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Abstract: In this paper we generalize the allocation rule (point solution or value) known as the mixed
value by introducing the weighted mixed value.The proposed solution assigns value in graph games
where players, and/or links, have weights representing asymmetries of the players, and different
flows, lengths, emotional intensities, trust in the transmission of the information, etc. in the links. We
present several characterizations of this value using properties, such as mixed component efficiency,
weighted mixed fairness, weighted balanced contributions and weighted balanced link contributions.
These properties were inspired by the classical properties used to characterize the Myerson value and
the position value.
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1. Introduction

A cooperative game with transferable utility or a TU-game is a model for a situation
in which a set of actors can obtain benefits by cooperating. Any coalition (subset of players)
is feasible and gets a payoff (a real number interpreted as the maximum gains they can
obtain regardless of the strategies of the players outside the coalition) if it is formed.
Coalition payoffs are assumed to be transferable between players. One of the main issues
in cooperative game theory is how to obtain a reasonable distribution of the value of the
grand coalition among all the players. The Shapley value [1] is one of the most prominent
allocation rules (point solution or value) for players in a TU-game. It assigns each player a
convex linear combination of his or her marginal contributions to different coalitions (the
value of the coalition when he incorporates minus the value of the coalition without him).

In this paper we deal with TU-games with cooperation restricted by a graph, also
called communication situations or graph games.

The first attempt in this setting was due to [2]. He defined the graph-restricted game
in which the value of a coalition is the sum of the values of its maximally connected (in
the graph) subcoalitions. Given the prominence of the Shapley value as the allocation rule
for players in a TU-game, Myerson applied it to this graph restricted game obtaining an
allocation rule, which is now known as the Myerson value [2,3].

The position value is another allocation rule for TU-games with cooperation restricted
by a graph, introduced by [4,5]. They used a different approach from Myerson, defining
another graph-restricted game, the so called link game, a new TU-game in which the
players are the links of the graph and the coalitions are its subgraphs. The outcome of a
subgraph coincides with the payoff given to the grand coalition by the restricted game
of Myerson to that subgraph. Then, the position value assigns to each player half of the
Shapley value (in the link game) of all the links he or she is involved in.
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Since their introduction, the Myerson value and the position value have received
incessant attention. Most recent works have obtained characterizations in different set-
tings [6-11].

Another value, the mixed value, that allocates worth not only to players, but also to
links in a communication situation, was introduced and characterized in [12]. They defined
the corresponding restricted TU-game. In it, the actors are both the players in the original
game and the links in the graph. The value of a coalition (of players and links) coincides
with the sum of the values (in the original game) of the maximally connected subcoalitions
of the players in the graph given by the links. The mixed value is the Shapley value of the
previous restricted game. They characterized this allocation rule using efficiency, additivity
in the game, the superfluous link property and anonymity.

Mixed value has received less attention in the literature, and one of the aims of this
paper was to further analyze it. Recently, reference [13] used the mixed value to analyze
the impact of intermediaries in a negotiation.

In this paper we present a generalization of this mixed value to take into account
that players and/or links can have weights representing a priori differences between them.
As an example, these link weights can represent different flows, lengths, latencies in the
information transmission, emotional intensities, trust in the transmission of information
or even probabilities of relation. Similarly, players can have asymmetries in bargaining or
cooperation abilities.

In all the three previously referred to allocations rules, the Shapley value [1] of the
corresponding newly defined game (the graph restricted game, the link game or the
pseudogame of players and links) was always used.

In this paper we propose the use of the weighted Shapley value [14] to allocate worth in
the pseudogame, when players and links have associated weights. The obtained allocation
rule is named weighted mixed value. As mentioned above, a crucial difference between the
mixed value and the Myerson and position values is that the former allows us to know
how much of the value of the grand coalition should be allocated to the links. This can
be interpreted as the costs for the players of maintaining the communication channels,
paying the intermediaries who own the links, the importance of a partner’s relationships
in a social network, etc. In this paper we intend to go deeper into the measurement of the
value, not only of the players, but also of these connections, to characterize the value and
to address situations in which the different communications present symmetries due to
length, capacity, emotional intensity, probability, etc. The obtained results could be useful
in distributing maintenance costs between different towns and different road sections in a
terrestrial communications network, distributing income among the owners of suburban
buses, commuter trains and the metro, and, also, to strategically decide on the need to
build a new pipeline (see Example 1) (at the time of writing this paper, the European Union
was addressing the strategic problem of building a new gas pipeline to reduce dependence
on external countries), distributing benefits between telephone companies from different
countries who provide communications, and measuring centrality of individuals and their
relationships in a social network, etc.

We present several characterizations of this value using the following properties:
mixed component efficiency, weighted mixed fairness, weighted balanced contributions
and weighted balanced link contributions. They were inspired by well-known properties,
such as fairness and balanced contributions used to characterize the Myerson value [2,3]
and the balanced link contributions used to characterize the position value [15].

The obtained characterizations are also useful in the particular case in which all
the players and links have no weights. Then, in fact, in this paper we also obtain new
characterizations for the mixed value.

The remainder of the paper is organized as follows. In Section 2 we include some
preliminaries and notation on cooperative TU-games, graphs and communication situations.
Section 3 is devoted to obtaining the dividends of the pseudogame, or mixed game, and to
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introducing the weighted mixed value. In Section 4 we present several characterizations of
this value. The paper ends with a section of conclusions, final remarks and references.

2. Preliminaries
2.1. Cooperative TU-Games

An n-person TU-game (cooperative game with transferable utility) is an ordered pair
(N,v) where N = {1,2,...,n} is the set of players and v, the characteristic function, is a
map v : 2V — R assigning to each coalition S € 2N the payoff, v(S), of the members in S if
they cooperate.

We denote the vector space of all n-person TU-games by GN. The family
{(N, us) }@+scn, with the characteristic functions ug, 0 # S C N, defined as

1 ifSCT
us(T) = { 0 otherwise

is a basis of GV, known as the unanimity games basis. Then, every characteristic function v
can be uniquely written as
U= Z Av (S )M S-.

@#SCN

These coordinates of (N, v), in such a basis, {A(S) }@-£sc N, are known as the Harsanyi
dividends [16], and can be calculated from the value of the coalitions in the following way
(the cardinality of the subsets S, T, ... of N is denoted by s, t,...),

Ay(S) = Y (—1)o(T).

TCS

An allocation rule on GV assigns a specific payoff to each player in the game. The
Shapley value [1], Sk, is a well-known allocation rule whereby the allocation of each player
i is obtained as a convex linear combination of the marginal contributions of the player to
different coalitions

(n—s—1)!s!

Shi(N,?J) = o

SCN\{i}

[p(SU{i}) —o(S)].
Alternatively, it can be obtained as

A
Shi(N,v)= Y ”S(S),
SCN:ieS

i.e., as the sum of the proportional part (to the size of the coalition) of the dividend of
different coalitions to which the player belongs.

In [14] the weighted Shapley value is defined, Sh*, in which for a vector of positive
weights A = (A,..., Ay),

/\,
SKMN,v) = Y Ay(S) =
: SCN:ie$ Z)‘j
jes

i.e., the weighted Shapley value of a player is the sum of the dividends of the coalitions to
which the player belongs multiplied by the proportional part of the weight of the player
with respect to the sum of the weights of the members of the coalition. Simplifying, while
the dividends in the Shapley value are distributed proportionally to the size of the coalition,
in the case of the weighted Shapley value they are distributed proportionally to the weights.
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2.2. Graphs

A network (graph) is a pair (N, ) in which N = {1,2,...,n} is the set of nodes
and v C yv = {{i,j} |i,j € N, i # j}. Each {i,j} € 7 is a link representing a direct
communication between i and j.

We say that i and j are connected in (N, vy) if there exists iy,1p,...i € N withi; =i
and iy = jsuch that {i;,i;; 1} € v, forl =1,...,k—1. Aset® # S C N is connected in
(N, ) ifitis a singleton or if every pair of nodes in S is connected in the graph (S, v/,) with
v, =ijterlijest.

A maximal connected subset in (N, y) is a connected component. For @ # S C N,S /vy
denotes the partition of S in connected components in the graph (S, |, ). For 7 C v, N/7
denotes the partition of N in connected components in the graph (N, 77).

Given a graph (N, 7), the following subgraphs of (N, y) are relevant in this paper: the
subgraph in which the link / € y has disappeared, (N, \ {I}); the subgraph of the links
incidentoni € N, (N, 7;), with y; = {I € v | i € I}; and the subgraph in which i € N has
broken all links, so becoming isolated, (N,y_;), with y_; = ¢\ ;.

2.3. Communication Situations

A communication situation, a graph game or a game with communication restricted by
a graph can be modeled by means of a triple (N, v, y) where (N, v) is a TU-game and (N, )
is a network. The set of all communication situations with N as the set of nodes/players is
denoted by CSN .

For communication situations, refs. [2,3] introduced a graph-restricted game, (N, v7),
as follows:

CeS/y

Later, also for a communication situation (N, v, ), with (N, v) a zero-normalized
game, references [4,5] introduced the link game, (v, rE’Y) € G7 in which the characteristic
function was given by:

ro(n) =), o(C)forally C 1.
CeN/n

In [12] another game was introduced, a pseudogamnie, or mixed game (N Uy, wy,) €
GNY7, in which the pseudo-players were either players in the game or links in the network.
It is defined as:

wo({S,1}) = ). o(C)forall {S,7}C{N,7},
CeS/n

where given {S,7} and {S',4'} with S,S' C N and 17,7’ C 7, we denote by {S,#}C{S’,5'}
the order given by S C S’ and 7 C #'. If {S,7}C{S, 5’} but S # S’ or 4 # ' (or both),
then we will write {S,n}C{S’,%'}.

The Myerson value, y [2,3] and the position value, 7t [4,5] are two well known alloca-
tion rules for communication situations that assign value to players.

They are defined as
#(N,v,7) = Sh(N,v7)
and .
mi(N,v,7v) = Z EShl('y,ri’Y),i eEN
ley;
with

. gl =Dt ,
Shy(y,r7) = Z (7] |1|7| I )] [ro(mu{l}) —r5(y)], forl € 7,
nEN 1} e

where the cardinality of the sets of links y and 7 is denoted by || and |7|.
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A mixed allocation rule, the mixed value, p, assigning payoff to players and links is
introduced in [12]. It is given by:

p(N,v,7) = Sh(NU 7y, wyy).

Myerson characterized his value in terms of component efficiency and fairness in [2].
Later, reference [3] obtained another characterization substituting fairness with balanced
contributions.

An allocation rule satisfies component efficiency if it distributes the value of each
component among the members of that component and, therefore, there is no transfer of
utility between components. It satisfies fairness if, when two players break their link, the
payoff of both is equally modified. It satisfies balanced contributions if the effect on the
payoff that one player isolating makes to another is the same as the other player’s isolating
makes to him or her.

Formally, an allocation rule  on CSY, i.e.,, a map ¢ : CSN — R”, ;(N, v, ) repre-
senting the outcome for a player i in the communication situation (N, v, ), satisfies:

-Component efficiency [2] if, forall(N,v,y) € CS N and all C €
N/%, Tiec $i(N,0,7) = o(C).

-Fairness [2] if, for all (N,v,7) € CSN and every I = {i,j} € v, ¢;(N,v,7) —
PN, o\ (1)) = 9(N,2,7) — 9 (N, 0,7\ {1).

-Balanced contributions [3] if, for all (N,v,7y) € CSN and all i,j € N, ¢;(N,v,v) —
4’1'(Nr o, '77]') = 1/]]'(N/ o, '7) - 1/]]'(N/ o, '771')'

Recent and interesting papers on the fairness property are [17,18], and on the balanced
contributions property are [19-22].

Slikker characterized the position value in terms of component efficiency and balanced
link contributions in [15].

An allocation rule satisfies balanced link contributions if the sum of the effects gener-
ated by removing, one by one, the links of a player on another player is equal to what this
other player would generate in he or she acting the same.

Formally, an allocation rule i, on CSN satisfies the balanced link contri-
butions property, if, given (N,v,7) € CSN, and i,j € N, it holds that
12 [wi(val’y) - 1/]1'(va/7 \ {l})] = ZZ [lpj(Nr Z),’)/) - l/)]‘(N, Z),’)f\ {l})]

€7j €7i
] Extensions of the balanced link contributions property have been used to characterize
different generalizations of the position value, as in [7,23-26].

The mixed value is characterized using efficiency, additivity in the game, the superflu-
ous link property and anonymity in [12].

A rule (for players and links) satisfies additivity if the allocation in a communication
situation, in which the game is the sum of TU-games (ceteris paribus), coincides with the
sum of the allocations in the respective communication situations. Formally, ¢ on C SN
is additive if for (N,v +v,v), (N,v,7), (N,v,v) € CSN, $(N,v +',9) = p(N,v,7) +
PN, 7).

An allocation rule (for players and links) satisfies the superfluous link property if the
allocation does not change when eliminating links that are null players in the pseudogame.
Finally, a rule on CSY for players and links satisfies anonymity if the allocation only
depends on the number of non-isolated players and links.

One of the aims of this paper is to obtain new characterizations of the mixed value,
based on properties close to fairness, balanced contributions and balanced link contribu-
tions. As mentioned, these properties are prominent in the literature on communication
situations. Furthermore, these new characterizations permit us to relate the three aforemen-
tioned values. Moreover, additivity is not an appealing property, especially in economy
contexts, where the sum of TU-games may not have interpretation. Thus, new characteriza-
tions avoiding additivity can be useful in such contexts.
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3. The Weighted Mixed Value

In this section we introduce the weighted mixed value as an allocation rule for commu-
nication situations in which players are possibly not symmetric, having different weights
and also where the links can have weights representing different capacities, flows, distances,
etc. The defined rule allocates the weighted Shapley value [14] of the mixed game defined
in[12].

To motivate this rule let us consider the following example.

Example 1. Suppose country 1 produces gas and country 2 uses it in its industry. If 1 and 2 agree,
they can make a joint unit profit when 1 sells the gas to 2. However, in order to move the gas from 1
to 2, a pipeline is needed that passes through country 3, which does not need gas, because it uses
other types of energy in its industry. This situation can be modeled by (N,v,v) with N = {1,2,3},
v=uygpyand vy = {a={1,3},b={2,3}}.

The high cost for players 1 and 2 to pay 3 and maintain the pipeline makes 1 and 2 consider
building another pipeline through country 4, which also does not need gas. Moreover, this new
pipeline would have twice the capacity of the existing one. Then, this new situation can be modeled
by (N,v,7") with N = {1,2,3,4}, v = ugy 5y and o' = {a = {1,3},b = {2,3},c = {1,4},
d={2,4}}.

A representation of (N, ) and (N,+') is given in Figure 1.

4
Figure 1. Graphs (N, ) and (N, /).
The pseudogames are given by:
1, for{S,nt ={N,
woq ({S,11}) = { 0 ot otzgrwisi. " @)
1, for{S,n} ={1,2,3,a,b},{1,2,4,¢,d}
Wy ({S,m}) = or{1,2,3,4,a,b,c,d} )
0, otherwise.

We will suppose that the weights of the links a and b are, respectively, }, and the weights
for cand d are % We assume equal unitary weight for the countries. It is not easy, in general, to
assign weights to the links. In this case we suppose that the weight is the pipeline capacity, i.e.,
the amount of gas that moves per unit of time, flow rate, between the entry and exit points of the
pipeline, considering given the entry and exit pressures.

For the communication situation (N, v, ) we have an allocation, the weighted Shapley value
of (N, wa,y), of

22211
<7' 7718 14>'
i.e., players 1 and 2 must reward with % to the intermediation of country 3 in the connection of the
pipeline and with ﬁ + 11—4 = % to the owners of the pipeline. This quantity can also be seen as the
cost of the maintenance of the pipeline.

For the communication situation (N, v, ") we have an allocation, the weighted Shapley value

Of(N, wv,’y’)/ Of 1

616 (218,218, 64,42,16,16,21,21).
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In this way (excluding the cost of creating the pipeline) 1 and 2 must face a cost of % + % =
% < % to reward players 3 and 4, and a cost of a pipeline of 2 x % +2x % < % Thus, to have
alternatives reduces the cost for players and weakens the intermediaries.

Before characterizing the value, let us obtain the pseudogame for communication
situations in which the game is a unanimity one. The obtained result is useful to calculate
the weighted mixed value and also to characterize it. To do this, first we introduce the
definition of minimal connection set-graph for a coalition in a graph.

Definition 1. Given (N,v,7) and @ # S C N, we say that {T,U}Q{N,'y} withS C Tisa
connection set-graph of S in (N, «y), if (T, ) is a connected graph. We say that {T,n}, a connection
set-graph of S in (N, ), is minimal if, for all {T',n'} with {T',4'}YC{T,n}, {T',n'} is not a
connection set-graph of S in (N, 7).

Given @ # S C N, we denote MCSG(S, N, y) the family, occasionally empty, of the
minimal connection set-graphs of S in (N, 7).

Example 2. Consider the communication situations (N,v,y) and (N,v,") as in the Example 1.
For S = {1,2}, the unique minimal connection set-graph of S in (N, ) is {1,2,3,a,b}.
For S = {1,2}, the minimal connection set-graphs of S in (N,~') are {1,2,3,a,b},
{1,2,4,c,d}.

Proposition 1. For (N, ug, ) € CSN, with (N, ug) the unanimity game of S in GN, we have:

Wugy =1 — H [1 - u{Ti/’?i}] &)
{Tini}eMCSG(S,N,7)

if MCSG(S,N, ) # @, and wy, ,, = 0 (the null game), otherwise.
We denote (N Uy, ugs ) if {©,@} # {S,n} € {N, v} for the games of the unanimity
basis in GNY7.

Proof. Suppose~ MCSG(S,N,v) # @. The other case is trivial.
For {T,n}C{N, v}, we have that

Wugy({T,n}) = ud(T) = Y us(C)

CeT/y

[ 1 ifthereisC € T/nsuchthatS CC
| 0 otherwise

[ 1 ifSisconnectedin (T,7)
“ 1 0 otherwise.

On the other hand, using the right hand side of (3)

1= g, }({m})

1-—
{ {T;ni}eMCSG(S,N,y)

[ 1 ifthereis {T;,1;} € MCSG(S,N, ) such that {T;,7;} C{T, 7}
| 0 otherwise

[ 1 ifSisconnectedin {T, 5}

~ | 0 otherwise

Thus, the result is proved. [
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Corollary 1. For (N,us,v) € CSN, with (N,us) the unanimity game of S in GN, and
MCSG(S,N,v) = {{Tv,m}t. AT, 2}, .. AT 1 } }, we have

r r=1 r
-1
Wus,y = 2 W{Tm} — Wrug gy o (S g e e
s 1:21 {Tomi} 1;],;1 {TiUT)niUn;} {Ui:1Tin:1’7:}

Example 3. Consider the communication situations (N,v,y) and (N,v,v"), as in the Example 2.
As v = uq 9y using the previous result we have

Wo,y = Wupy 5,y = W{1,230b}

Wy, = w”{l,z}ﬁl =U23ab} T U{1240d ~ U{1234ab,cd}r

which are the expressions of the games (1) and (2) in terms of the unanimity games.

In the following we define the concept of mixed allocation rule in CSY and we intro-
duce the weighted mixed value, which assigns to each player in a communication situation
(N,v,7) the weighted Shapley value of the pseudogame (N, wy ).

Definition 2. A mixed allocation rule ¢ on CSY is a map that assigns to every communication
situation (N,v,7v) € CSN a vector ¢(N,v,) containing the payoffs of the players (nodes),
¢i(N,v,7),i € N, and the value of the links, ¢;(N,v,v), | € v, in the communication situation.

Definition 3. Given a communication situation (N,v,7y), suppose there is a vector A =
((Ai)ien, (A1)1ey) such that its components are the positive weights of the players of the game and
the links of the graph. Then, the weighted mixed value of (N,v,v), o*(N,v, ) is defined as,

pA(N, v,7Y) = ShA(N, Wo,y ).

Remark 1. In the special case in which all the weights are equal to one (in fact, it suffices if they
are all equal), the weighted mixed value coincides with the mixed value of [12].

4. Characterizing the Weighted Mixed Value

In this section we obtain three characterizations of the weighted mixed value (that
also apply in the particular case of the mixed value), using the following five properties:
mixed component efficiency, weighted mixed fairness, weighted balanced contributions,
weighted mixed balanced contributions and weighted balanced link contributions.

The mixed component efficiency property states that the value of a connected compo-
nent should be shared among the members and the links of the component.

Definition 4. A mixed allocation rule, ¢, defined on CSN satisfies mixed component efficiency if,
for each (N,v,7) € CSN,

Z (Pi(err7) + Z (PI(N/U/')’) = U(N)
ieN ley

The weighted mixed fairness property is, of course, inspired by the Myerson’s fairness.
It states that when two players break their link, the ratio between the variation in their
payoffs coincides with the ratio of their weights. Moreover, for each one of these two
players, the ratio between the variation of his or her payoff and the value of the link also
coincides with the ratio of the respective weights.

Definition 5. A mixed allocation rule on CSN, ¢, satisfies weighted mixed fairness, if for every
(N,v,7) € CSN, every vector of weights A, and every directly connected pair of playersi,j € N,
with 1 = {i, ]},

Ajlgi(N, 0, 7) = i(N, o, 7 \ {1})]
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= Ail9j(N,0,7) — 9j(N, 0,7\ {1})]
and
Ml@i(N,v,7) — ¢i(N, o, \ {I})] = Ai[e1(N, v, 7)].

Remark 2. In the special case in which A = (1,1,...,1) € R we obtain the mixed fairness
property that, for each pair of directly connected players i, j, can be written as:

@i(N,v,7) — ¢i(N, v,y \{I}) = ¢;(N,v,7) — ¢;(N, 0,7\ {I}) = ¢1(N,v,7).

In the following definition we introduce the weighted balanced contributions property
that generalizes the property introduced in [3].

Definition 6. A mixed allocation rule, ¢, on CSN satisfies the weighted balanced contributions
property, if for each i,j € N and every vector of weights A, it holds that

Ail9i(Nv,7) = ¢i(N,v,7-))]
= )\i[q;j(N,v,'y) - ¢;(N,v, v-i)]-

Remark 3. In the special case in which A = (1,1,...,1) € R"™1 the previous property becomes
the classical balanced contributions property of [3].

The weighted mixed balanced contributions property establishes that the effect in a
link of the isolation of a player equals the effect in the same player if that link is broken.

Definition 7. A mixed allocation rule, , on CSN satisfies the weighted mixed balanced contribu-
tions property, if for i € N and | € <y and a vector of weights, A, it holds that

Ailgi(N,v,7) — @1(N,0,7-)]
= M[@i(N,0,7) — @i(N, 0,7\ {I})]

The weighted balanced link contributions property adapts the property of [15] to this
weighted setting.

Definition 8. An allocation rule, ¢, on CSN satisfies the weighted balanced link contributions
property, if, given (N,v,y) € CSN, a vector of weights A, and i,j € N, it holds that

Aj zg.[(Pi(NI v,7) — ¢i(N, 0,7\ {1})]

= A IZ [9i(N,0,7) — ¢j(N, 0,7\ {I})].
€7i

Remark 4. In the special case in which A = (1,1,...,1) € R+ the previous property becomes
the classical balanced link contributions property of [15].

Proposition 2. The weighted mixed value, p*, satisfies mixed component efficiency, weighted mixed
fairness, weighted balanced contributions, weighted mixed balanced contributions and weighted
balanced link contributions.

Proof.
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(a)

(b)

(©

Let us prove that p* satisfies mixed component efficiency. Given (N,v,7v) € CSN, A
a vector of weights and C € N/, by definition

p}(N,v,7) = S} (N, wy,).
As the weighted Shapley value is efficient:

Y ot(No,)+ Y o (N,v,9)

ieC IE’)/‘C

= ZShf\(Nrwv,v) + ) Shf\(N,wm)

ieC leyic
= Z Shf‘(C, w”\c/ﬂc) + Z Shf\(C, wv\c/’nc)
icC levc

= wv\cmc({crﬂc}) =1v,c(C) =2(C).

As the weighted mixed value is clearly linear (in the game), to prove that p? satisfies
weighted mixed fairness, it is sufficient to see that the property holds for commu-
nication situations of the form (N, ug, y) with (N, ug) the unanimity game of the
coalition S # @. Suppose A is the vector of weights. Then,

oM(N,us,y) = SK* |[NU7,1— IT (T —ugr )|

{T i yeMCSG(S,N, )

where (N U v, 1) is the pseudogame in which

1S, 7}) = { 1 forall {S,5} # {©,0},

otherwise.
Thus, fori,j € Nand ! = {i,j},

o} (N, 0,7) = pH(N, v, v\ {I})

is zero, or is the weighted Shapley value of a linear combination of unanimity games,
(N U, ugr,y) such that I belongs to  in all of them. If the difference is zero, the
result is trivial. In another case, taking into account that the weighted Shapley value
of each player or link is proportional to his, her or its weight, we have

Alo (N, o, 7) = (N o, \{11)] = Ailp} (N o, 7) = o} (N, o, v\ {1})]

and

Mot (N, 0,9) = pH (N, o, \{ID] = Ailof (N, 0,7) — o} (N, 0,9\ {1}]

and, thus, the result is proved.
Let us prove that p? satisfies weighted balanced contributions. For (N,v,7),i,j € N
and A

pz;'\(N/v/’Y) - pz;'\(N/U/’ij)
and
pHN,v,9) = pH(N,0,7-)

are both zero, or the weighted Shapley value of a linear combination of unanimity
games (N, ur,) € GNY7. The property trivially holds if both quantities vanish.
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(d)

(e)

O

In another case, as the weighted Shapley value assigns to each player a quantity
proportional to his weight, we have that

Ao} (N, o,9) = o (N, 0,7-j)] = Ailp} (N, 0,7) — o} (N, v, 7-1)]

and thus the result.

The proof of p? satisfies weighted mixed balanced contributions follows immedi-
ately from the previous one, considering two players and a link and reproduces
the argument.

To prove that p* satisfies weighted balanced link contributions we use the linearity
(in the game) of the mixed weighted value and, thus, it is sufficient to prove that the
property holds for (N, ug,y) with, ug the characteristic function of the unanimity
game of @ # S C N. Suppose i,j € N and A is a vector of weights. As

Wygy =1 H (1- M{Tiﬂh‘}”
{Tirm}EMC‘S‘g(N/uS/'Y)

we have, for | € «y; that w,, — w, -\ 1y is a linear combination of unanimity games
ugr,yy such that I € 17 in all of them. Thus

L [p v us,m) = o} (s \ ()]
€7j

is the value of i in all unanimity games in which / € v; is present. However, in these
unanimity games j is also present as it is incident on the different arcs I € 7;. By
symmetry, the variation of value of j

L[ s, m) = o} (N5, 7\ (1)
€7i

corresponds to the same unanimity games and, thus, both values are proportional
to the weights, which completes the proof.

Theorem 1. The weighted mixed value, p*, is the unique mixed allocation rule on CSN satisfying
mixed component efficiency and weighted mixed fairness.

Proof. It has already been proved that the weighted mixed value satisfies these two prop-
erties. Reciprocally, consider a mixed allocation rule, ¢, on CS™N satisfying both properties.
Suppose (N, v,7) € CSN,C e N/y, i,j € Cand A is a vector of weights. The proof uses
induction on ||, the cardinally of . If | y| = 0, then C is necessarily a singleton, the value
of which is uniquely determined using the mixed component efficiency property. Suppose
the result is proved for |y| < r and consider |y| = r + 1. If C is a singleton the value is
again uniquely determined. Then, suppose a sequence of nodes i = iy, iy, ..., i} = j exist,
such that

Aiy (@i, (N,0,7) — @i, (N, 0,7\ {i1,i2})]
= My (@i, (N, 0,7) — @i, (N, 0,7\ {i1,i2})].

Then,

Aizq)ﬁ (N/ o, /Y) - /\il (Piz(N/U/ 7)
= Aiz(pil (Nf v,y \ {ill 12}) - /\il(Piz(N/ U,’)’\ {ilriZ})r

which, using the induction hypothesis, is equal to

Ao (N, 0,7\ {i1,i2}) — Aol (N, 0,9\ {i, i2}).
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As p* satisfies the weighted mixed fairness property,
Ay (N0, 9\ {in,i2}) = Aqyp (N 0,7\ {in, i2})

= Ao} (N,v,7) = Ao (N, v, 7)
and, thus,
/\iz @i, (Nr o, '7) - /\il i, (Nr v, '7)
= /\izpl{\] (N,'U,’)’) - )Lilpl(\z(N/vI’)/)
or
Aiy[9i (N, ©,7) — o} (N, 0,7)] = A [9;,(N,v,7) — o (N, 0,7)].

Using this argument iteratively, we have

Ailgi(N,0,7) = p} (N, 0,7)] = Ajli(N,0,7) — p} (N, 0,7)]

foralli,j € C. As we can label thenodesin C, 1,2, ..., ¢, without loss of generality, we have

M@i(N,v,7) = Ajgr1(N,0,7) = A1p} (N, 0,7) — Ajp} (N, v, 7) 4)

forj =1,2,...,c. Moreover, for each | € Ve and i € [ one of the nodes on which [ is
incident, we have

Ml@i(N,v,7) — ¢i(N, 0,7\ {I})] = Aigs(N,v,7)

or
M@i(N,0,7) = Aigi(N,v,7) = Lgi(N, 0,7\ {1}) = Ap} (N, 0,9\ {1}), )

the last equality holds because of the induction hypothesis.

The c — 1 linear equations in (4), the ||| equations in (5) and the mixed component
efficiency equation form a linear system in c + ||| independent equations with ¢ + ||
variables, which has a unique solution, p*. The proof of the independence of the equations
is given in the Appendix A. O

A trivial consequence of previous theorem is the following corollary that introduces a
new characterization for the mixed value defined in [12].

Corollary 2. The mixed value is the unique mixed allocation rule on CSN satisfying mixed
component efficiency and mixed fairness.

Theorem 2. The weighted mixed value is the unique mixed allocation rule on CSN satisfying mixed
component efficiency, weighted balanced contributions and weighted mixed balanced contributions.

Proof. It has already been proved that the weighted mixed value satisfies these three
properties. Reciprocally, let us suppose ¢ is a mixed allocation rule satisfying them,
(N,v,7v) € CSN, A is a vector of weights and C € N/v. We prove that ¢(N,v,7) =
p*(N,v,), by induction on ||, the cardinality of 7.

If || = 0, the result is trivial using the mixed efficiency in the (singleton) connected
component C. Suppose the result is true for |y| < k — 1 and consider (N, v, y) with |y| = k.
If C is a singleton, again the mixed efficiency determines the value of the node-player.
Otherwise, for i, j € C, as ¢ satisfies the weighted balanced contributions property:

)‘j[(Pi(va/’)’) - gDi(N,U,’y,]')} = )\i[(Pj(errr}/) - q)j(N,ZJ,’y,i)]

or equivalently

Ai@i(N,v,7) = Aigj(N,v,7) = Aj9i(N,v, ;) — Aigj(N, 0, 7).
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Using the induction hypothesis (recall that | ;| > 1 and ]'yj| >1lasi,j € C,aconnected
component),

Aigi(N, 0, 7-i) = Aigj(N,v, 7)) = Aot (N, v, 7-) — Aip} (N, 0,7_),
and using that p? also satisfies the weighted balanced contributions property,
Aot (N0, 7-5) — Ao (N, 0, 7)) = Ajp} (N, 0,7) = Aip} (N, 0,7),
and, thus,
Aigi(N, v, A) = Aigi(N,0,A) = Ajp} (N, 0,A) = Aip} (N, 0, A), (6)

foralli,j € C. Moreover, as ¢ satisfies the weighted mixed balanced contributions property,
givenl € yandi e C

Ailgr(N, 0, 7) = @1 (N, 0, 7)) = Milgi(N, 0, 7) = ¢i(N, v, 7\ {1})].

Then,

Aigi(N,v,7) = A19i(N,v,7) = Aigi(N,v,v—;) — Migi(N,v, v\ {I})

= Ao} (N,v,7-;) — Aip* (N, 0,7\ {1}), @)

the last equality holding by the induction hypothesis. If |C| = c and, without loss of generality,
C=1{1,2,...,c}, from (6), (7) and the mixed component efficiency we have the following
linear system with ¢ + |'y|C\ in the variables ¢;(N,v,v),i € C,and ¢;(N,v,7),1 € Vet

M@i(N,v,7) —Ajp1(N,v,77) = Alp{\(N,v,'y) — /\ip?(N,v,'y) fori=2,...,c

Aigi(N,0,7) = Mgi(N, 0, 7) = Aipf (N, 0,7_;) = Ajo* (N, 0,7\ {I}) for | € 7c
Y. #i(N,o,7) + ) ¢1(N,v,7) = v(N).

ieEN ley
All these equations are linearly independent (the proof mimics the corresponding
Theorem 1 and then it is omitted) and thus the system has a unique solution that necessarily
coincides with p*. O

Corollary 3. The mixed value defined in [12] is the unique mixed allocation rule on CSN satisfying
mixed component efficiency, balanced contributions and mixed balanced contributions.

The following theorem introduces a third characterization of the weighted mixed
value. The proof is straightforward from the proof of the previous theorem and is omitted.

Theorem 3. The weighted mixed value is the unique allocation rule on CS™N satisfying mixed com-
ponent efficiency, weighted balanced link contributions and weighted mixed balanced contributions.

Corollary 4. The mixed value defined in [12] is the unique allocation rule on CSN satisfying mixed
component efficiency, balanced link contributions and mixed balanced contributions.

5. Conclusions and Final Remarks

In this paper we introduced the weighted mixed value to allocate value for players and
links in communication situations in which players and/or links have different importance.
In this way, the defined value is useful to assign an outcome in situations in which players
and their relations have asymmetrical importance, such as the following: social networks,
in which players and the intensity of the relations have different importance, wireless
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networks with different information trust, network settings with variable flows, peer-to-
peer data transfer, etc.

We characterized the value using variations of the classical properties for graph
games, such as component efficiency, fairness, balanced contributions and balanced link
contributions. The different characterizations obtained also hold for the mixed value (when
it is assumed that players and links have no different weights). In Table 1 we present
comparison of the properties satisfied by this value and the mixed value, the Myerson
value and the position value.

Table 1. Comparison of the properties of the values.

Weighted Mixed Value Mixed Value Myerson Value Position Value
Component efficiency X X v
Mixed component efficiency v v X X
Fairness v v v X
Mixed fairness vk v X X
Weighted mixed fairness v X X X
Balanced contributions vk v v X
Mixed balanced contributions Vo v X x
Weighted mixed balanced contributions v X X X
Balanced link contributions Vo v X v
Weighted balanced link contributions v X X X
* Only for equal weights.

The obtained results can be generalized in several ways by using something other than
the weighted Shapley value to allocate in the pseudogame (see for example [27,28]). More-
over, it seems interesting to us to analyze the relationship between the value introduced in
this paper and the results for multigraph games obtained in [13].
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Appendix A
The matrix of coefficients of the system, M, is defined by blocks, and given by

(&5)
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where A is a ¢ X c-matrix given by

A —A 0 - 0
A0 A3 - 0
A=|... .. 0
A 00 A
1 1 1 1
Bisac x |y |-matrix given by
0 0 O 0
0 0 O 0
B = o
0 o0 o0 0
1 1 1 1

and D is the ||| X |7).| diagonal matrix:

—My) 0 0o ... 0
p=| . hw 2D
0 0 o - 7/\|’Y‘CI(IW|C‘)

where A is the weight of one of the nodes on which the link /; is incident, for i =
1,..., |’y|c|. Finnaly Cisac x |’y‘c| matrix in which the kth row (0, .. 0,7, .. .,0) and A,
is placed in the position corresponding to k(Ii).

Then, det(M) coincides with det(H) if H is obtained adding to the cth row, the (c +1)th
row divided by Ay(;,), the (c +2)th row divided by A,;,) and so on. And thus,

M A 0 - 0

A1 0 —Az e 0 |'Y\C|
det(M) =det(H) = |-~ -+ oo oo oo [ (=) I

M 0 0 s = Ac j=1

ay aq aq te ac

in which ay, ay, ..., a. are greater or equal than 1. It is easy to see that

M —Ay 0 - 0
M0 Az -+ 0 c
:A€_22/\lal
)\1 0 0 e —Ac i=1

ai a ay s ac

Then det(M) # 0 which completes the proof.
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