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Abstract

In this article, we generalize the position value, defined by Meessen (1988) for the class
of deterministic communication situations, to the class of generalized probabilistic com-
munication situations (Gémez et al. (2008)). We provide two characterizations of this new
allocation rule. Following in Slikker’s (2005a) footsteps, we characterize the probabilistic
position value using probabilistic versions of component efficiency and balanced link con-
tributions. Then we generalize the notion of link potential, defined by Slikker (2005b) for
the class of deterministic communication situations, to the class of generalized probabilistic
communication situations, and use it to characterize our allocation rule. Finally, we show
that these two characterizations are logically equivalent.

Key words: Game Theory, TU Games, Graph-restricted Games, Position Value.
1991 MSC: 91A06, 91A12, 91A43.

1 Introduction

Various economic or social situations in which a group of agents cooperate to
achieve a common goal can be appropriately formalized via cooperative games
with transferable utility, or TU games. In such games, agents are referred as play-
ers. A TU game summarizes all the necessary information concerning the worth
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produced by each coalition of players when they agree to cooperate. It is assumed
that any coalition can form. On the other hand, in many situations the collection of
possible coalitions is restricted by some social, hierarchical, economical, commu-
nicational or technical structures. In this article, we restrict ourselves to the special
case of communication situations, introduced by Myerson (1977), in which the
cooperation among players is limited because only some undirected and bilateral
relations are possible. Then, a communication situation consists of a TU game and
a network of possible relations modelled via a graph. The vertices in the graph cor-
respond to the players and the edges correspond to bilateral communication links.
In order to measure the impact of restrictions on communication on the gains from
cooperation, Myerson (1977) associates to each communication situation a new TU
game, the so-called graph-restricted game. The Myerson value of a communication
situation is the Shapley value of its graph-restricted game. Myerson (1977, 1980),
Borm et al. (1992) and Slikker and van den Nouweland (2001) provide various
characterizations of the Myerson value.

Meessen (1988) suggests to associate to each communication situation an alterna-
tive TU game that focuses on the role of links: the so-called link game, in which
the set of players is the set of links. This link game associates to every set of links
the worth produced by the grand coalition of players when the links in this set are
the only ones available. The position value, defined by Meessen (1988), shares the
Shapley value of each link in the link game equally between its two incident play-
ers. The position value of a player is the sum of the gains he collects in this way.
Borm et al. (1992) provide a characterizations of the position value that is valid
on the class of communication situations in which the graph is cycle-free, whereas
Slikker (2005a,b) obtains two new characterizations without the restrictions on the
graph existing in the previous one.

In this article, we are interested in situations where the network structure is not
given and fixed, i.e. several alternative networks can form and thus players are able
to form occasional alliances as well as long term relationships. In this setting, the
Myerson approach can be think of as a particular case in which only one network
is possible. There are two different ways to model such communication networks.

The first one (Calvo et al. (1999)) consists of considering the communication be-
tween two players as a Bernoulli trial. A probabilistic graph maps to each link
a probability of realization. These probabilities are considered as independent. A
probabilistic communication situation is made up of a TU game and a probabilistic
graph on the same set of players. Because of the independence assumption, this
approach fails to take into account those situations in which the probability of re-
alization of a set of links is correlated with the realization of another one. In the
second approach (Gomez et al. (2008)), we dropped the independence assumption
and considered the so-called generalized probabilistic graphs, that assign a proba-
bility, measuring the likelihood of each one of the potential networks. Restricting
the cooperation in a TU game with a generalized probabilistic graph we obtained



a generalized probabilistic communication situation. This approach is a general-
ization of the previous one and extends the range of situations to which can be
applied.

The aim of this article is to carry on the work of extension of allocation rules
to (generalized) probabilistic communication situations initiated by Calvo et al.
(1999) and Goémez et al. (2008). Calvo et al. (1999) define and characterize a natural
extension of the Myerson value in terms of component efficiency, fairness and bal-
anced contributions on the class of probabilistic communication situations. Gémez
et al. (2008) extend these results to the class of generalized probabilistic communi-
cation situations, and describe some properties of the graph-restricted game.

In this article, we extend the definition of the position value to the class of gener-
alized probabilistic communication situations and provide two characterizations of
this new allocation rule. Following in Slikker’s (2005a) footsteps, we characterize
the probabilistic position value using probabilistic versions of component efficiency
and balanced link contributions.

Slikker (2005b) also characterizes the position value using a link potential for com-
munication situations that extends the potential for TU games of Hart and Mas-
Colell (1989) in a natural way. This link potential focuses on the marginal contri-
butions of a player’s link. We will extend too this characterization to the class of
generalized probabilistic communication situations.

As Thomson (2001) argues, analysing the logical relations between the axioms
permits to highlight their relative power. We show that the probabilistic link poten-
tial is equivalent to the probabilistic balanced link contributions property. Ortmann
(1998) obtains a similar result for TU games.

This article is organized as follows. In Section 2, we introduce notations and pre-
liminaries. Section 3 is devoted to the study of the generalized probabilistic graphs
and its subgraphs. The definition of the probabilistic position value can be found in
Section 4. In section 5, we present two characterizations of the defined value ex-
tending the ones existing for the deterministic case. And finally, the logical relation
between these two characterizations is given in Section 6.

2 Preliminaries

A game in characteristic function form (a TU game or a coalitional game) is a pair
(N, v), where N = {1,2,...,n} is a finite set of players and v (the characteristic
function) is a real map defined on 2V, the set of all subsets (coalitions) of N, satis-
fying v(0) = 0. For each S c N, v(S) represents the value produced by S when its
players agree to cooperate. When there is no ambiguity with respect to the set of



players N, we identify the game (&, v) with its characteristic function v. For each
S C N, the cardinal of § is denoted by s. The 2" — 1 dimensional vector space of
all games with players set N is denoted by GV. A game v in G" is zero-normalized
if v({i}) =0 foralli € N.

Shapley (1953) introduces a point solution for the class of cooperative games,
widely used in the literature. For each v € GV, the Shapley value of player i € N is
a convex linear combination of his marginal contributions:

(n—1—s)!
sy = 3 2T s Ui - i)

|
SCN, i¢S n:

This solution is a linear map from G" on R”, and thus it can be computed using the
so-called unanimity games. Given a coalition S C N, S # 0, the unanimity game
ug is defined by ug(T) = 1if § € T and ug(T) = 0 otherwise. The collection of
games {Us Jo.scy 1S a basis of GV, and then, for v € GV, it holds that:

Foreach® # S c N, A,(S) is known as the Harsanyi dividend (Harsanyi (1959))
of the coalition S and can be obtained from:

AVS) = ) (=1 ().

TcS

It is easy to see that Sh;(ug) = 1/s,1f i € S and 0 otherwise. As a consequence, for

allv e GV,
Ay(S)
Shl‘N, = .
w3 A

SCN,ieS

To formalize social or economic network, we use a graph (N, y), where N =
{1, 2, ..., n} is the finite set of nodes (actors) and y a collection of links (edges
or ties). A link is an unordered pair {i, j}, such that i # jand i, j € N. A graph
(N, 0) 1s a subgraph of (N, y) if 6 C y. When there is no ambiguity with respect
to N, we refer to (N, y) as y. The complete graph with nodes set N is given by
Ky = {{i, j}|i # jand i, j € N}. Denote by 2%~ the class of all networks with
nodes set N. Each graph (N, v) is both an element of 25~ and a subgraph of Ky.

Two nodes i and j are directly connected in (N, y) ifi = jor{i, j} € y.If i and j are
not directly connected in (&, ) but there exists a sequence (i; = i, i, ..., iy = J)
such that {ij, i1} e yforh =1, ..., k— 1, then i and j are connected in (&, y). A
graph (N, y) is connected if any two nodes i, j € N are connected. A subset S of N
is connected in (N, ) if the partial graph (S, y|,) 1s connected, where ), is the set
of links of vy of which both incident nodes are in S .



Given a graph (N, ), the notion of connectivity induces a partition of N in con-
nected components. A connected component is a maximal connected subset. Two
distinct nodes i and j are in the same connected component if and only if they are
connected. Let N/y denote the set of all connected components of N in y and, more
generally, for each S c N, S/y is the set of all connected components in the partial
graph (S, vy|,). If the connected component to which node i belongs is a singleton,
we say that i is an isolated node. Obviously, y is connected if and only if [N/y| = 1.
Finally, L;(N,y) = {l € v|i € I} denotes the set of links in 7 incident on i and
v_i =¥\ Li(N,y) is the subgraph of y obtained by removing links in L;(N,y). When
there is no ambiguity with respect to N we write L;(y) instead of L;(N, y).

A communication situation is a triplet (N, v, ), where v is a game in G" and y a
graph in 2X¥_ For convenience we restrict ourselves to communication situations
with a zero-normalized underlying TU-game. In a communication situation, the
nodes of the graph are the players of N. The only feasible coalitions are formed by
players connected in the graph, i.e. the graph introduces the available channels of
communication among players.

An allocation rule for communication situations is a function ¥ : ¥~ — R”, where
¢V is the set of communication situations with players set N. The real number
Y(N, v, y) is the payoff of player i in the game v when the communication possi-
bilities are restricted by the graph y. Two well known allocation rules for commu-
nication situations are the Myerson value and the position value.

Given (N, v,y) € ¥, Myerson (1977) introduces the graph-restricted game
(N, v?), of which characteristic function v is defined by:

V(S) = Z wWT), S €2V,

TeS/y

V(S representing the value ! produced by S when the communication is restricted
by y. The Myerson value, y, is the Shapley value of this graph-restricted game.

Myerson (1977) characterizes this allocation rule in terms of two appealing proper-
ties: component efficiency and fairness. Component efficiency states that the pay-
offs of the players of a component add up to the worth of this component. The
fairness property establishes that the deletion of the link {i, j} changes the payoffs
of i and j by the same amount. Then Myerson (1980) provides an alternative char-
acterization using component efficiency and the balanced contributions property.
This property states that the payoff difference player i experiences if all the links
incident to player j are deleted is equal to the payoft difference player j experiences
if all the links incident to player i are deleted.

Meessen (1988) and Borm et al. (1992) introduce an alternative associated game

I Observe that v¥(0) = 0 because of the zero-normalization of (N, v).



for communication situations. Given a communication situation (N, v, y) € €V,
the link game (y, r}) is defined by:

nE = > W), £cy.

TeN/é

Then, they define the position value, , as the allocation rule on 4™ that equally al-
locates the Shapley value of each link in the previous game between its two incident

nodes?, i.e.:
1 vV
N, v, y) = 5 E Sh(y, r)).

[eL;i(N,y)

Borm et al. (1992) provide a characterization of the position value that is valid
on the class of communication situations with a cycle-free graph. Slikker (2005a)
characterizes this allocation rule using component efficiency and the balanced link
contributions property. In the same spirit as Myerson’s balanced contributions, the
balanced link contributions property states that the payoff difference player i experi-
ences when player j sequentially delete all his links is equal to the payoff difference
player j experiences when player i sequentially delete all his links. Slikker (2005b)
provides characterizations of the Myeron value and the position value on the class
of reward games using potentials. These characterizations are in the same spirit as
the corresponding one of Hart and Mas-Colell (1989) for the Shapley value.

Hamiache (1999) introduces another allocation rule that satisfies five specific prop-
erties. This allocation rule is not related with our one.

Calvo et al. (1999) extend the model of Myerson by restricting the cooperation in
a probabilistic way. They define a probabilistic graph as a pair (N, p), where p is
a function that assigns to each link {i, j} € Ky its probability of realization. They
assumed the independence of these probabilities and characterized the Myerson
value for probabilistic communication situations (N, v, p) using the extension of
component efficiency, fairness and balanced contributions properties to this new
setting.

Gomez et al. (2008) give another step in this direction considering a probability
distribution defined on the set of all possible communication graphs 2X¥. For each
y € 2Kv_ p(y) is the probability of realization of y. It satisfies p(y) > 0 for all y €
2KV and 2yeaky p(y) = 1. The pair (N, p) is referred as a generalized probabilistic
graph. A generalized probabilistic communication situation is a triplet (N, v, p)

2 For communication situations where (N, V) is not zero-normalized, the position value
of a player is defined as the sum of his individual value and his position value in the
communication situation (N, w, L), where (N, w) is the zero-normalization of (N, v), i.e.
w(S) = v(S) — X5 v({i}) for each § C N. Our results hold for this more general setting,
but to keep the notation simple, we restrict ourselves to zero-normalized games.



where v is a cooperative game and (N, p) is a generalized probabilistic graph. The
class of probabilistic communication situations with player set N is denoted by 4%
Given (N, v, p) € ¥V, Gémez et al. (2008) define and study the properties of the
induced or restricted game (N, v”), where, for each § C N,

W)= ) pyV(S)

ye2Kkn

is the expected value of coalition S in this probabilistic framework. They define
the generalized probabilistic Myerson value, u(N, v, p), as the Shapley value of
the game V7, and they characterize it using probabilistic extensions of component
efficiency, fairness and balanced contributions.

3 Generalized probabilistic graphs

Denote by S, the support of graph (N, p), that is, the set of graphs y € 2%¥ such
that p(y) > 0, and let y, = U,cs,y. The set of all generalized probabilistic graphs
with nodes set N is denoted by Z?". When there is no ambiguity with respect to the
set N, we identify (N, p) with the probability function p.

The notion of connectivity can be extended to generalized probabilistic graphs in
the following way: two nodes i and j in N are directly connected in (&, p) when
there exists y € S, such that {i, j} € y. Two nodes i and j are connected in (N, p) if
there is a sequence of nodes (i; = i, iy, ..., iy = j) such that i, and i), are directly
connected in (N, p) forallh =1, 2, ..., k—1. This notion of connectivity in (N, p)
induces a partition of N in probabilistic connected components. A probabilistic
connected component is a maximal connected set. Denote by N/p the set of all
connected components in (N, p). Note that N/p = N/y,. Let us observe that two
nodes i and j can be in the same connected component of N/p even if there is no
v € S, such that i and j are connected in 7.

Each generalized probabilistic graph (&, p) induces 2() generalized probabilistic
subgraphs (N, pg) € 2, one for each ¢ € 2%V, where:

D pyud) = > pyus) ifyce
pe(y) = { 6cKn\é 8Cyp\é

0 otherwise.

If (N, pg) is a generalized probabilistic subgraph of (N, p), we note (N, pz)C(N, p).
The interpretation of (N, p;) is the following: only deterministic subgraphs y of &
have a strictly positive probability of realization. The probability p:(y) is the sum
of the probabilities that p gives to those graphs in 2X¥ having in common with & the



links in vy, i.e.:

pin) ifycé
Pe(y) = { neakn, nng=y
0, otherwise.

The following proposition provides the condition under which two generalized
probabilistic subgraphs of (N, p) € &Y coincide. This allows to identify the sub-
graphs that are different.

Proposition 3.1 For each (N, p) € 2" and each pair (N, p¢), (N, pz)C(N, p), it
holds that ps = pg if and only if E Ny, =& Ny,

Proof : Suppose that p; = p and Ny, # & N7y,. Then there exists [ € €Ny, such
that [ ¢ &, orl € & Ny, such that [ ¢ £ Without loss of generality, let us consider
the former possibility. We have

0= > peyutld = > plyullh,

yc&\(1) Y\l

where the first equality follows since, for any y C &\ {/}, & 7 y U {l} and the second
one since pg = pg. As

Dipyuiy= D > pyuiius = > plrui,

i\l yCEMlY ocyp\é n<yp\l}

we can conclude that p(n U {l}) = O for all n C y, \ {l}. Then [ ¢ y,, which is a
contradiction.

Reciprocally, to prove that £ Ny, = & Ny, implies p; = pg, let us show that for
each & C Ky, pg = peny,. Forany y c £Nvy,,

Pery, () = Z plyVé) = Z plyVoé) = Z p(y U o) = pe(y)

6CKN\(ENyp) SC(KN\OU(KN\Y)p) OCKN\E

where the third equality follows since, for each 6 such that 6 N (Ky \ y,) # 0,
p(y U6) = 0. Moreover, if y ¢ £ Ny, then pen,, () = pe(y) = 0, which completes
the proof. [

As a direct consequence of previous proposition, we can restrict the family of gen-
eralized probabilistic subgraphs of (N, p) € 2" to the set {(N, Pe)lecy,, that we de-
note by 27 In particular, note that (N, pk,) coincides with (N, p) and (N, p,,).
Let us extend the standard notation for the deterministic case and denote by (N, p_¢)
(or p_s when there is no ambiguity on the nodes set N) the probabilistic subgraph
(N, py,\é)» € € v, In the special case & = {l}, we will simplify the notation using
p-; instead of p_y;y. Moreover, for all C € N, we will note p¢ = Py



Proposition 3.2 For each (N, p) € " and &, & C 'y, such that £ C &, it holds
that (N, p:)C(N, pg).

Proof: If y C &,

pey)= > pyud)= > > plyUaun)

0Cyp\é aCg\E nCyp\é’
= > pelyUa) = (pe)e(y) (1)
acg\é
where the fourth equality in (1) follows since y,, = £’ [

Thus we can define an inclusion relation, noted C, in 2™-7), in the following way:

for &, & Cy,, (N, ps)C(N, pg) if and only if ¢ C &'.

4 The probabilistic position value

For each (N, v, p) € 4", we can define the probabilistic link game (p, ry) as fol-
lows:

r(pe) = VE(N), pe €27,

where (N, vP¢) is the probabilistic Myerson game associated to the probabilistic
communication situation (N, v, p,). The following proposition states that the prob-
abilistic link game is component additive.

Proposition 4.1 Given (N, v, p) € 4" and p:Cp, we have

rpe) = Y rh(pe).

CeN/¢

Proof : For each p:Cp, we have:

e = Y P = Y PV (N) = Y. pey) Y ve(C)

pi=s ycé ycé CeN/¢

= Y D pe @ = 1D D pnu o) [VIC)
CeN/¢é ycé CeN/& r]CﬁC 6C(§\§|C)

= D D2 PV = ) (e = ) rh(pe):
CeN/éncé. CeN/¢ CeN/é



The next result states that the defined probabilistic link game can be identified
with a convex linear combination of the associated link games to certain particular
(deterministic) communication situations: the corresponding ones to the graphs in
the support of the probabilistic graph (, p). This identification is based on the fact
that, for each (N, p) € 2V, the linear maps® g, : G¥ — G” and g, :) > G,
respectively defined by g,(v) = r), and g,(v) = ;Z, induce, in a natural manner, a
linear isomorphism between the respective image sets.

Proposition 4.2 For all (N, v, p) € 4", it holds that:

m= 2P0l

YeS,

Proof : For each ¢ C y,,, we have:

D P W& =Y por, Eny = ) [ > p(y)} r},(6)

Y€S, Y<Yp 0Cé [yCyp,Eny=6
= " PO}, (0) = Y pel®)rilo) = (&)
océ océ
which completes the proof. [

Next, using the introduced probabilistic link game, we can define, in a parallel way
to the deterministic case, an alternative allocation rule for generalized probabilistic
communication situations, that we will call the probabilistic position value.

Definition 4.1 Given (N, v, p) € 4", the probabilistic position value for player i
is defined by:

1
n(N, v, p) = Y 58I (P, 1)

pieLi(p)

Li(p) being the set of probabilistic links {p,Cp |l € Li(yp)).

The following proposition states that the probabilistic position value can be ob-
tained as a convex linear combination of the (deterministic) position values of the
appropriated (deterministic) communication situations.

Proposition 4.3 For each (N, v, p) € 4V, it holds that

AN, v, p) = ) pIRN, v, ).

veS,

3 In a natural way, we denote by G” and G the vector linear spaces of games with players
sets p and y,, respectively.

10



Proof: As the aforementioned isomorphism permits to identify games r, and ;E,
we have, for each [ € y,:

Shy(p, 1) = Shi(yp, )
and thus, for each i € N:

1 1 —
TNvop)= Y SShu(por)= Y SSh(y 1)

PiELi(p) leLi(yp)

! P Shi(yp, 1y ly) = ! py)Shi(y, r)
Z 2 2

leLi(yp) — v€S, leLi(y) — yeS,

S D 3Shr £ = 3 pemN, v. ),

€S, leLi(y) v€S,

where the third equality follows by the linearity of the Shapley value and Proposi-
tion 4.2, and the fourth since, for all € y, \ y, [ is a dummy player in the game
(Yp, r;ply), and, for each [ € y, S h(y,, r;p ly) = Sh(y, r)). |

5 Characterizations of the probabilistic position value

In this section we present two characterizations of the probabilistic position value
which extend the ones existing for the deterministic case. The deterministic position
value 7 : €N — R" is characterized by Slikker (2005a) as the unique allocation
rule on &’V satisfying:

i) component efficiency, i.e: for each C € N/y, X icc m(N v, y) = v(C), and

i) balanced link contributions, i.e.: for i, j € N,

DN, v, ) = mN, v, y \ AT = D TN, v, ) = (N, v, y \ D).

leLj(y) leLi(y)

The following definitions extend these two properties to the probabilistic case.

Definition 5.1 An allocation rule ¥ : 9N — R" satisfies component efficiency if,
for each (N, v, p) € 9" and each C € N/p, Y, icc Vi(N, v, p) = vP(C) holds.

Definition 5.2 An allocation rule ¥ : 9~ — R" satisfies the balanced probabilistic
link contributions property if, for each (N, v, p) € 4" and each i, j € N,

Z [ﬂj(N, v, p) — (N, v, p_,)] = Z [7:(N, v, p) — (N, v, p_)].

pieLi(p) pieLi(p)

In the next three propositions, it is proved that the defined probabilistic position
value is characterized by these two properties.

11



Proposition 5.1 The probabilistic position value satisfies component efficiency.

Proof: Let (N, v, p) € 4" and C € N/p. Then:

mi(N, v, p) = Ls hy(p, 1) = Ls hyp, 13). ()
2, 2 2.5 )

ieC ieC pieLi(p) ieC IeLi(y,)
The last term in (2) coincides with:

D Sy 7o) = Fyeyp,) = VP(C) = VP(C).

leyplc

Proposition 5.2 The probabilistic position value satisfies the balanced probabilis-
tic link contributions property.

Proof : Given (N, v, p) € 4" and i, j € N,

Z [ﬂ'j(N, v, p) — (N, v, P—l)]

PiELi(p)
= > | D e v = Y pamN, v, )
leLi(yp) [veS, ¥eSp_,
= > 1D pm N v = D ply UL + pO)laN, v, )
leLi(yp) Ly<yp yCyp\il}
= [ D pE UGN, v, 6 Ul = > pEU TN, v, 5)]
IeLi(y,) [6cy,\ ) scy,\(l
= >0 D PO [xN, v, y) = N, v, y \ )]
leLi(yp) v<Yp
= Zp(’y) Z [JTJ(N, vV, y)_ﬂj(N9 v, ’)’\{l})]
Y<Yp leLi(yp)
= Z p(’)/) Z [T[i(N, Vv, ’)’) - ﬂi(N’ v, Y \ {l})]
Y<Yp leLj(yp)

where the last equality follows since the deterministic position value satisfies bal-
anced link contributions. This last term coincides with

[7:(N, v, p) — (N, v, p_))]
piELi(p)

by the same arguments as for the previous equalities. |

12



The proof of the following theorem mimics the corresponding one in Slikker
(2005a) and then it is omitted.

Theorem 5.1 The probabilistic position value is the unique allocation rule on 4N
that satisfies component efficiency and balanced probabilistic link contributions.

Slikker (2005b) provides another characterization of the deterministic position
value using a natural extension of the potential function defined by Hart and Mas-
Colell (1989) to characterize the Shapley value.

Let P be a real function defined on ¢ = U ¢".* The marginal contribution of

neN
player i to a communication situation can be defined as the sum of the marginal

contributions of each of his incident links:

DiP(N, v, y) = D [P(N, v, 7) = PN, v, y \ {I})]

leLi(y)
for each (N, v, y) € €V c ¢ and eachi € N.

A function P : ¥ — R is a link potential function if P(N, v, @) = 0 for each
(N, v, 0) € € and the sum of the marginal contributions of players with respect to
D equals the value produced by the connected components, i.e.

D DiP(N, v, 7) = V(N)
ieN
for each (N, v, y) € € such thaty # 0.

Slikker (2005b) obtains the following result.

Theorem 5.2 There exists a unique link potential function P : € — R. Moreover,
for each (N, v, y) € € and each i € N, D;P(N, v, y) = m;(N, v, ) holds.

Let us extend this result to the class of generalized probabilistic communication sit-

uations. Let ¥ = U @™ and Q areal function defined on 4. The expected marginal

neN
contribution of a player to a generalized probabilistic communication situation can

be defined as the sum of the expected marginal contributions of each of his incident
probabilistic links:

M;Q(N, v, p) = Z [Q(N, v, p) = Q(N, v, p_)] 3)

pieLi(p)

for each (N, v, p) € ¢ such thaty, # 0 (p # py) and eachi € N.

4 Recall that N = {1, ..., n}.
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A function Q : ¢ — R is a probabilistic link potential function if Q(N, v, pg) =0
for each (N, v, pyp) € ¢, and the sum of the marginal contributions of players with
respect to M equals the expected value produced by the grand coalition, i.e.

D MiQ(N, v, p) = v'(N) “)
ieN

for each (N, v, p) € ¢ such that p # py.

In the following theorem, we show that the probabilistic link potential function is
uniquely defined. Moreover, the expected marginal contributions that correspond
to this potential coincide with the probabilistic position value.

Theorem 5.3 There exists a unique probabilistic link potential function Q : 4 —
R. Moreover, for each (N, v, p) € 4 and eachi € N, M;Q(N, v, p) = n;(N, v, p)
holds.

Proof : Firstly, we show that a probabilistic link potential function exists. Consider
(N, v, p) € 4, and define:

Ar},(pf)
2¢]

ON, v, p) = ), 5)

£Cyp

Obviously, for each (N, v, py) € ¢ we have Q(N, v, py) = 0. Let us prove that
0, as defined in (5), satisfies (4) for each (N, v, p) € ¢ such that p # py. It is
easy to see that, in this case, for pgap_,, it holds that ”;_1(1’6) = r;(pg). Thus, for
each p.Cp_,, A,;;_[ (pe) = Any(pg). Then, from (3) and (5), and using the component
efficiency property of the probabilistic position value, we obtain:

A (Pe) Ary,(Po)
ZM,Q(N, Vs p)=Z Z Z 2|g|‘f - Z 2|§|ff

ieN ieN pieLi(p) \éCyp fCyp\l}

Ap(pe) 1 )
RPN PR DI

iEN pieLi(p) éCyp,leé ieN — pieLip)

=Y TN, v, p)= > V(€)= V(N

ieN CeNlyy

Therefore, Q(N, v, p), as defined in (5), is a probabilistic link potential function.
Moreover, by the same arguments used to obtain the first four equalities, it holds
that M;Q(N, v, p) = m;(N, v, p) for each (N, v, p) € 4 and each i € N.

Secondly, we show that the probabilistic link potential is unique. The combination
of (3) and (4) gives:

O(N, v, p) =

VN +2 ) O, v, po)|.

ley,

21y,
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Starting with Q(N, v, pg) = 0 for each (N, v, pyp) € ¥, one can recursively define
Q(N, v, p) for each (N, v, p) € ¢ in a unique way. |

In next proposition we prove that the probabilistic link potential function admits an
expression in terms of the deterministic link potential function.

Proposition 5.3 The unique probabilistic link potential function Q : ¢ — R sat-
isfies Q(N, v, p) = 2es, P(N, v, y)p(y), where P : ¢ — R is the unique link
potential function.

Proof: To prove this, let us show that Q'(N, v, p) = X,cs, PN, v, Y)p(y) is a
probabilistic link potential function. By the uniqueness of Q, the result holds. Note
that Q'(N, v, pp) = 0 trivially holds for each (N, v, pyp) € ¢4. If (N, v, p) is such
that p # py, we have:

D MOW, v py =D ) QW v, p)= QN v, p)]

ieN ieN pieLi(p)
=3T3 D PO v v = Y PO v, y)pa(y)
ieN pieLi(p) )/ESP VESP_/

D PP, v, y) = Y [ply ULID + p(n)IP(N, v, y)}

Y<Vp y<yp {8}

1€Li(p)

:Z Z l Z P& U{LDP(N, v, 6 U{l}) — Z p(6 U{IHP(N, v, 5)}
iEN pieLi(p) | 6Cyp\1}

ocy,\{1}

- Z Z Z p) [P(N, v, y) = P(N, v, y \{I})]

iEN pieLi(p) y<yp

= Z p(’y)Z Z [P(N. v, y) = P(N, v, y \ {I})]

Y<Yp ieEN leL,-(yp)

= > PV (N) = v (N),

Y<Yp

where the seventh equality follows since P is the unique potential link function for
the deterministic case. |

6 On the relation between the potential and the balanced probabilistic link
contributions property

In this section, we prove the equivalence between the two previous characteriza-
tions. Before providing the main result of this section, we introduce two more def-
initions and highlight a property of the probabilistic link potential function.
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In a communication situation, players who are not in the same connected compo-
nent are not able to coordinate their actions. Then, the connected components op-
erate independently: there is no externalities between them. A function Q : 4 — R
satisfies component additivity if it captures this idea.

Definition 6.1 A function Q : 9 — R is component additive if for each (N, v, p) €
9,
ON, v, p)= > O, vr, pr).

TeN/yp

In the next proposition, we state that the probabilistic link potential satisfies this
property.

Proposition 6.1 The probabilistic link potential is component additive.

Proof : Let us recall that, for a deterministic communication situation (N, v, y) €
%, the dividends A,;((f) are equal to zero if £ is not connected (see, for example,
Gomez et al. (2004)). Given a graph (N,y) and § C N, let us note S(y) = {i €
S such that 4 / € y withi € [} the set of not isolated players of S in the graph
(N,7y). Thus, if P : € — R is the deterministic link potential function, we have:

A )
Ar" (f) Arv (f) "y||
P N = L = z = a = P T .
N, v, 7) Z 21¢] Z Z 2/¢] Z Z 21¢] Z (@ vir> 7r)
écy TeN/y &g TeN/y &g TeN/y
IN()/€1=1 IN©)/é=1

Then P is component additive. For the probabilistic link potential function Q, we
have,

OWN, v, p)= Y pHPWN, v, 7) = > p) D P(T, vip, )

€S, YeS, TeN/y
= 2, 2 PW ), PTovewy)
CeN/yp yeS, TeN/y

>3 pIPC. v )

CGN/yp Y<Yp

p(')’)P(C, v|(;a ch)
CeN/yp g:ﬁUf

7|C
&Syp\ne

Z Z pC(é)P(C’ Vies ')’lc)

CeNlyp (SCV‘C

D, OC v o).

CeNly,

An allocation rule is component decomposable if the payoft of a player is not af-
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fected by the values created by players who do not belong to his component.

Definition 6.2 An allocation rule ¥ : 4 — R is component decomposable if, for
each (N, v, p) € 4 and each i € N,

lIll'(]\ﬂ v, p) = \Pi(Tia v|T,-7 pTl‘)a
where T; is the connected component of N/p to which i belongs.

In the following theorem we prove that the balanced link contributions property
and the variations used to define the probabilistic link potential are equivalent.

Theorem 6.1 Let ¥ be a component decomposable allocation rule on 4 verifying
Yi(N, v, pg) = O for each (N, v, py) € &4 and each i € N. This allocation rule
satisfies balanced probabilistic link contributions on 4 if and only if there exists
a component additive function Q : 4 — R such that Q(N, v, pp) = 0 for each
(N, v, pp) € 4 and M;Q(N, v, p) = Yi(N, v, p) for each (N, v, p) € G with p # py
and each i € N, M;Q(N, v, p) being defined as in (3).

Proof: Suppose that a component additive function Q : ¢4 — R satisfying
O(N, v, pg) = 0 for each (N, v, pg) € 4 and M;Q(N, v, p) = ¥;(N, v, p) for each
(N, v, p) € 4 with p # py and each i € N exists. Let us prove that ¥ verifies
balanced probabilistic link contributions. We have:

D W, v, p) = WiN, v, p)l= D [IMQWN, v, p) = MiQ(N, v, p_p)]

PieLi(p) pieLi(p)

= > | D O, v, p)= OV, v, p_p)]

pieLi(p) LpkeLi(p)

= > [OWN, v, p-) = ON, v, pgp)]

PreLi(p)

= > > [OWN, v, p) = QN v, p)]

PiEL;(p) pkeLi(p)

_ Z Z [OWN, v, p_) = O(N, v, p_ir.p)]

pieLj(p) pkeLi(p)

= Z [¥;(N, v, p) =¥i(N, v, p_p)].

PrELi(p)

Note that the expression after the third equality sign is symmetric in 7 and j. The
last equality follows by the same arguments as for the first three ones.

Conversely, let ¥ be a component decomposable allocation rule on ¢ verifying
balanced probabilistic link contributions and such that Y;(N, v, py) = 0 for each
(N, v, pp) € ¢ and each i € N. We have to show that we can define a component
additive function Q : ¢4 — R, such that Q(N, v, pg) = 0 for each (N, v, py) € ¢
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and M;(N, v, p) = ¥;(N, v, p) for each (N, v, p) € 4 with p # py and each i € N.
We proceed by induction on |y,|.

Firstly, note that this assertion is trivially verified for |y,| = 0. Then, by induction
hypothesis, let us assume that there exists a component additive function Q such
that Q(N, v, py) = 0 for each (N, v, py) € 4 and M;Q(N, v, p) = WYi(N, v, p) for
each (N, v, p) € 4 with p # py, |y,| < k and each i € N. Consider (N, v, p) € ¢
such that |y,| = k. Remark thatif T € N/vy,, T = {i}, O({i}, vy, piy) = 0. Consider
now T € N/y, such that [T| > 1. Note that, for each i € T, [Li(p)| # O and
Li(pr) = Li(p). Let us define:

YT, v, pr)+ Y. O, v, (pr)y)

pi;€Li(p)

ILi(p)l

where i is whatever element in 7. We relegate to the Appendix the proof that
O(T, vir, pr) is well defined in the sense that it does not depends on i € T. Then,
we define

O, vr, pr) =

OWN, v, p)= > O(T, vir, pr).

TeN/p

Consider i € N. By the induction hypothesis, we have:

MOWN, v, p)= ) [OWN, v, p) = ON, v, p-y)]

pi;ELi(p)
= > 1D oTovm )= Y O, v, (pr))|.
pi€Li(p) [TeN/p TeN/p-y;

Foreach T € N/psuchthati ¢ T, Q(T, vir, pr) = Q(T, vir, (pr)-;). Denote by T;
the connected component of N/p containing i. It holds that:

MOWN, v, p)= > [OTsvir, pr)— ), OS, vis, (ps))]

pi;€L(p) SeTi/(pr))-i;
= > Qs viry, pr) = OT;, vir, (1))
pi;€Li(p)

By (6) and by component decomposability of ¥, we obtain:
M;Q(N, v, p) = YiT;, vir,, pr,) = Yi(N, v, p).
|
Remark 6.1 Note that the definition of Slikker’s (2005b) deterministic player po-

tential can be generalized to the probabilistic case in the following way. Denote
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by Q : 4 — R the function that assigns to every generalized probabilistic com-
munication situation in 9 a real number. The expected marginal contribution of a
player to a generalized probabilistic communication situation can be defined as the
expected marginal contribution of all his links:

MiP(N’ v, P) = Q(Nv v, p) - Q(N’ v, p—i) (6)

for each (N, v, p) € 4 and each i € N, p_; being the generalized probabilistic
subgraph p_y,,

A function Q : 9 — R is a probabilistic player potential function if the sum of the
marginal contributions of players with respect to M is equal to the expected value
produced by the grand coalition, i.e. Q(N, v, py) = 0 for each (N, v, py) € Y and

D MO, v, p) = V(N) (7)

ieN

for each (N, v, p) € & such that p # po. Results in Theorems 5.3 and 6.1 can
be provided for the probabilistic Myerson value of Gémez et al. (2008) and the
probabilistic player potential.

Appendix

Suppose ¥ is a component decomposable allocation rule defined on ¥ satisfying
balanced probabilistic link contributions and such that W;(N, v, py) = 0 for each
(N,v,pp) € ¢ and each i € N. Let us prove that, under these hypothesis, given
(N,v,p)e9, T e N/pwith|T|>1andie€ T, Q(T, vr, pr), as given in (6) is well
defined, i.e., it does not depend on i € T'.

Proof : Consider i, j € T. By balanced probabilistic link contributions and compo-
nent decomposability of ‘P,

Wi(T, vir, (pr)-1) D AT v, (1))
piEL;(p) \ILi(p)IY (T, vz, pr) pieLip)

L) " IL(p)| IL(p)|

YT, Vir, pr) =
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Substituting this previous expression in the right-hand term of (6) we obtain:

\Ili(T’ Vi, (pT)—lj)
1 Pi;EL(P) IL{(p)I¥ (T, vir, pr)

L)) L)l " IL(p)

DT WAT, virs (pr))
Pi;ELi(p)

— T, vr, . (8
e +pl;p)Q< v (pr)-)|. ()

Moreover, by the induction hypothesis in the proof of Theorem 6.1., we know that:

Yi(T, vir, (pr)-1;) = L)\ IO(T, vir, (pr)-1))— Z O, vir, (PT)-i11.1;))-
pyELi(p)\pi}
®)
Suppose that i and j have no probabilistic link in common. In this case, (9) can be
written as:

YT, vir, (pr)-1;) = ILPIO(T, vir, (pr)=1;) — Z O, vir, (pr)-,1)- (10)

pi€Li(p)

Note that (9) and (10) hold for an arbitrary /;. Using (10) we have that (8) is equal
to:

L(PIOT. vir. (pr)-1)
YT, vr, pr) 1 |pelio

Ll L) IL(p)

D0 2. T (o) Y ILPIQT. vir. (pr)-y)

pi;ELj(p) pi;EeLi(p) pi;€Li(p)

IL;i(p)l IL;(p)l
O, v, (Pr)-yi..1;))

p;ELi(p) pi;€Li(p)

T, v, o
' ] + Z() OT. v (pr)s)

VAT, v, pr)+ ), O, vir, (pr)-y)

ILi(p)l

Finally, as the right-hand side in (6) coincides with (8) and thus with the second
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term in previous equality, we have:

YT, vir, pr) + Z o, vz, (pr)_;) YT, vz, pr) + Z o, vr, (PT)_I,-)

p1ELi(p) pi;EL;(p)

ILi(p)| IL;(p)|

and so the result is proved for the case in which i, j € T have no probabilistic link
in common.

Now, suppose that i and j have a probabilistic link in common. Thus, if [; # {i, j},
(9) can be written as:

WA(T, vir, (pr)) = IL(PIQT, v, (pr)s) = > O, vz, (pr)—g1)- (1)

pieLi(p)

and if £; = {i, j},

Wi(T, vir, (pr)-ij) = (L(pI-DOT, vir, (Pr)—ij))— Z O, vir, (PT)-(11.1i.1)-
pyELi(p)Mpyi it
(12)
Then, substituting (11) and (12) in (8) we have that (8) is equal to:
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[ D LI, v, (pr))
ijLj(p)
\Pj(T’ V|T,PT) + 1 Lj#i. )
IL;(p)l ILi(p)l IL;(p)I
Z Z O, vir, (PT)-t1:.1;)
pi;eLjp) pyeLi(p)
e N (Li(p)| = DO(T, vir, (pr)-i, jy)
IL;(p)l IL;(p)|
Z O, v, (PT)-tii. j1.1)) Z IL;(PIO(T, vir, (Pr)-1;)
PI;ELi(p) Pl ELi(p)
L#li. ji i)
IL;(p)| IL;(p)l
O, vir, (PT)-t1:.1;))
<L) py €LAp)
e (L = DOT, vir, (r)-ii)
IL;(p)l IL;(p)I
O, v, (Pr)-y1;.1i. 1)
szELj(p)
1#li. j)

£ 0 O, vir, ()|

IL;(P)l PeLi(p)

And after some straightforward calculations we obtain that previous expression,
and then (8), equals to:
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z |Ll(p)|Q(T’ V|T, (pT)—lj)
Yi(T, vr, pr) 1 pi;€Li(p)
+

IL;(p)l ILi(p)I IL;(p)|

Z Z O, vir, (P)-t1:.1,) Z O, vir, (Pr) -y, 4i, jn)

Pi;eLj®) peLi(p) PELi(P)
ljat{i,j) Li#{i, j}

IL;(p)l IL;(p)|
S LT, vy 20 2 QT ()

pL€Li(p) p[,ELj(p)
pELi(p) i)

- +
IL;(p)l IL;(p)l
Z O, vir, (Pr)-t1;.4i. 1)
pszLj(p)

1, j)

+ D O, vir, (pr))|-

IL;(p)l pieLi(p)

Note that in previous expression the sum of the second to sixth terms inside the
brackets vanishes and so, the result is proved. [ |
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