD=1(Q(5)UQ())
Therefore, we obtain the desired result

2. F@A) =3, 3 A

J<an i€Q(j) I<an ke D-1(Q(5))UQ(H)

:ZZAkj-

keEN j<g,

This rule satisfies all the axioms except Fairness. Indeed, for any (¢, I*/) € GDP
such that ¢ € Q(j), it holds that

y 1 1 il Yile 1Y)
i, 1) = . . L = — =
(G rrr) NP DA 7y
1 1 1 1

“IROE 1RO 1RGN (BG) U ih N QG)
Moreover, for each k € Q(j) such that k ¢ D(i) U {i}, it holds that
1 1
QUE TR0
The desired result holds since

f’fj(%jij) > fij(q’ ]U)

Take any (¢, AY) € GDP. For each k € N and each j < g, define the vector
B(kj) as

fkj(%li ) =

20 ifi=Fk,
Vie N, Bylkj)=<{ 10 ifie D(k),

1  otherwise.

225



The rule f? given by
Vi < gn, Vi € Q(j),

fila. A% = ) Sul) 4,
keD-1(:)u{i} 57,’](]{:])
€Q()

satisfies all the axioms except Downstream symmetry.

6.4 Rules and multi-choice games

For each gas distribution problem, we derive a specific multi-choice game, which we
call the gas distribution game. Using this gas distribution game, we study how our
rules relate to the solution concepts for multi-choice games introduced in Section [4.2]
In particular, we show that the Connection rule is a stable rule, in the sense that
consumers have an interest in becoming customers of the operator.

6.4.1 The gas distribution game

A gas distribution game, derived from a gas distribution problem (g, A®), measures
the total cost of each gas distribution problem (s, A%) in which each consumer i € N
has an effective demand of s; < ¢;. Put differently, a gas distribution game is a
collection of all the total costs that could be generated by gas distribution networks
smaller than the one they are derived from.

Definition 37 (The gas distribution game). For each (¢, A®) € GDP, its asso-
ciated gas distribution (multi-choice) game (q,v%P) is defined as

Vs <gq, v9P(s)= ZC’(Z’,EI»)
ieN
=> > A (6.30)
i€EN je{1,....5;}
where Vi€ N, 5;,= max sy.
keD(i)U{i}

In a gas distribution game, the players represent the consumers and the activity
levels represent the demands of the consumers. The worth v (s) represents the total
cost associated with the gas distribution problem (s, AY) in which each consumer
i € N has an effective demand of s;. Obviously, v%P(q) coincides with the total cost
of operating the gas distribution network and v“”(0,...,0) = 0 since C(i,0) = 0
for each ¢ € N. Since C(i,.) is non-decreasing, for each i € N, it follows that a gas
distribution game is monotonic, meaning that for each (¢, A“) € GDP,

Vs >t, v9P(s) > v@P(1).
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6.4.2 Rules and solution concepts for multi-choice games

For each gas distribution problem, the Connection rule applied to the problem co-
incides with the multi-choice Shapley value applied to the gas distribution game
associated with the problem. To prove this, we need an intermediary result. To
that end, consider a gas distribution problem (g, A) € GDP and its associated gas

distribution game (g, v%?). For each j < g, define the TU-game (N, wj(.q’vc’D)) as
»C-D ]
VE € 2V, w§q’ ((E) =p&P [(Z(] —1ey + Zek) A q}
keEN kel
_,OP [( Z(j — 1ex) A q] :
KEN
The worth wﬁm’”aD)(E) can be interpreted as the surplus in cost generated in v

when a group of players E decide to increase their activity level from j — 1 to 7 while
all the other players play the activity level j — 1 or their maximal feasible activity
level if they are unable to play 7 — 1. The next proposition is already proved on the
class of monotonic multi-choice games (see [£.69)).

Proposition 33. For each gas distribution problem (q, A°) € GDP and its associ-
ated gas distribution game (q,vP), it holds that

V(i,5) € M*,  gii(g,v"P) = Shy(N, w(®"")). (6.31)

Theorem 31. For each gas distribution problem (q, A°) € GDP and its associated
gas distribution game (q,v%?), it holds that

(g, vP) = W(q, A7), (6.32)

Proof. Consider (¢, A°) € GDP and j < ¢,. For each k € N, define the TU-game
(Q(j), R*) as

~

1 if En(D(k)U{k}) #0,
0 otherwise.

VE CQ(j), RY(E)= {

By definition of the Shapley value,

1
Vie N, Shi(Q3),R*) =< [(D(k)U{k}) Q)

0 otherwise.

if i € D(k) U {k},

(6.33)
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Consider (g, v%P) € G, the gas distribution game associated with (g, A). Consider
the TU-game (Q(j), w(q’“c’D)) and observe that, for each £ C Q(j),

W (B) =pOP K SG-De+ > ek) A q}

keN keE
— P [( > G- 1)€k) A CI}
keN
= C’(i, max [ (j—Dex+ > e /\q] )
z‘eZN heD(i)u{i} (1;\7 keZE ) h
—o(i. max G- 1)e Aq} )
(s (021,
= C’(i, max - {(Z(j—l)ek%—Zek)/\q] )
i€eD~1(E)UE heD@UE} Loy keE h
—C’(i, max [ (j — Deg /\q] )
heD(i)u{i} (keZN ) h
D SR (& (TN D SUERITES SRYIN
i¢D-1(B)UE heDOUE) L ke keE h
- C’(i, max [(Z(j — Deg) A q] ) : (6.34)
heDGuti} L iy b

For each i € DY (E)UE, there exists at least one h € D(i)U{i} such that h € E C
Q(j). Therefore, for each i € D™ (E)U E,

max [(Z(j—l)ek—i—Zek) /\q]hzj. (6.35)

hebOut) L (o =

On the other hand,

max {(Z(j—l)ek) /\qL:j—l. (6.36)

heD(i)u{i}

For each i ¢ D Y(E)UE, there is no h € D(i) U {i} such that h € E. Therefore, for
eachi ¢ DY (E)UE,

max [(ke (j—l)ek—i-Zek)/\qL: max [(Z(j—l)ek)/\q]h.

heD(i)u{i} heD(@)u{i} ke
(6.37)
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For the sake of clarity, for each i ¢ D~*(E) U E, we use the notation

K;= max {( > (= Dex) A q]h.

hebuliy L iy

Therefore, by (635). (6:36) and (6:37), (6:39) becomes

WE) = Y [ - - )

i€eD~1(E)UE

+ Y {cu,m)—cu,m)]

i¢D—1(E)UE

= Z AC+0

i€D-1(B)UE

—ZAC x RY(E

1EN

By Proposition , for each i € N and j € {1,..., ¢},

o15(0,0°P) = S, (Q(j),ZAle . Rl)

leN

> A x Shi(Q(j), RY)

leN
. Aj
= Wy(q, A°).

The second equality follows from the Linearity of the Shapley value and the third
equality follows from (6.33)). This concludes the proof of the theorem. [

The next result states that, for each gas distribution problem, the Uniform rule
applied to the gas distribution problem coincides with the multi-choice Equal division
value applied to the gas distribution game associated with the problem.

Theorem 32. For each gas distribution problem (q, A®) € GDP and its associated
gas distribution game (q,v%"?), it holds that

&(q,v7) = g, A°). (6.38)
Proof. The proof of the theorem follows directly from (6.30) and Definition 29 M

The next result states that, for each gas distribution problem, the set of Mixed
rules applied to the problem coincides with the set of multi-choice Egalitarian Shapley
values applied to the gas distribution game associated with the problem.
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Theorem 33. Let a = {a’}1<j<i be a parameter system such that o’ € [0,1] for
each 1 < j < K. For each gas distribution problem (q, A®) € GDP and its associated
gas distribution game (q,v%P), it holds that

X*(q,v9") = (g, A%). (6.39)
Proof. The proof of the theorem follows directly from Theorem [31] and Theorem [32]

We introduce the definition of the Core of a gas distribution game. This definition
is highly inspired from the definition of the Core of multi-choice games (see Definition

19).

Definition 38 (The Core). The Core of a gas distribution game (q,v%P), denoted
by C(q,v™P), is the set of payoff vectors x € RXien @ defined as

(

Vs <, Z inj < %P (s), (6.40)
1EN j=1
NG,

vl < Qn,s Z Z Tij = l A Qz)zeN) (641)
iEN j=1

If we re-interpret the Core conditions in terms of rule for gas distribution problems,
condition ensures that consumers always pay less than the cost of supplying
themselves in gas and states that if a group of consumers, which synchronize
their demands in the sense of a synchronized coalition, decide to supply themselves
without resorting to the network operator, then they should pay the same amount
as they would have been charged by the operator. Thus, the Core can be viewed as
the set of stable rules, in the sense that consumers have an interest in becoming
customers of the operator. We point out that condition is the opposite of
the original definition of the Core of a multi-choice game (see Definition . This
difference lies in the fact that the worth of a coalition and the payoffs both represent
some costs. In this context, it is more desirable, for a coalition of consumer, to pay
less than their actual worth. For each gas distribution problem, the multi-choice
Shapley value applied to a gas distribution game is always in the Core. Therefore,
the Connection rule is a stable rule.

Theorem 34. For each gas distribution problem (q, A°) € GDP and its associated
gas distribution game (q,v%P), it holds that

(g, vP) € C(g,v9P). (6.42)

Proof. In Chapter 4, we show that the multi-choice Shapley value belongs to the Core
of super-modular games. Since the game reflects costs in this framework, the multi-
choice Shapley value belongs to the Core of sub-modular (cost) games. Therefore, it
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suffice to show that gas distribution games are sub-modular games to prove Theorem
. Consider a gas distribution game (¢, v%") € G associated with a gas distribution
problem (g, A®) € GDP. For each s,t € M,

vOP(t) + ZC i, max Sg)
ieN keD(i)u{i}
+ ZC’ i, max ty),
ieN keD(i)u{i}
and  v9P(s Vi) + 9P (s At) ZC’ max (sp Vtg))
ieN keD(i)u{i}

+ZC’ max S Atg)).

ieN keD@G)Uu{i}
Take any ¢ € N. Without loss of generality, assume that

max Sp > max 1.
keD@G)u{i} keD@G)u{i}

Then, on the one hand,

max (s Vir) = max s
keD(i)u{i} keD(i)u{i}
= C(i, max (sxVitg)=C(i, max si).
keD(i)Ui} keD(i)U{i}

On the other hand, since C' is non-decreasing, it holds that

Vk e D) U {i}, spAtp <t

< max (spAty) < max
keD(i)U{i} keD(i)U{i}
= C(i, max (spAtg)) <C(i, max tg).
keD(i)ui} keD(i)u{i}

This shows that, for each i € IV,

ZC@ max (sg Vtx)) —1—202 max (sp Atg))

=~ keD(i)u{i} P keD(i)u{i}
<ZC’2 max —i—ZC max tg),
€N keD@U{i } ieN keD(i)u{i}

and so, we obtain the desired result

v9P (s v t) + 0P (s At) < v9P(s) + 0P (1),
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6.5 Conclusion

In this chapter, we define gas distribution problems and provide three solutions con-
cepts for these problems. Applying the Connection principle and the Independence
of higher demands principle, we propose the Connection rule. Applying the Unifor-
mity principle and the Independence of higher demands principle, we propose the
Uniform rule. In order to make a trade-off between the Connection principle and
the Uniformity principle, we propose the Mixed rules. We provide an axiomatic
characterization of each one of these rules. Additionally, we show that these rules
coincide with solution concepts from multi-choice games. In particular, we show that
the Connection rule applied to a gas distribution problem belongs to the Core of a
specific multi-choice game derived from this problem.

Throughout this chapter, we have assumed that each pipeline is designed to meet
its highest downstream demand. Let us call this approach the optimistic approach
to pipeline design. The main drawback of this approach is that a pipeline can only
satisfy a few effective demands at a time. In particular, the highest downstream
demand of a pipeline already saturates its capacity, preventing any other demand
from being satisfied at the same time. However, this approach has its advantages
since it can be implemented at a low cost while ensuring a minimal service to the
consumers.

An alternative approach is the pessimistic approach to pipeline design: the
network operator must be able to satisfy all the effective demands at any time.
Therefore, each pipeline should be designed to meet the sum of all of its downstream
effective demands. Unlike the previous approach, this approach ensures a flawless
service to the consumers. The main drawback of this approach is the resulting total
cost of operating the network. Indeed, a network designed this way would be possibly
too huge and too expensive to be operational.

The two approaches have their advantages and their drawbacks. In practice, a gas
distribution network is rarely design according to the optimistic or the pessimistic
approach. It may be interesting to investigate a new approach that compromises
between these two. Such an approach would be more consistent with the facts since
it makes the network more capable of handling multiple effective demands at the
same time, while limiting the total cost of the network.
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Chapter 7: Concluding Remarks

To conclude, we propose an overview of the results obtained in this thesis. This
allows us to discuss the connections between the chapters, and to show that some
solution concepts introduced in this thesis are interlinked. A diagram to explicit
these connections concludes this chapter.

7.1 Overview

Chapter 3 focuses on multi-choice games with a permission (tree) structure. It inves-
tigates how a permission structure on the player set can be combined with different
levels of participation. To conduct this study, pal-permission structures are intro-
duced, allowing us to define the pal-permission value for multi-choice games with a
pal-permission structure. The pal-permission value is computed as the D P value of a
game restricted by a pal-permission structure. Alternatively, three solution concepts
for multi-choice games with a permission structure are defined. Each of these solu-
tions is computed as the pal-permission value of a multi-choice game with a specific
pal-permission structure, which is derived from the original permission structure and
the participation levels of the players. An axiomatic characterization is provided for
each of these three solutions. This chapter sheds light on the additional difficulties
that arise when one tries to combine a multi-choice game with a structure on the
player set, but does not take into account the Independence of higher demands or
the Uniformity principle.

Chapter 4 focuses on multi-choice games without consideration for any structure.
It addresses the trade-off between marginalism and egalitarianism, which is one of the
main issues in economic allocation problems. The multi-choice Shapley value, the
multi-choice Equal division value and the multi-choice Egalitarian Shapley values
are introduced. Each of these solution concepts satisfies Independence of higher
activity levels, which clearly is an equivalent formulation of the Independence of
higher demands principle adapted to the class of multi-choice games. Additionally,
the multi-choice Equal division value is in line with the Uniformity principle. At least
one axiomatic characterization is provided for each of these solution concepts. This
chapter puts into perspective the principles pursued by GRDF by showing that they
are not always compatible with other desirable properties. We should observe that
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this chapter does not consider the information provided by the distribution network.

Chapter 5 focuses on multi-choice games with a priority structure. The multi-
choice Priority value is introduced, which is defined according to a lexicographic
procedure on two criteria: the activity levels and the position of the players in
the priority structure. Contrary to the solution concepts introduced in Chapter 3,
the multi-choice Priority value satisfies Independence of higher activity levels. This
value combines a principle pursued by GRDF with an information provided by the
gas distribution network. Two axiomatic characterizations of this value are provided.

Chapter 6 proposes cost sharing rules to determine relevant distribution rates.
We resort to three principles: (i) the Independence of higher demands principle, (ii)
the Connection principle and (iii) the Uniformity principle. Applying (i) and (ii),
we derive the Connection rule and applying (i) and (iii), we derive the Uniform rule.
In order to make a trade-off between (ii) and (iii), we propose the Mixed rules. For
each cost sharing rule, an axiomatic characterization is provided. Then, we show that
the Connection rule coincides with the multi-choice Shapley value of a specific multi-
choice game derived from the network and the demands of the consumers. Moreover,
the Connection rule is in the Core of this specific multi-choice game. Finally, we show
that the Uniform rule coincides with the multi-choice Equal division value and the
Mixed rules coincide with the multi-choice Egalitarian Shapley values. Similarly to
Chapter 4, this chapter puts into perspective the principles pursued by GRDF in
the framework of gas distribution problems. This chapter is the only chapter in this
thesis that considers both the information provided by the distribution network and
the two principles retained by GRDF.

7.2 Discussion on Chapters 2, 3 and 5

In this section, new solution concepts for multi-choice games with a pal-permission
structure and multi-choice games with a permission structure are proposed. These
new solution concepts are defined using elements from Chapter 3 and Chapter 4.
Then, we observe that one of these solution concepts coincides with the Connection
rule from Chapter 6, under certain conditions.

In Chapter 3, the Pal-permission value Y for multi-choice games with a pal-
permission structure is computed by applying the DP value to a restricted game
induced by a pal-permission structure (see ([3.7))). Instead of applying the DP value,
one can apply the multi-choice Shapley value, from Chapter 5, to the restricted game.
This results in a new solution concept for multi-choice games with a pal-permission
structure, denoted by v, and defined, for each (m,v, PT) € GP, as

V(Zvj) S M+7 Uij(m,U,P+) = Spij(m7RP+(,U))
_ Z A,(s) ‘
2 Tra®))
(i,4) €T ((s))
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This value extends the Permission value from TU-games with a permission structure
and the multi-choice Shapley value from multi-choice games to multi-choice games
with a pal-permission structure.

Similarly to Definition [27], three new solution concepts for multi-choice games with
a permission (tree) structure can be defined. These solutions are computed from v
and the m-permission structure, the 1-permission structure and the F-permission
structure from Chapter 2 (see Section [3.5).

- The value g(J“m) on GPr is defined as

g(+’m) (m,v, P) = v(m,v, P,:)

- The value ¢V on GP; is defined as

g (m, v, P) = v(m,v, P{").

- The value ¢ on GPPy is defined as

g (m,v, P) = v(m,v, P{").

Ni & Wang| (2007) and Dong et al| (2012) study a situation where a river is
polluted. To consume the water, the river must be cleaned. When the river passes
through several different countries, a natural question is how should the cleaning
costs be shared among the countries. An extreme solution is that each country only
pays for the cleaning cost at its own region. However, if upstream countries are
also partly responsible for the pollution at a certain river segment, then it seems
reasonable that upstream countries share their downstream countries’ pollution cost.
This idea resulted into the Upstream equal sharing method (UES). On the other
hand, since downstream countries benefit from upstream countries cleaning the river,
it might be reasonable that downstream countries contribute in the cleaning cost of
upstream countries. This idea resulted into the Downstream equal sharing method
(DES). van den Brink et al.| (2018) show that the UES and DES methods can be
obtained as the (conjunctive) permission value of an associated TU-game with a
permission structure. The permission structure is opposite to the river structure.
Meanwhile, the associated TU-game, called the stand-alone game, is an additive
game that associates to each coalition of countries the sum of their cleaning costs.

A study similar to [van den Brink et al. (2018) can be conducted to show that
the Connection rule can be computed as a value of a specific multi-choice game with
a permission structure. Consider a gas distribution network D and a finite set of
consumers N. Assume that each consumer has an effective demand smaller than
its subordinates in the distribution network. Let us define an associated permis-
sion structure Pp that indicates opposite relationships to the ones described by the
distribution network.
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Example 16. For instance, consider a situation with sixz consumers in a distribution
network D. The gas distribution network and its associated permission structure Pp
are given by

f e d f e d
Figure 7.1: D Figure 7.2: Pp

Thus, in such associated permission structure Pp, each consumer has an effective
demand greater than its subordinates.

Consider a gas distribution problem (g, AY) € GDP, where A® is a matrix of
incremental costs induced by a cost function C' : ILien{0,1,...,¢;} — R. From
(q, A°) € GDP, one can derive a multi-choice game with a permission structure
(¢,Csa, Pp), C(0) = 0, where Cg4 : M — R is a characteristic function different
from v“”, and conceptually close to the stand-alone TU-game used by van den Brink
et al| (2018). For each (q, A°) € GDP, this game verifies

V(g, A) = ¢ (g, Csa, Pp). (7.1)

Observe that Pp is not a (rooted) permission tree. Therefore, the conjunctive ap-
proach and the disjunctive approach to coalition restriction do not coincide anymore.
Then, (7.1)) only holds if one defines R pr asa conjunctive restriction operator.

7.3 Discussion on Chapters 4 and 5

In Chapter 6, we show that the Connection rule applied to a gas distribution problem
coincides with the multi-choice Shapley value applied to a multi-choice game derived
from the gas distribution problem.

Take any gas distribution problem (g, A°) € GDP and derive the multi-choice
game, as in (6.30)), (¢, v“"") from it. Endow (¢, A%) and (q, v“*"’) with a priority struc-
ture (IV, =) on the player set. The priority structure can model the priority needs of
certain consumers (heating for households, hospital, etc). The triplet (¢, v“f, =) can
be viewed as a monotonic multi-choice game with a priority structure. Therefore,
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one can apply the multi-choice Priority value to (¢, v“"F, =), which results in a rule

for gas distribution problems with a priority structure. Formally, the rule is defined
as

V(Z7.7> S MJr? 7(% C> i) = Fij(Qa UC,P’ t)
. AUC,P(S)
- [H(C(s), =)

s<q
(4,))€H(C(s),=*)

This rule divides the surplus generated by each coalition of gas consumers accord-
ing to the lexicographic partial order (M, =*) introduced in Chapter 5. This rule
differs from the Connection rule since exogenous asymmetries between the players
are taken into account. In this case, the information provided by the gas distribution
network is taken into account two times. It is used to define the game (g, v“"), and
also affect the allocation process through a priority structure (N, >). Similarly, a
number of rules for gas distribution problems can be defined in this way.

7.4 Discussion on Chapters 2,3 and 4

Chapter 3 considers pal-permission structures, which are structures defined over the
set of pairs player-activity levels, whereas Chapter 5 has very little consideration for
structures defined over the set of pairs, excepted the lexicographic partial order over
the set of pairs.

This section introduces pal-priority structures for multi-choice games. Such struc-
tures can be understood as priority structures defined over the set of player-activity
level pairs. We introduce a value for multi-choice games with a pal-priority structure,
and show that it coincides with the multi-choice Priority value, from Chapter 5, and
the multi-choice Shapley value, from Chapter 4, under certain conditions.

Take any (m,v) € G. A pal-priority structure on M ™ represents priority relation-
ships between the pairs formed by a player and one of its activity levels. It reflects
the fact that some activity levels of a player may have priority over some activity
levels of other players in the allocation process. Formally, a pal-priority structure on
M™ is a poset (M, =7). The class of pal-priority structures is denoted by S.

Take any A C M*. Denote by H(A,>") the non-empty subset of priority pairs
in (A, =) defined as

HA =) = {(d) e A [(1.5) = ()] = [() = (.90 1
Example 17. Let N = {a,b,c} and m = (3,3,2), we have
Mt ={(a,1),(a,2),(a,3),(b,1),(b,2),(b,3),(c,1),(c,2)}.

Take the pal-priority structure (M, =1) illustrated by the following Hasse diagram
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In this case,

H({(a,1), (a,2), (b,1),(b,2)}, =) = {(a,2), (b,2) };
H({(a,3),(,3),(c,2)}, t+) = {<C> 2)}?
HM*, =%) = {(a,2),(b,2), (¢, 1), (c,2) }.

A multi-choice game on N with a pal-priority structure is a triplet (m,v,>=7).
The class of multi-choice games with a pal-priority structure is denoted by GS. We
introduce a new value on GS denoted by A, and defined for each (m,v,=") € GS as

A,(s)

H(B(s). =) (72)

V(Z,j) € M+7 Aij(mava t+) = Z
s<m
(i,j)€H (B(s),=")

This value extends the Priority value from TU-games with a priority structure and
the DP value from multi-choice games to multi-choice games with a pal-priority
structure.

Observe that the lexicographic partial order (M™,>*) (see Definition is a
pal-priority structure. Therefore, for each (m,v, =) € GS, one can derive the unique
pal-priority structure (m,v, =*) € GS, which verifies

V(Z7j) € M+7 Fij(mvv7i) :Aij<m7v7 i*)

Take any (m,v) € G. Define the pal-priority structure (M ™, =5") that prioritizes
the pairs with the highest activity levels in (m,v) € G by

V(i,j), (k1) € MT,  (i,5) =" (k1) <= j >

Put simply, a pair has priority over another pair in (M, =5") if and only if the former
features a strictly greater activity level than the latter. Clearly, to each multi-choice
game (m,v) € G, one can associates a unique (M™*,=5"). Observe that (M*, =5")
verifies

Vs € M, H(B(s),="") =T(s). (7.3)

By (4.23) and (7.3), for each (m,v) € G, it holds that
V(i,j) € M*,  @i(m,v) = Agj(m, v, =").

239



Example 18. Let N = {a,b,c} and m = (3,3,2). The set of pairs is given by
Mt ={(a,1),(a,2),(a,3),(b,1),(b,2),(b,3),(c,1),(c,2)}.
The pal-priority structure (M*, =5") is illustrated by the following digraph.

(a,3) (b,3)

PN

(a,2) (b,2) (¢,2)

(a,1) (b,1) (c,1)
If s =(1,2,2), then

B(s) = {(a,1),(a,2), (b, 1), (b,2), (¢, 1), (¢, 2)}

and
H(B(s),="") = {(b, 2), (0,2)} =T(s).
If s =(3,2,2), then

B(s) = {(a,1),(a,2), (a,3), (b, 1), (b,2), (¢, 1), (¢, 2)}

and
H(B(s), ESh) = {(a, 3)} =T(s).

All the elements discussed in this conclusion are illustrated by the following figure.
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