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We consider the problem of designing distribution rules to share ‘welfare’ (cost or revenue) among indi-
vidually strategic agents. There are many known distribution rules that guarantee the existence of a (pure)
Nash equilibrium in this setting, e.g., the Shapley value and its weighted variants; however, a characteriza-
tion of the space of distribution rules that guarantee the existence of a Nash equilibrium is unknown. Our
work provides an exact characterization of this space for a specific class of scalable and separable games,
which includes a variety of applications such as facility location, routing, network formation, and coverage
games. Given arbitrary local welfare functions W, we prove that a distribution rule guarantees equilibrium
existence for all games (i.e., all possible sets of resources, agent action sets, etc.) if and only if it is equivalent
to a generalized weighted Shapley value on some ‘ground’ welfare functions W', which can be distinct from
W. However, if budget-balance is required in addition to the existence of a Nash equilibrium, then W’ must
be the same as W. We also provide an alternate characterization of this space in terms of ‘generalized’
marginal contributions, which is more appealing from the point of view of computational tractability. A
possibly surprising consequence of our result is that, in order to guarantee equilibrium existence in all games
with any fixed local welfare functions, it is necessary to work within the class of potential games.
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1. Introduction. Fair division is an issue that is at the heart of social science — how should
the cost incurred (revenue generated) by a group of self-interested agents be shared among them?
This central question has led to a large literature in economics over the last decades (Young [50],
Young [51], Moulin [33]), and more recently in computer science (Anshelevich et al. [3], Jain and
Mahdian [21], Moulin [35]). A standard framework within which to study this question is that of
cost sharing games, in which there is a set of agents making strategic choices of which resources
to utilize. Each resource generates a welfare (cost or revenue) depending on the set of agents
that choose the resource. The focus is on finding distribution rules that lead to stable and/or fair
allocations, which is traditionally formalized by the concept of the core in the cooperative theory
and, more recently, by the Nash equilibrium in the noncooperative theory.

Cost sharing has traditionally been studied in the cooperative framework. Here, the problems
studied typically involve a cost value v(.S) for each subset of players S, which usually stems from the
optimal solution to an underlying combinatorial optimization problem.* A canonical example is the
multicast network formation game (Granot and Huberman [17]), where a set of agents (consumers)
N wishes to connect to a common source (a broadcaster) s by utilizing links of an underlying graph.
Each link (resource) has a cost associated with its usage, and the total cost of all the links used

! Note that our focus is on cost sharing games and not cost sharing mechanisms (Feigenbaum et al. [14]), which
additionally involve soliciting agents’ exogenous private valuations of attaining the end goal. We briefly discuss the
applicability of our results to cost sharing mechanisms in Section 4.3.
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needs to be split among the agents. In such a situation, any subset S of agents, if they cooperate,
can form a coalition, and the best they can do is to choose the links of the minimum cost spanning
tree for the set of vertices S'U{s}, and incur its cost — denote it by v(.S). Here, the core consists
of all possible ways of distributing v(/N) to the players in N in such a way that it is in their best
interest to fully cooperate to form the grand coalition. That is, a distribution rule f*: N — R is
in the core, if ).\ f(i) = v(V), and for every subset S C N, > o f(i) <v(S5). In general, the
core can be empty, though for multicast games it is not.

A cooperative framework, in effect, models a ‘binary choice’ for the agents — opt out, or opt in
and cooperate. In large distributed (and often unregulated) systems such as the Internet, agents’
options are more complex as they have the opportunity to strategically choose the best action from
multiple available options. Accordingly, there is an emerging focus within cost sharing games on
weaker notions of stability such as Nash equilibria. This focus is driven by applications such as
network-cost sharing (Anshelevich et al. [3], Chen et al. [7]) where individually strategic behavior
is commonly assumed.

Our previous example of multicast games also provides a useful illustration of the noncooperative
cost sharing framework. Multicast games were first modeled as noncooperative games in Chekuri
et al. [6], whose model also generalized facility location games, an important class of problems in
operations research. The principal difference from the cooperative model is that here, the global
cost share of an agent stems from local distribution rules which specify how the local cost (cost
of each link) is split between the agents using that link. Accordingly, an agent’s total cost share
is simply the sum of its cost shares across all the links it uses. In addition, each agent can choose
between potentially several link combinations that connect to the source. A pure Nash equilibrium
corresponds to a choice of links by each agent such that each agent incurs the least possible cost
given the links chosen by the other agents. Similarly to the fact that the core might be empty in
the cooperative model, a pure Nash equilibrium may not exist in general, but for multicast games
it does (Chekuri et al. [6]).

Existing literature on noncooperative cost sharing games focuses on designing distribution rules
that guarantee equilibrium existence and studying the ‘efficiency’ of the resulting equilibria. Per-
haps, the most famous such distribution rule is the Shapley value (Shapley [43]), which is budget-
balanced, guarantees the existence of a Nash equilibrium in any game, and for some classes of games
such as convex games, is always in the core. Generalizations of the Shapley value, e.g., weighted
and generalized weighted Shapley values (Shapley [42]), exhibit many of the same properties.

In addition to guaranteeing equilibrium existence, it is also of paramount importance that these
equilibria be ‘efficient’. That is, they should result in a system cost (usually, the total cost incurred
by all the agents) that is within a small factor of the optimum. For example, in the noncooperative
multicast game, which (effectively) uses the Shapley value distribution rule, a Nash equilibrium
choice of links by the agents may not collectively result in the minimum spanning tree for N U{s}.

With these goals in mind, researchers have recently sought to provide characterizations of the
class of (local) distribution rules that guarantee equilibrium existence. The first step toward this
goal was made in Chen et al. [8], which proves that the only budget-balanced distribution rules that
guarantee equilibrium existence in all cost sharing games are generalized weighted Shapley value
distribution rules. Following on Chen et al. [8], Marden and Wierman [30] provides the parallel
characterization in the context of revenue sharing games. Though these characterizations seem
general, they are actually just worst-case characterizations. In particular, the proofs in Chen et al.
[8] and Marden and Wierman [30] consist of exhibiting a specific ‘worst-case’ welfare function which
requires that generalized weighted Shapley value distribution rules be used. Thus, characterizing
the space of distribution rules (not necessarily budget-balanced) for specific local welfare functions
remains an important open problem. In practice, it is exactly this issue that is important: when
designing a distribution rule, one knows the specific local welfare functions for the situation, wherein
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there may be distribution rules other than generalized weighted Shapley values that also guarantee
the existence of an equilibrium.

Our contribution. In this article, we provide a complete characterization of the space of
distribution rules (not necessarily budget-balanced) that guarantee the existence of a pure Nash
equilibrium (which we will henceforth refer to as just an equilibrium) for any specific local welfare
functions. The principal contributions of this article are as follows.

1. Our main result (Theorem 1) states that all games conditioned on any fixed local welfare
functions possess an equilibrium if and only if the distribution rules are equivalent to gen-
eralized weighted Shapley value distribution rules on some ‘ground’ welfare functions. This
shows, perhaps surprisingly, that the results in Chen et al. [8] and Marden and Wierman [30]
hold much more generally. In particular, it is neither the existence of some worst-case welfare
function, nor the restriction of budget-balance, which limits the design of distribution rules
to generalized weighted Shapley values.

2. Our second result (Theorem 2) provides an alternative characterization of the set of dis-
tribution rules that guarantee equilibrium existence. In particular, it states that all games
conditioned on any fixed local welfare functions possess an equilibrium if and only if the distri-
bution rules are equivalent to generalized weighted marginal contribution distribution rules on
some ‘ground’ welfare functions. This result is actually a consequence of a connection between
Shapley values and marginal contributions, namely that they can be viewed as equivalent
given a transformation connecting their ground welfare functions (Proposition 2).

These characterizations provide two alternative approaches for the problem of designing distri-
bution rules, with different design tradeoffs, e.g., between budget-balance and tractability. More
specifically, a design through generalized weighted Shapley values provides direct control over how
close to budget-balanced the distribution rule will be; however, computing these distribution rules
often requires computing exponentially many marginal contributions (Matsui and Matsui [31],
Conitzer and Sandholm [10]). On the other hand, a design through generalized weighted marginal
contributions requires computing only one marginal contribution; however, it is more difficult to
provide bounds on the degree of budget-balance.

Another important consequence of our characterizations is that potential games are necessary
to guarantee the existence of an equilibrium in all games with fixed local welfare functions, since
generalized weighted Shapley value and generalized weighted marginal contribution distribution
rules result in (‘weighted’) potential games (Hart and Mas-Colell [18], Ui [46]). This is particularly
surprising, since the class of potential games is a relatively small subset of the class of games that
possess an equilibrium (Sandholm [41]), and our characterizations imply that such a relaxation in
game structure would offer no advantage in guaranteeing equilibria.

In addition to the implications of the characterizations themselves, their proofs develop tools
for analyzing cost sharing games which could be useful for related models, such as cost sharing
mechanisms. The proofs consist of a sequence of counterexamples that establish novel necessary
conditions for distribution rules to guarantee the existence of an equilibrium. Within this analysis,
new tools for studying distribution rules using their basis representation (see Section 3) are devel-
oped, including an inclusion-exclusion framework that is crucial for our proof. Additionally, the
proofs expose a relationship between Shapley value and marginal contribution distribution rules,
leading to a novel closed form expression for the potential function of the resulting games.

2. Model. In this work we consider a simple, but general, model of a welfare (cost or revenue)
sharing game, where there is a set of self-interested agents/players N = {1,...,n} (n > 1) that
each select a collection of resources from a set R={ry,...,7,} (m>1). That is, each agent i € N
is capable of selecting potentially multiple resources in R; therefore, we say that agent ¢ has an
action set A; C 2%, The resulting action profile, or (joint) allocation, is a tuple a = (a4,...,a,) € A
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where the set of all possible allocations is denoted by A =4, x ... x A,,. We occasionally denote
an action profile a by (a;,a_;) where a_; € A_; denotes the actions of all agents except agent i.

Each allocation generates a welfare, YW(a), which needs to be shared among the agents. In this
work, we assume W(a) is (linearly) separable across resources, i.e.,

Wia) =S W, ({a},),
rcR
where {a}, ={i€ N:r€a;} is the set of agents that are allocated to resource r in a, and W, :
2V — R is the local welfare function at resource r. This is a standard assumption (Anshelevich et
al. [3], Chekuri et al. [6], Chen et al. [8], Marden and Wierman [29]), and is quite general. Note that
we incorporate both revenue and cost sharing games, since we allow for the local welfare functions
W, to be either positive or negative.

The manner in which the welfare is shared among the agents determines the utility function
U; : A— R that agent i seeks to maximize. Because the welfare is assumed to be separable, it is
natural that the utility functions should follow suit. Separability corresponds to welfare garnered
from each resource being distributed among only the agents allocated to that resource, which is
most often appropriate, e.g., in revenue and cost sharing. This results in

Ula)=)_ f" (i {a},),
rea;
where f7: N x 2¥ — R is the local distribution rule at resource r, i.e., f"(4,S) is the portion of the
local welfare W, that is allocated to agent i € S when sharing with S. In addition, we assume that
resources with identical local welfare functions have identical distribution rules, i.e., for any two

resources 1,1’ € R, ., T,
W,=W, = fr=f".

In light of this assumption, for the rest of this article, we write f" instead of f”. For completeness,
we define f"(4,5) :=0 whenever i ¢ S. A distribution rule f"" is said to be budget-balanced if,
for any player set SCN, >, o "7 (i,8) =W.(95).

We represent a welfare sharing game as G = (N, R, {A;},c v, {/"" },cr {W:},cr), and the design
of fWr is the focus of this article. When there is only one local welfare function, i.e., when W, =W
for all r € R, we drop the subscripts and denote the local welfare function and its corresponding
distribution rule by W and f" respectively.

The primary goals when designing the distribution rules f" are to guarantee (i) equilibrium
existence, and (ii) equilibrium efficiency. Our focus in this work is entirely on (i) and we consider
pure Nash equilibria; however it should be noted that other equilibrium concepts are also of interest
(Adlakha et al. [2], Su and van der Schaar [44], Marden [24]). Recall that a (pure Nash) equilibrium
is an action profile a* € A such that

(VieN) Ufa;,a",) = max Ui(a;,a”);).

2.1. Examples of distribution rules. Existing literature on cost sharing games predomi-
nantly focuses on the design and analysis of specific distribution rules. As such, there are a wide
variety of distribution rules that are known to guarantee the existence of an equilibrium. Table 1
summarizes several well-known distribution rules (both budget-balanced and non-budget-balanced)
from existing literature on cost sharing, and we discuss their salient features in the following.

2.1.1. Equal/Proportional share distribution rules. Most prior work in network cost
sharing (Anshelevich et al. [3], Corbo and Parkes [11], Fiat et al. [15], Chekuri et al. [6],
Christodoulou et al. [9]) deals with the equal share distribution rule, f},, defined in Table 1.
Here, the welfare is divided equally among the players. The proportional share distribution rule,
fPglw], is a generalization, parameterized (exogenously) by w € Rﬂ, a vector of strictly positive
player-specific weights, and the welfare is divided among the players in proportion to their weights.
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TABLE 1. Example distribution rules

NAME PARAMETER FORMULA
Equal share None fro@i,S) = VTé?)
w=(w1,..., wn)
Proportional share where w; >0 fPrlw](i,9) = mW(S)
for all 1<i<n
Shapley value &3,8) = dorCs\(i) W(W(T u{i}) —W(T))
None
Marginal contribution e, 8) =W (S)—W(S —{i})
Weighted Shapley value Wsvlwl(,S) = Z Z( 1)\T\ |R|W(R)
w=(w1,eswn) TCSHET ZJET 3 \rcr
W K ht d K 1 where w; >0
elghted margima for all 1<i<n 114 i,S) = w; - —{i
ighted marg <is Rasclw](i,8) = (W(S) ~ W (S — {i}))
w=(A\,%) TI—|R
Generalized weighted A=(A1,e 0 An) FEwsvw](E,9)= Z Z (Z (—1)!"1-| W(R))
Shapley value £=(S1,..-,Sm) TCs:eT “I€T A RCT
where A; >0 where T=TNS), and k:min{j|Sj nT;é(Z)}
for all 1<i<n _ _
FEw W] (6:8) =X (W (Sk) =W (S, —{i}))
Generalized weighted and S;NS;=0 k—1
marginal contribution for ij where S, =5— U Secand i € Sk

and UX=N

Both f ,% and fPy are budget-balanced distribution rules. However, for general welfare functions,
they do not guarantee an equilibrium for all games.?

2.1.2. The Shapley value family of distribution rules. One of the oldest and most
commonly studied distribution rules in the cost sharing literature is the Shapley value (Shapley
[43]). Its extensions include the weighted Shapley value and the generalized weighted Shapley value,
as defined in Table 1.

The Shapley value family of distribution rules can be interpreted as follows. For any given subset
of players S, imagine the players of S arriving one at a time to the resource, according to some
order m. Each player i can be thought of as contributing W (P U{:}) — W (P]) to the welfare
W (S), where P denotes the set of players in S that arrived before ¢ in 7. This is the ‘marginal
contribution’ of player i to the welfare, according to the order 7. The Shapley value, f&,(i,S), is
simply the average marginal contribution of player i to W (S), under the assumption that all |S|!
orders are equally likely. The weighted Shapley value, fi¥q, [w](i,S), is then a weighted average
of the marginal contributions, according to a distribution with full support on all the |S|! orders,
determined by the parameter w € RN Y +, a strictly positive vector of player weights. The (symmetric)
Shapley value is recovered when all weights are equal.

The generalized weighted Shapley value, fX sy [w], generalizes the weighted Shapley value to
allow for the possibility of player weights being zero. It is parameterized by a weight system given
by w = (A, X), where A € R + is a vector of strictly positive player weights, and ¥ = (S}, Ss,...,Sn)

2 When the local welfare functions {W,.} are ‘anonymous’, i.e., when W,.(S) is purely a function of |S| for all S C N
and r € R, {fgg} guarantees an equilibrium for all games. This is a consequence of it being identical to the Shapley
value distribution rule (Section 2.1.2) in this case. However, the analogous property for fl‘ﬁVR[w] does not hold.
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is an ordered partition of the set of players N. Once again, players get a weighted average of their
marginal contributions, but according to a distribution determined by A, with support only on
orders that conform to ¥, i.e., for 1 < k < £ <m, players in S, arrive before players in .S;. Note that
the weighted Shapley value is recovered when |¥| =1, i.e., when ¥ is the trivial partition, (V).

The importance of the Shapley value family of distribution rules is that all distribution rules
are budget-balanced, guarantee equilibrium existence in any game, and also guarantee that the
resulting games are so-called ‘potential games’ (Hart and Mas-Colell [18], Ui [46]).® However,
they have one key drawback — computing them is often® intractable (Matsui and Matsui [31],
Conitzer and Sandholm [10]), since it requires computing the sum of exponentially many marginal
contributions.?

2.1.3. The marginal contribution family of distribution rules. Another classic and
commonly studied distribution rule is f}}/., the marginal contribution distribution rule (Wolpert
and Tumer [48]), where each player’s share is simply his marginal contribution to the welfare, see
Table 1. Clearly, f1}. is not always budget-balanced. However, an equilibrium is always guaranteed
to exist, and the resulting game is an exact potential game, where the potential function is the same
as the welfare function. Accordingly, the marginal contribution distribution rule always guarantees
that the welfare maximizing allocation is an equilibrium, i.e., the ‘price of stability’ is one. Finally,
unlike the Shapley value family of distribution rules, note that it is easy to compute, as only two
calls to the welfare function are required.

Note that, it is natural to consider weighted and generalized weighted marginal contribution
distribution rules which parallel those for the Shapley value described above. These are defined
formally in Table 1, and they inherit the equilibrium existence and potential game properties of
f1lc, in an analogous manner to their Shapley value counterparts. These rules have, to the best of
our knowledge, not been considered previously in the literature; however, they are crucial to the
characterizations provided in this article.

2.2. Important families of cost/revenue sharing games. Our model for welfare sharing
games generalizes several existing families of games that have received significant attention in the
literature. We illustrate a few examples below, in all of which the typical distribution rule studied
is the equal share or Shapley value distribution rule:

(i) Multicast and facility location games (Chekuri et al. [6]) are a special case where N is the set
of users, R is the set of links of the underlying graph, A; consists of all feasible paths from
user 7 to the source, and for all » € R, W, = ¢, W is the local welfare function, where ¢, is the

cost of the link r, and W is given by:
-1, S#0
(VSCN) W(S)= (1)
0, S=0

(ii) Congestion games (Rosenthal [38]) are a special case where, for each r € R, the local welfare
function W, is ‘anonymous’, i.e., W,.(S) is purely a function of |S|, and is given by |S| times
the negative of the delay function at r, for all S C N.

3 Shapley value distribution rules result in exact potential games, weighted Shapley value distribution rules result in
weighted potential games, and generalized weighted Shapley value distribution rules result in a slight variation of
weighted potential games (see Appendix C for details).

4 The Shapley value has been shown to be efficiently computable in several applications (Deng and Papadimitriou
[12], Mishra and Rangarajan [32], Aadithya et al. [1]), where specific welfare functions and special structures on the
action sets enable simplifications of the general Shapley value formula.

® Technically, if the entire welfare function is taken as an input, then the input size is already O(2™), and Shapley
values can be computed ‘efficiently’. However, if access to the welfare function is by means of an oracle (Liben-Nowell
et al. [23]), than the actual input size is still O(n), and the hardness is exposed.
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(iii) Atomic routing games with unsplittable flows (Roughgarden and Tardos [40]) are a special
case where N is the set of source-destination pairs (s;,t;), each of which is associated with
p; units of flow, R is the set of edges of the underlying graph, and A; consists of all feasible
s; —t; paths. If ¢,.(z) denotes the latency function on edge r, then W, is the negative of the
cost of the total flow due to the players in S, i.e., W,.(S) = —|S|c, (3,cqp:), for all SC N.
(iv) Network formation games (Anshelevich et al. [3]) are a special subcase of the previous case,
with a suitable encoding of the players. Suppose the set of players is N ={0,1,...,n—1}, and
the cost of constructing each edge r is C,.(S) when S C N is the set of players who choose that
edge. Then, one possibility is to set p; = 10° so that > ics Pi can be decoded to obtain the set
of players S. Therefore, ¢, can be defined such that for all S C N, ¢, (Ziespi) = CITT(IS)
Other notable specializations of our model that focus on the design of distribution rules are network
coding (Marden and Effros [26]), graph coloring (Panagopoulou and Spirakis [37]), and coverage
problems (Marden and Wierman [28], Marden and Wierman [29]). Designing distribution rules in
our cost sharing model also has applications in distributed control (Gopalakrishnan et al. [16]).

3. Basis representations. To gain a deeper understanding of the structural form of some of
the distribution rules discussed in Section 2.1, it is useful to consider their ‘basis’ representations.
Not only do these representations provide insight, they are crucial to the proofs in this paper. The
basis framework we adopt was first introduced in Shapley [42] in the context of the Shapley value,
and corresponds to the set of ‘inclusion functions’. We start by defining a basis for the local welfare
functions below, and then move to introducing the basis representation of the distribution rules
we introduced in Section 2.1.

3.1. A basis for welfare functions. Instead of working with W directly, it is often easier to
represent W as a linear combination of simple basis welfare functions. A natural basis, first defined
in Shapley [42], is the set of inclusion functions. The inclusion function of a player subset 7'C N,
denoted by W7, is defined as: 1. TCS

WT(S):= (2)
0, otherwise

In the context of cooperative game theory, inclusion functions are identified with unanimity games.
It is well-known (Shapley [42]) that the set of all inclusion functions, {W? : T C N}, constitutes a
basis for the space of all welfare functions, i.e., given any welfare function W, there exists a unique
support set 7' C 2V, and a unique sequence Q" = {q}' };.,w of non-zero weights indexed by

TW, such that:
W= Y g'w" (3)
TeTW

We sometimes denote the welfare function W by the tuple (7", Q").

3.2. A basis for distribution rules. The basis representation for welfare functions intro-
duced above naturally yields a basis representation for distribution rules. To simplify notation in
the following, we denote fV' by 7T, for each T € TW. That is, f7: N x 2V — R is a basis dis-
tribution rule corresponding to the unanimity game W7, where f7(i,S) is the portion of W7 (S)
allocated to agent i € S when sharing with S.

Given a set of basis distribution rules {f? : T'C N}, by linearity, the function f%,

fW:: ZQIV"VfTJ (4)
TeTW

defines a distribution rule corresponding to the welfare function W. Note that if each f7 is budget-
balanced, meaning that for any player set S C N, >, o f7(i,5) =W7'(S), then f" is also budget-
balanced. However, unlike the basis for welfare functions, some distribution rules do not have
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TABLE 2. Definition of basis distribution rules

| NAME | PARAMETER | DEFINITION |
- ﬁ, 1€Tand TCS
Shapley value f5v (i, 8) = fro (i,8) = (5)
0, otherwise
None
1, i€TandTCS
Marginal contribution fie(i,8) =|T|f&v (3,9) = (6)
0, otherwise
- Z:;w’ i€Tand TCS
Weighted Shapley value firsviwl(@,8) = fPr [w](G,8) = " (7)
w=(wi,-wn) 0, otherwise
where w; >0
for all 1<i<n .
. . == wi, t€T andTCS
Weighted 1 ) . ’ =
eehtec marsima fivnc @] (i,9) = (Serw;) fwsv[w](i,S) =
contribution .
0, otherwise
As .
w=(A,5) . . e i€eTand TCS
Generalized weighted A=(A1yesAn) fawsvIw](@S)= @®)
Shapley value S=(S1,..,8m) 0, otherwise
where A; >0 where T=TNS), and k=min{j|S;T#0}
for all1<i<n
and 5,15, =0 ; . . . Xi, i€TandTCS
Generalized weighted for i#j 1w W 6)=(ser 2s)fGwsv £1(:9)= . (9)
marginal contribution 0, otherwise
and UX=N
where T=TNS}y, and k:min{j|5j I’TT#@}

a basis representation of the form (4), e.g., equal and proportional share distribution rules (see
Section 2.1.1). But, well-known distribution rules of interest to us, like the Shapley value family of
distribution rules, were originally defined in this manner. Further, our characterizations highlight
that any distribution rule that guarantees equilibrium existence must have a basis representation.

Table 2 restates the distribution rules shown in Table 1 in terms of their basis representations,
which, as can be seen, tend to be simpler and provide more intuition.

For example, the Shapley value distribution rule on a welfare function W is quite naturally
defined through its basis — for each unanimity game W7, the welfare is shared equally among the
players, see (5). In other words, whenever there is welfare generated (when all the players in T
are present), the resulting welfare is split equally among the contributing players (players in T).
Similarly, the weighted Shapley value, for each unanimity game W7, distributes the welfare among
the players in proportion to their weights, see (7). Finally, the basis representation highlights that
the generalized weighted Shapley value can be interpreted with 3 as representing a grouping of
players into priority classes, and the welfare being distributed only among the contributing players
of the highest priority, in proportion to their weights, see (8).

Interestingly, the marginal contribution distribution rule, though it was not originally defined this
way, has a basis representation that highlights a core similarity to the Shapley value. In particular,
though the definitions in Table 1 make f}7, and f&, seem radically different; from Table 2, their
basis distribution rules, fi;- and fZ,, are, in fact, quite intimately related, see (5) and (6). We
formalize this connection between the Shapley value family of distribution rules and the marginal
contribution family of distribution rules in Section 4.2.
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4. Results and discussion. Our goal is to characterize the space of distribution rules that
guarantee the existence of an equilibrium in welfare sharing games. Towards this end, this paper
builds on the recent works of Chen et al. [8] and Marden and Wierman [30], which take the first
steps toward providing such a characterization. Proposition 1 combines the main contributions
of these two papers into one statement. Let W denote a nonempty set of welfare functions. Let
IV ={f"}ycw denote the set of corresponding distribution rules. Let G(N, f%, W) denote the
class of all welfare sharing games with player set IV, local welfare functions W, € W, and corre-
sponding distribution rules fr € f%. We refer to W as the set of local welfare functions of the class
G(N, f% W). Note that this class is quite general; in particular, it includes games with arbitrary
resources and action sets. When there is only one local welfare function, i.e., when W ={W}, we
denote this class simply by G(N, f,W). Note that G(N, fV' ;W) C G(N, f¥ W) for all W € W.

PROPOSITION 1 (Chen et al. [8], Marden and Wierman [30]). There exists a local wel-
fare function W for which all games in G(N, fV W) possess a pure Nash equilibrium for a budget-
balanced fW if and only if there exists a weight system w for which f" is the generalized weighted
Shapley value distribution rule, fiy sv|w]-

Less formally, Proposition 1 states that if one wants to use a distribution rule that is budget-
balanced and guarantees equilibrium existence for all possible welfare functions and action sets,
then one is limited to the class of generalized weighted Shapley value distribution rules.® This result
is shown by exhibiting a specific ‘worst-case’ local welfare function W* (the one in (1)) for which
this limitation holds. In reality, when designing a distribution rule, one knows the specific set of
local welfare functions W for the situation, and Proposition 1 claims nothing in the case where it
does not include W*, where, in particular, there may be other budget-balanced distribution rules
that guarantee equilibrium existence for all games. Recent work has shown that there are settings
where this is the case (Marden and Wierman [29]), at least when the agents are not allowed to
choose more than one resource. In addition, the marginal contribution family of distribution rules is
a non-budget-balanced class of distribution rules that guarantee equilibrium existence in all games
(no matter what the local welfare functions W), and there could potentially be others as well.

In the rest of this section, we provide two equivalent characterizations of the space of distribution
rules that guarantee equilibrium existence for all games with a fixed set of local welfare functions —
one in terms of generalized weighted Shapley values and the other in terms of generalized weighted
marginal contributions. We defer complete proofs to the appendices. However, we sketch an outline
in Section 6, highlighting the proof technique and the key steps involved.

4.1. Characterization in terms of generalized weighted Shapley values. Our first
characterization states that for any fized set of local welfare functions, even if the distribution rules
are not budget-balanced, the conclusion of Proposition 1 is still valid. That is, every distribution
rule that guarantees the existence of an equilibrium in all games is equivalent to a generalized
weighted Shapley value distribution rule:

THEOREM 1. Given any set of local welfare functions W, all games in G(N, fV, W) possess a
pure Nash equilibrium if and only if there exists a weight system w, and a mapping gsy that maps
each local welfare function W € W to a corresponding ground welfare function gsv (W) such that
its distribution rule fV € fV is equivalent to the generalized weighted Shapley value distribution
rule, f& o |w], where W' = gg (W) is the actual welfare that is distributed” by f, defined as,

(VSCN) W'(S)=> fV(i,9). (10)

i€S

% The authors of Chen et al. [8] and Marden and Wierman [30] use the term ordered protocols to refer to generalized
weighted Shapley value distribution rules with |X| = |N]|, i.e., where ¥ defines a total order on the set of players
N. They state their characterizations in terms of concatenations of positive ordered protocols, which are generalized
weighted Shapley value distribution rules with an arbitrary 3.

" Note that W’ =W if and only if fV is budget-balanced.
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Refer to Appendix A for the complete proof, and Section 6 for an outline. While Proposition
1 states that there exists a local welfare function for which any budget-balanced distribution rule
is required to be equivalent to a generalized weighted Shapley value (on that welfare function) in
order to guarantee equilibrium existence, Theorem 1 states a much stronger result that, for any set
of local welfare functions, the corresponding distribution rules must be equivalent to generalized
weighted Shapley values on some ground welfare functions to guarantee equilibrium existence.
This holds true even when the distribution rules are not budget-balanced. Proving Theorem 1
requires working with arbitrary local welfare functions, which is a clear distinction from the proof
of Proposition 1, which exhibits a specific local welfare function, showing the result for that case.

From Theorem 1, it follows that designing distribution rules to ensure the existence of an equi-
librium merely requires selecting a weight system w = (A, %) and a ground welfare function W’ for
each local welfare function W € W (this defines the mapping gsy ), and then applying the distribu-

tion rules { ngV;/ SV [w]} . Budget-balance, if required, can be directly controlled through proper
Wew

choice of W', since {W'} are the actual welfares distributed. For example, if exact budget-balance
is desired, then W/ =W for all W € W. Notions of approximate budget-balance (Roughgarden and
Sundararajan [39]) can be similarly accommodated by keeping W’ ‘close’ to W.

An important implication of Theorem 1 is that if one hopes to use a distribution rule that always
guarantees equilibrium existence in games with any fixed set of local welfare functions, then one is
limited to working within the class of ‘potential games’. This is perhaps surprising since a priori,
potential games are often thought to be a small, special class of games (Sandholm [41]).® More
specifically, generalized weighted Shapley value distribution rules result in a slight variation of
weighted potential games (Hart and Mas-Colell [18], Ui [46]),” whose potential function can be

computed recursively as:
®w)(a) =) ¢, w]({a}),
reER
where ¢, [w] : 2 — R™ is the local potential function at resource r (we denote the kth element
of this vector by (¢,[w]),), and for any 1 <k <m and any subset S C NN,

(60D (9) = = [ WIS + oA @l (S — (i) ). (1)
ZiGS Ai i€S
where W/ = ggy (W,) and Sy, = S —U}~1S,. Refer to Appendix C for the proof.

Theorem 1 also has some negative implications. First, the limitation to generalized weighted
Shapley value distribution rules means that one is forced to use distribution rules which may require
computing exponentially many marginal contributions, as discussed in Section 2.1. Second, if one
desires budget-balance, then there are efficiency limits for games in G(N, fi) sy, W). In particular,
there exists a submodular welfare function W such that, for any weight vector w, there exists a
game in G(N, fiVs, |w], W) where the best equilibrium has welfare that is a multiplicative factor
of two worse than the optimal welfare (Marden and Wierman [30]).

4.2. Characterization in terms of generalized weighted marginal contributions. Our
second characterization is in terms of the marginal contribution family of distribution rules. The
key to obtaining this contribution is the connection between the marginal contribution and Shapley
value distribution rules that we observed in Section 3. We formalize this in the following proposition.
Refer to Appendix B for the proof.

81n spite of this limitation, it is useful to point out that there are many well understood learning dynamics which
guarantee equilibrium convergence in potential games (Blume [5], Marden et al. [25], Marden and Shamma [27]).

9 See Definition 1 in Appendix C.
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PROPOSITION 2. For any two welfare functions W' = (T',Q") and W" = (T",Q"), and any
weight system w = (A, %),

Swsvlw = fdwuclw] < T'=T" and (YTET') dp= (Z Aj) ar- (12)
JET
Informally, Proposition 2 says that generalized weighted Shapley values and generalized weighted
marginal contributions are equivalent, except with respect to different ground welfare functions
whose relationship is through their basis coefficients, as indicated in (12). This proposition imme-
diately leads to the following equivalent statement of Theorem 1.

THEOREM 2. Given any set of local welfare functions W, all games in G(N, f", W) possess
a pure Nash equilibrium if and only if there exists a weight system w, and a mapping gyc that
maps each local welfare function W € W to a corresponding ground welfare function gyc(W) such
that its distribution rule fVV € fV is equivalent to the generalized weighted marginal contribution
distribution rule, fyelw], where W” = gye(W) is defined as,

W" =h(gsv(W)), (13)

where h denotes the mapping that maps W' to W' according to (12).

Importantly, Theorem 2 provides an alternate way of designing distribution rules that guarantee
equilibrium existence. The advantage of this alternate design is that marginal contributions are
much easier to compute than the Shapley value, which requires computing exponentially many
marginal contributions. However, it is much more difficult to control the budget-balance of marginal
contribution distribution rules. Specifically, {/W"} are not the actual welfares distributed, and so
there is no direct control over budget-balance as was the case for generalized weighted Shapley
value distribution rules. Instead, it is necessary to start with desired welfares {WW’} to be distributed
(equivalently, the desired mapping gsy) and then perform a ‘preprocessing’ step of transforming
it into the ground welfare functions {W"} using (13), which requires exponentially many calls to
each W’. However, this is truly a preprocessing step, and thus only needs to be performed once.

Another simplification that Theorem 2 provides when compared to Theorem 1 is in terms of
the potential function. In particular, in light of Proposition 2, the distribution rules ngV;/SV[w]
and fé’;VV; velw], where W = h(W'), result in the same ‘weighted’ potential game with the same
potential function ®|w|. However, in terms of W, there is a clear closed-form expression for the
local potential function at resource r, ¢,.[w] : 2 — R™. For any 1 < k <m and any subset S C N,

(qbr [w])k (S) = W;/(Smkarl)a
where W/ = gye(W,) and Sj, = S — U;—}'S,. In other words, we have,
(VSCN) ¢, [wl(S)=(W/(Sm)W/(Sm-1),-.-.W/(51))-

Refer to Appendix C for the proof. Having a simple closed form potential function is helpful for
many reasons. For example, it aids in the analysis of learning dynamics and in characterizing
efficiency bounds through the well-known potential function method (Tardos and Wexler [45]).

4.3. Limitations and extensions. It is important to highlight that our characterizations
in Theorems 1 and 2 crucially depend on the fact that an equilibrium must be guaranteed in all
games, i.e., for all possibilities of resources, action sets, and choice of local welfare functions from
W. (This is the same for the characterizations given in the previous work in Chen et al. [8] and
Marden and Wierman [30].) If this requirement is relaxed it may be possible to find situations where
distribution rules that are not equivalent to generalized weighted Shapley values can guarantee
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equilibrium existence. For example, Marden and Wierman [29] gives such a rule for a coverage game
where players can select only one resource at a time. A challenging open problem is to determine
the structure on the action sets that is necessary for the characterizations in Theorems 1 and 2 to
hold.

A second remark is that our entire focus has been on characterizing distribution rules that
guarantee equilibrium existence. However, guaranteeing efficient equilibria is also an important
goal for distribution rules. The characterizations in Theorems 1 and 2 provide important new
tools to optimize the efficiency, e.g., the price of anarchy, of distribution rules for general cost
sharing and revenue sharing games through proper choice of the weight system and ground welfare
functions. An important open problem in this direction is to understand the resulting tradeoffs
between budget-balance and efficiency.

Finally, it is important to remember that our focus has been on cost sharing games; however it
is natural to ask if similar characterizations can be obtained for cost sharing mechanisms (Moulin
and Shenker [36], Dobzinski et al. [13], Immorlica and Pountourakis [20], Johari and Tsitsiklis [22],
Yang and Hajek [49], Moulin [34]). More specifically, the model considered in this paper extends
immediately to situations where players have independent heterogeneous valuations over actions, by
adding more welfare functions to W.'° However, in cost sharing mechanisms, player valuations are
private, which adds a challenging wrinkle to this translation. Thus, extending our characterizations
to the setting of cost sharing mechanisms is a difficult, but important, open problem.

5. Prior work in noncooperative cost sharing games. As noted previously, the first steps
toward characterizing the space of distribution rules that guarantee equilibrium existence were
provided in Chen et al. [8] and Marden and Wierman [30]. Prior to that, almost all the literature in
cost sharing games (Anshelevich et al. [3], Corbo and Parkes [11], Fiat et al. [15], Chekuri et al. [6],
Christodoulou et al. [9]) considered a fixed distribution rule that guarantees equilibrium existence,
namely equal share (dubbed the ‘fair cost allocation rule’, equivalent to the Shapley value in these
settings), and the focus was directed towards characterizing the efficiency of equilibria.

A recent example of work in this direction is von Falkenhausen and Harks [47], which considers
games where the action sets (strategy spaces) of the agents are either singletons or bases of a
matroid defined on the ground set of resources. For such games, the authors focus on designing
(possibly non-separable, non-scalable) distribution rules that result in efficient equilibria. They
tackle the question of equilibrium existence with a novel characterization of the set of possible
equilibria independent of the distribution rule, and then exhibit a family of distribution rules that
result in any given equilibrium in this set. Our goal is fundamentally different from theirs, in that
we seek to characterize distribution rules that guarantee equilibrium existence for a class of games,
whereas they directly characterize the best and worst achievable equilibria of a given game.

An alternative approach for distribution rule design is studied in Anshelevich et al. [4], Hoefer
and Krysta [19]. The authors consider a fundamentally different model of a cost sharing game where
agents not only choose resources, but also indicate their demands for the shares of the resulting
welfare at these resources. Their model essentially defers the choice of the distribution rule to the
agents. In such settings, they prove that an equilibrium may not exist in general.

10 To see this, consider a welfare sharing game G € G(N, f", W). Let the action set of player i be A; = {a1,...,as}, and
suppose he values action a; at u;, for 1 < j <{. Then, we modify G to G’ by adding ¢ more resources r1,...,7¢ to R,
Uyj, €S
0, ¢S
resource, so that a; — a; U{r;}. Then, G’ € G(N, f"",W'), where W' =W Uiy {W,,} and = g Uiy (Vi
Notice that all games in G(N, f"', W) have an equilibrium if and only if all games in G(N, le , W) have an equilibrium.

setting W, (S) = and f Wrj — fgy” for 1 < j </, and augmenting each action in .A; with its corresponding
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6. Proof sketch of Theorem 1. We now sketch an outline of the proof of Theorem 1 for
the special case where there is just one local welfare function W, i.e., W= {W}, highlighting the
key stages. For an independent, self-contained account of the complete proof, refer to Appendix A.

First, note that we only need to prove one direction since it is known that for any weight system
w and any two welfare functions W, W', all games in G(N, fCV;VV;,SV [w], W) have an equilibrium
(Hart and Mas-Colell [18])."" Thus, our focus is solely on proving that for distribution rules f%
that are not generalized weighted Shapley values on some ground welfare function, there exists
G e G(N, fV, W) with no equilibrium.

The general proof technique is as follows. First, we present a quick reduction to characterizing
only budget-balanced distribution rules f" that guarantees the existence of an equilibrium for
all games in G(N, fV,W). Then, we establish several necessary conditions for a budget-balanced
distribution rule f" that guarantees the existence of an equilibrium for all games in G(N, fV', W),
which effectively eliminate all but generalized weighted Shapley values on W, giving us our desired
result. We establish these conditions by a series of counterexamples which amount to choosing a
resource set R and the action sets {.A;},_, for which failure to satisfy a necessary condition would
lead to nonexistence of an equilibrium.

Throughout, we work with the basis representation of the welfare function W that was introduced
in Section 3.1. Since we are dealing with only one welfare function W, we drop the superscripts
from TV, QW and ¢}¥ in order to simplify notation. It is useful to think of the sets in 7 as being
‘coalitions’ of players that contribute to the welfare function W (also referred to as contributing
coalitions), and the corresponding coefficients in @) as being their respective contributions. Also,
for simplicity, we normalize W by setting W () =0 and therefore, () ¢ T. Before proceeding, we
introduce some notation below:

1. For any subset S C N, T(S) denotes the set of contributing coalitions in S:

TS)={TeT |TCS}
2. For any subset S C N, N(S) denotes the set of contributing players in S:

NS =JT(9)
3. For any two players 4,5 € N, T;; denotes the set of all coalitions containing ¢ and j:
Ty ={TeT |{i,j} T}

4. Let B C 2" denote any collection of subsets of a set N. Then the relation C induces a partial
order on B. B™" denotes the set of minimal elements of the poset (B, C):

B ={BeB| (}B' €B) sit. B'C B}

EXAMPLE 1. Let N ={i,j,k, £} be the set of players. Table 3a defines a W : 2N — R, as well
as five different distribution rules for W. Table 3b shows the basis representation of W, and Table
3c illustrates the notation defined above for W. Throughout the proof sketch, we periodically revisit
these distribution rules to illustrate the key ideas.

The proof is divided into five sections — each section incrementally builds on the structure
imposed on the distribution rule f by previous sections.

6.1. Reduction to budget-balanced distribution rules. First, we reduce the problem
of characterizing all distribution rules f" that guarantee equilibrium existence for all G €
G(N, fV, W) to characterizing only budget-balanced distribution rules f" that guarantee equilib-
rium existence for all G € G(N, fV, W):

1 Notice that W has no role to play as far as equilibrium existence of games G € G(N, fgﬁ/sv[w],W) is concerned,
since it does not affect player utilities. This observation will prove crucial later.
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PROPOSITION 3. For all welfare functions W, a distribution rule fV guarantees the existence

of an equilibrium for all games in G(N, fV W) if and only if it guarantees the existence of an
equilibrium for all games in G(N, f , W'), where, for all subsets SC N, W'(S):=>,.4 [ (i,5).

Proof. This proposition is actually a subtlety of our notation. For games G € G(N, f, W), the
welfare function W does not directly affect strategic behavior (it only does so through the distri-
bution rule f"). Therefore, in terms of strategic behavior and equilibrium existence, the classes
G(N, fV W) and G(N, fV,W’) are identical, for any two welfare functions W, W’. Therefore, a
distribution rule f" guarantees equilibrium existence for all games in G(N, f, W) if and only if
it guarantees equilibrium existence for all games in G(N, f',W’). To complete the proof, simply
pick W’ to be the actual welfare distributed by f", as defined in (10). O

Notice that f" is a budget-balanced distribution rule for the actual welfare it distributes, namely
W' as defined in (10). Hence, it is sufficient to prove that for budget-balanced distribution rules
" that are not generalized weighted Shapley values, there exists a game in G(N, f', W) for which
no equilibrium exists.

EXAMPLE 2. Note that fV through f}' are budget-balanced, whereas fY, which is the marginal
contribution distribution rule fyyo, is not. Let W', shown in Table 3a, be the actual welfare dis-
tributed by f3V, as defined in (10). Then f5 s a budget-balanced distribution rule for W'. In fact,
it is the Shapley value distribution rule f, .

6.2. Three necessary conditions. The second step of the proof is to establish that for every
subset S C N of players, any budget-balanced distribution rule f" must distribute the welfare
W(S) only among contributing players, and do so as if the noncontributing players were absent:

PROPOSITION 4. If fW is a budget-balanced distribution rule that guarantees the existence of
an equilibrium in all games G € G(N, fV, W), then,

(VSCN) (VieS) fV(i,S)=f"(i,N(9))

TABLE 3. Tables for Examples 6.x

(a) Definitions of welfare functions and distribution rules

[sen [e]@ U [a[Ea] R [Ga] Gk [Ga[Ra] Gk | 658 [ GeG [ Gk8 [ G0k ]

wW(S) (o] 5 | 3 0|3 6 2 8 0 6 3 0 7 5 3 1
SES) =[G B3] (0) | (3)[(3,3)] (1,1) |(4,4)] (0,0) {(3,3)|(3,3)| (0,0,0) | (§5D | (35| LY | (51571
LS [ —[6) [ G)](0) | (3) | (4,2) | (4,-2) | (5,3) | (2,-2)| (3,3) | (0,3) | (3,1,—4) | (3,1,3) | (4,-2,3)|(2,-2,3)| (2,0,-4,3)
3 G| =] B (3) [ (0) | (3)](4,2)|(4,-2)|(5,3) | (2,-2) | (3,3) | (0,3) | (3,1,—4) | (§,3,3) | (4,-2,3) | (2,-2,3) | ({,—3,—4,3)
WES) I =16) 3] 0)]3)](4,2)](4,—-2)](5,3) | (1,-1)[(3,3)] (0,3) | (3,0,-3) | (3,1,3) |(4,—-2,3)|(1,-1,3)| (2,—1,-3,3)
B8 [ =16) | 3) ] (0) | (3) [ (3,1)](2,-3) [ (5,3) ] (0,=3) | (3,3) | (0,3) | (0,-2,—6) | (1,-1,1) | (2,-3,3) | (0,=3,3) | (=2,—4,-6,1)
w'(S) |[o| 5] 3 0 3 4 -1 8 -3 6 3 -8 1 2 0 —11
(b) Basis representation of W (c) Notation (d) Basis distribution rules computed by recursion (27)
[ Coalition T € T [ Contribution gr € Q] | Symbol | Value | ‘Coalition TeT H 77, | fI(.T ‘ FI(.,T) ‘ff(.j) | FI(-,T) |
i 5 T | ) {i} O lolol ol
o : Tl (G4 ) Ol oo ® o
(i} —2 Ty | Hedn {60} {Z} 0 0 0 0 S
Gk} =3 T i {i.j} Lo | 33 | Gy | G3) | (LD
.k} -3 ' {i.k} G=s) | G | G3) | G | WY
.0 — {5:k) Lo | (3 | G | Gy | @y
{i., ¢} (333539630 G350] 0,11
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Section A.2.1 is devoted to the proof, which consists of incrementally establishing the following
necessary conditions, for any subset S C N:

(a) If no contributing coalition is formed in S, then f" does not allocate any utility to the players
in S (Lemma 1).

(b) f% distributes the welfare only among the contributing players in S (Lemma 2).

(c) fY distributes the welfare among the contributing players in S as if all other players were
absent (Lemma 3).

EXAMPLE 3. For the welfare function W, S = N(S) for all subsets S, making Proposition 4
trivial, except for the two subsets {k} and {k,¢} for which k is not a contributing player. Note
that f3V through f}¥ allocate no welfare to k in these subsets, and £ gets the same whether k is
present or not. But fV(k,{k,l})#0 and f{V(€,{k,£}) # f1V(£,{€}). Therefore, f}V, which is the
equal share distribution rule fyg,, violates conditions (b)-(c), and hence, Proposition 4. So, it does
not guarantee equilibrium existence in all games; see Counterexample 2 in the proof of Lemma 3.

6.3. Decomposition of the distribution rule. The third step of the proof establishes
that f" must have a basis representation of the form (4), where the basis distribution rules are
generalized weighted Shapley values:

PROPOSITION 5. If f is a budget-balanced distribution rule that guarantees the existence of
an equilibrium in all games G € G(N, fV W), then, there exists a sequence of weight systems
Q={w"} s such that

= Z qr fawsvw']
TeT

Note that for now, the weight systems w? could be arbitrary, and need not be related in any
way. We deal with how they should be ‘consistent’ in the next section.

In Section A.2.2, we prove Proposition 5 by describing a procedure to compute the basis distri-
bution rules, f7, assuming they exist, and then showing the following properties of f7:

(a) Each f7 is a budget-balanced distribution rule for W? (Lemmas 4-5).
(b) f%, and the basis distribution rules {f”},_r, satisfy (4) (Lemma 7).
(c) Each f7 is nonnegative; so, f¥ = f&, ¢, [w?] for some w” (Lemma 8).

EXAMPLE 4. Table 3d shows the basis distribution rules computed by our recursive procedure in
(27). Note that ij, 1 <j <4, are budget-balanced distribution rules for W (for each T, the shares
sum up to 1). It can be verified that f, fI, fI are nonnegative and satisfy (4). Neat, observe that
from Table 3a, f1"(i,{i,€}) =4, but from Table 3d, 3 ycr ar L (i, {i,0}) = qra f17 (i, {i,£}) = 5, s0
11V wiolates condition (b). Also, fURY (kL) k) < 0, violating condition (c). So, 11V, the equal share
distribution rule, does not have a basis representation, and hence does not guarantee equilibrium
existence in all games; see Counterexamples 3-4 in the proofs of Lemmas 7 and 8.

6.4. Consistency of basis distribution rules. The fourth part of the proof establishes two
important consistency properties that the basis distribution rules f7 must satisfy:

(a) Global consistency: If there is a pair of players i, j common to two coalitions T, 7", then their
local shares from these two coalitions must satisfy (Lemma 9):

a1 =7 6T) 16, T)

(b) Cyclic consistency: If there is a sequence of z > 3 players, (i,is,...,7.) such that for each of
the z neighbor-pairs {(i1,i2), (i2,43) ;- ., (iz,31)}, 3Ty € T, T, € T, ..., T. € T, and in
each T}, at least one of the neighbors 7;,%,,1 gets a nonzero share, then the shares of these z
players must satisfy (Lemma 10):

Ui, T) f 2 (i, Ta) -+ f 72 (i, T ) = 7 (i, Th) f 72 (5, 1) -+ 72 (40, 1)
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Section A.3.1 is devoted to the proofs. Since f7 = fl, sy [w”] for some w”, the above translate
into consistency conditions on the sequence of weight systems Q = {w”}, . (Corollaries 2 and 3
respectively). These conditions are generalizations of those used to prove Proposition 1 in Chen et
al. [8] and Marden and Wierman [30] — the welfare function used, see (1), is such that 7 =2\ {0},
which is ‘rich’ enough to further simplify the above consistency conditions. In such cases, the
distribution rule f" is fully determined by ‘pairwise shares’ of the form f" (i, {i,j}).

EXAMPLE 5. Among the three budget-balanced distribution rules that have a basis representa-
tion, namely f3V, f3V and £}V, only f}¥ satisfies both consistency conditions. f3' fails the global con-
sistency test, since £ (i, (i, 7D A0 (G 1,5, 01) # 10, G .0 £ (46, }), and so, does
not guarantee equilibrium existence in all games; see Counterexample 5(a) in the proof of Lemma 9.
Similarly, fIV fails the cyclic consistency test, since fI7 (i, {i, i 1) £ G, 4G, kD) FEF (ke {i, kY #

GG ) P e, 4, kD) £ G {a kY, and hence does not guarantee equilibrium existence in
all games; see C’ounterexample 6 in the proof of Lemma 10.

6.5. Existence of a universal weight system. The last step of the proof is to show that
there exists a universal weight system w* = (A", ¥*) that is equivalent to all the weight systems in
Q={w"};.r That is, replacing w” with w* for any coalition 7' does not change the distribution

rule féwsylw]:
PROPOSITION 6. If fV' =3 qrf&wsy(w?’] is a budget-balanced distribution rule that guar-

antees the existence of an equilibrium in all games G € G(N, fV, W), then, there exists a weight
system w* such that,

VTeT) fowsylw'l=fewsvlw']

In Section A.3.2, we prove this proposition by explicitly constructing w*, given a sequence of
weight systems Q = {w”},._; that satisfies the consistency Corollaries 2 and 3.

EXAMPLE 6. The only budget-balanced distribution rule to have survived all the necessary con-
ditions is f3'. Using the construction in Section A.3.2, it can be shown that f)¥ is equivalent to
the generalized weighted Shapley value distribution rule fly, v |w*], where the weight system w* =
(X", X7) is given by X" = (3, 3,1,a) where a is any strictly positive number, and ¥* = {{i,j,k},{(}}.

Appendix A: Proof of Theorem 1. In this appendix, we present the complete proof of
Theorem 1. It is our intent that this section be self-contained and independent of the partial outline
presented in Section 6, and therefore, may contain some redundancies.

First, note that we only need to prove one direction since it is known that for any weight system
w and any mapping gsy, all games in G(N, {27 [w]}wew, W) have an equilibrium (Hart and
Mas-Colell [18]).'? Thus, we present the bulk of the proof — the other direction — proving that for
distribution rules f" that are not generalized weighted Shapley values on some welfare function,
there exists a game in G(N, f", W) for which no equilibrium exists.

The general technique of the proof is as follows. First, we present a quick reduction to charac-
terizing only budget-balanced distribution rules f" that guarantees equilibrium existence for all
games in G(N, f W). Then, we establish several necessary conditions that these rules must satisfy.
Effectively, for each W € W, these necessary conditions eliminate any budget-balanced distribution
rule f that is not a generalized weighted Shapley value on W, and hence give us our desired result.
We establish each of these conditions by a series of counterexamples which amount to choosing a
resource set R, the local welfare functions {W,} ., and the associated action sets {A;}, ., for
which failure to satisfy a necessary condition would lead to nonexistence of an equilibrium.

21n fact, notice that W has no role to play as far as equilibrium existence of games G(N, {f25V. S(“},V) [W]}wew, W) is
concerned, since it does not directly affect player utilities. This observation will prove crucial later.
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TABLE 4. Summary of notation

Symbol Definition Meaning

TV(S) {TeT" |TCS} set of contributing coalitions in S

NY(S) U7T"v(s) set of contributing players in S
TV {Te TV | {i,5} C T} set of coalitions containing both players ¢ and j
B™> | {BeB| (BB’ €B) st. BC B’} | set of maximal elements of the poset (B, C)
B™ir |\ {BeB| (B €B) s.t. B C B} set of minimal elements of the poset (B, C)

Most counterexamples involve multiple copies of the same resource. To simplify specifying such
counterexamples, we introduce a scaling coefficient v,. € Z, , for each resource r € R, which denotes
the number of copies of r, so that we have,

VacA)  W(@)=> vW,({a},) and )=> v f"(i,{a},)

reR rea;

Therefore, to exhibit a counterexample, in addition to choosing R, {W,.} ., and {A;},.5, we also
choose {v,},p-

Throughout, we work with the basis-representation of the welfare function that was introduced
in Section 3.1. For each W € W, it is useful to think of the sets in 7" as being ‘coalitions’ of
players that contribute to the welfare function W (also referred to as contributing coalitions), and
the corresponding coefficients in Q" as being their respective contributions. Also, for simplicity,
we normalize W by setting W () = 0 and therefore, () ¢ T". Before proceeding, we introduce some
notation below, which is also summarized in Table 4 for easy reference.

Notation. For any subset S C N, let TW(S ) denote the set of contributing coalitions in S:
TV(S)={TeT" | TCS}
Using this notation, and the definition Of inclusion functions from (2) in (3), we have an alternate
way of writing W, namely,
Z QT (14)

TeTW (S)

For any subset S C N, let N (.S) denote the set of contributing players in S:
M) =UJT"(8)
Using this notation, and the alternate definition of W from (14), we have,
W(8) =W (N"(S)) (15)
For any two players i,7 € N, let 7;;"/ denote the set of all coalitions containing 7 and j:
={TeT" | {i,j}cT} (16)

Let B C 2" denote a collection of subsets of N. The relation C induces a partial order on B. Let
B and B™® denote the set of maximal and minimal elements of the poset (B, C) respectively:

B —{BeB| (3B €B) st. BCB'}
B™»={BeB | (B €B) sit. B'C B}

EXAMPLE 7. Let N = {i,j,k} be the set of players, and W : 2" — R as defined in Table 5a.
Table 5b shows the basis representation of W, and Table 5c illustrates our notation for this W.
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TABLE 5. Tables for Example 7

(a) Definition of W

(b) Basis representation of W

(c) Ilustration of notation

S W (S) Coalition T'e€ 7" | Contribution ¢y € QW Symbol Value
0 0 {i} 1 TV {i,5}) i i1
{a} 1 {7} 2 TV (kY | {0} (k) {5, k))
{7} 2 {k} 3 NV ({i,k}) {i, k}
{k} 3 {4k} -2 T {{i,j, k}}
gy |8 ti.h} - (T)™ | L kb
| e : ()™ |
{i.g,k}t | 4

Proof outline. The proof is divided into five sections — each section incrementally builds on

the structure imposed on the distribution rule f by previous sections:

1. Reduction to budget-balanced distribution rules. We reduce the problem of characterizing all
distribution rules f% that guarantee equilibrium existence for all G € G(N, f%, W) to charac-
terizing only budget-balanced distribution rules f% that guarantee equilibrium existence for
all Ge G(N, f' W).

2. Three necessary conditions. We establish three necessary conditions that collectively describe,
for any W € W, for any subset S of players, which players get shares of W (.S) and how these
shares are affected by the presence of the other players.

3. Decomposition of the distribution rule. We use these conditions to show that for each W € W,
f must be representable as a linear combination of generalized weighted Shapley value distri-
bution rules (with possibly different weight systems) on the unanimity games corresponding
to the coalitions in 7%, with corresponding coefficients from Q".

4. Consistency of basis distribution rules. We establish two important consistency properties (one
global and one cyclic) that these ‘basis’ distribution rules should satisfy, and restate these
properties in terms of their corresponding weight systems.

5. Erxistence of a universal weight system. We use the two consistency conditions on the weight
systems of the basis distribution rules to show that there exists a single universal weight
system that can replace the weight systems of all the basis distribution rules without changing
the resulting shares of any welfare function. This establishes, for each W € W, the equivalence
of fW to a generalized weighted Shapley value on W with this universal weight system.

A.1. Reduction to budget-balanced distribution rules. First, we reduce the problem of
characterizing all distribution rules f* that guarantee equilibrium existence for all G € G(N, f%, W)
to characterizing only budget-balanced distribution rules f" that guarantee equilibrium existence
for all Ge G(N, fV, W):

PROPOSITION 7. Given any set of local welfare functions W, their corresponding local distri-
bution rules [ guarantee the existence of an equilibrium for all games in G(N, ", W) if and only
if they guarantee the existence of an equilibrium for all games in G(N, fV gsy (W)).

Proof. This proposition is actually a subtlety of our notation. For games G € G(N, f" W),
the welfare functions W do not directly affect strategic behavior (they only do so through the
distribution rules f%). Therefore, in terms of strategic behavior and equilibrium existence, the
classes G(N, f W) and G(N, f", W’) are identical, for any two sets of welfare functions W, W’.
Therefore, a distribution rule f% guarantees equilibrium existence for all games in G(N, f", W)
if and only if it guarantees equilibrium existence for all games in G(N, Y, W’). To complete the
proof, simply pick W’ = gg1-(W), the actual welfares distributed by f%, as defined in (10). O
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Notice that f" are budget-balanced distribution rules for the actual welfares they distribute,
namely gs1 (W) as defined in (10). Hence, it is sufficient to prove that for budget-balanced distribu-
tion rules f" that are not generalized weighted Shapley values, there exists a game in G(N, [, W)
for which no equilibrium exists.

A.2. Constraints on individual distribution rules. In the next two sections, we establish
common constraints that each budget-balanced distribution rule f" € f% must satisfy, in order
to guarantee equilibrium existence for all games in G(N, fV, W) for any given set of local welfare
functions W. To do this, we deal with one welfare function at a time — for each W € W, we only
focus on the corresponding distribution rule f guaranteeing equilibrium existence for all games
in the class G(NV, fV,W). Note that this is justified by the fact that G(N, fV, W) C G(N, fV W)
for all W € W, and so, if f" guarantees equilibrium existence for all games in G(N, f, W), then
each f € f% must guarantee equilibrium existence for all games in G(N, fV', W).

Since we are dealing with only one welfare function at a time, we drop the superscripts from
TV, QY ¢, ete. in order to simplify notation.

A.2.1. Three necessary conditions. Our goal in this section is to establish that, for every
subset S C N of players, any budget-balanced distribution rule f must distribute the welfare W (.S)
only among contributing players, and do so as if the noncontributing players were absent:

PropPoOSITION 8. If f is a budget-balanced distribution rule that guarantees the existence of an
equilibrium in all games G € G(N, f,W), then,

We prove this proposition in incremental stages, by establishing the following necessary condi-
tions, for any subset S C N:
(a) If no contributing coalition is formed in S, then f does not allocate any utility to the players
in S. Formally, in Lemma 1, we show that if 7(S) =0, then for all players i € S, f(i,5) =0.
(b) f distributes the welfare only among the contributing players in S. Formally, in Lemma 2, we
generalize Lemma 1 by showing that for all players i ¢ N(S), f(i,5)=0.
(c) f distributes the welfare among the contributing players in S as if all other players were
absent. Formally, in Lemma 3, we show that for all players i € N(S), f(i,5) = f(i,N(S)).

LEMMA 1. If f is a budget-balanced distribution rule that guarantees the existence of an equi-
librium in all games G € G(N, f,W), then,

(VSCN st. T(S)=0) (Vies) f(i,9)=0 (17)

Proof. The proof is by induction on |S|. The base case, where |S| =1 is immediate, because
from budget-balance, we have that for any player i € N,

f@&ﬂ)—{%ﬂ ,{iyeT

0 , otherwise

Our induction hypothesis is that (17) holds for all subsets S of size z, for some 0 < z < |N]|.
Assuming that this is true, we show that (17) holds for all subsets S of size z+ 1. The proof is by
contradiction, and proceeds as follows.

Assume to the contrary, that f(i,5) # 0 for some i € S, for some S C N, where T (S) =0 and
|S| = z+ 1. Since f is budget-balanced, and z+1 > 2, it follows that there is some j € S — {i} with
f(4,5)#0, such that f(i,S)- f(4,5) <0, i.e., f(i,5) and f(j,S) have opposite signs. Without loss
of generality, assume that f(i,5) <0 and f(5,.5) > 0.
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I [
l ! \J &1 2
L6} 2 '
lue: 1 lue: 1 i i i S —{j i S —{i
fixi?l gl?y_ers: fixl(yeg gl?y_ers: n f@5), 1G9 f@s- Uy, 16,5 -1
S} | S={Lj) ry |fGS=UD, £G5S - f@.9), £G.9)
! !
J J
(a) The game (b) The payoff matrix

FI1GURE 1. Counterexample 1

Counterexample 1: Consider the game in Figure la, with resource set R = {r;,r,} and local
resource coefficients v,, =v,, = 1. Players 7 and j have the same action sets — they can each choose
either r; or 5. All other players in S have a fixed action — they choose both resources. Formally,

{{ri} {r2}t 5 kedig}
{{h?r?}} 9 keS—{iaj}

This is essentially a game between ¢ and j, with the payoff matrix in Figure 1b.

Since T (S) =0, it follows that 7(S") =0 for all S’ C S. Therefore, by letting S’ = S —{i}, we can
apply the induction hypothesis to S’ to obtain f(j,S —{i}) =0. Similarly, by letting S"=S5 —{j},
we get f(1,5—{j}) =0. We now use this to show that none of the four outcomes of Counterexample
1 is an equilibrium — this contradicts the fact that f guarantees the existence of an equilibrium
in all games G € G(N, f,W). First, consider the outcome ({r1},{r:}). Given that player j is in rq,
player i obtains a payoff of f(i,S) in 7, which, by our assumption in step (ii), is negative. By
deviating to ry, player ¢ would obtain a payoff of f(i,S —{j}) =0, which is strictly better for player
i. Hence, ({r1},{r1}) is not an equilibrium. By nearly identical arguments, it can be shown that
the other three outcomes are also not equilibria. This completes the inductive argument. O

k

LEMMA 2. If f is a budget-balanced distribution rule that guarantees the existence of an equi-

librium in all games G € G(N, f,W), then,
(VSCN) (VieS—N(S)) f(GS)=0 (18)

Proof. For 0 <p < |T| and 0 < ¢ <n, let P! denote the collection of all nonempty subsets
S for which |T(S)|=p and |S — N(S)| =g¢, i.e., S has exactly p contributing coalitions and ¢
noncontributing players in it. Then, P={Pg, Py,.... Py, P, P, ., Pl ooy Pl Pirs- - Pl
is an ordered partition of all nonempty subsets of N. Note that we have slightly abused the usage
of the term ‘partition’, since it is possible that P/ = () for some p, q.

We prove the lemma by induction on P = {{Pg}}, i.e., the tuple (p,q). Our base cases are
twofold:

(i) When p=0, i.e., for any subset S e J'_,Pj, T(S)=0. So, (18) is true from Lemma 1.
(ii) When ¢=0, i.e., for any subset S € J,_,P,, S= N(S). So, (18) is vacuously true.
Our induction hypothesis is the following statement:

z n y
(18) holds for all S € U U P U P, for some 0 <z < |T|, and for some 0 <y < n.
p=04¢=0 q=0
Assuming that this is true, we prove that (18) holds for all S € 773111 . In other words, assuming
that for all subsets S € (J{PJ, Py, . Py ..., PL,PL...,P, ..., PY Py, Py} we have
already proved the lemma, we focus on proving the lemma for S € 773:11 , the next collection in P.

The proof is by contradiction, and proceeds as follows.
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Assume to the contrary, that f(i,.S) # 0 for some i € S — N(S), for some S € PY[}. Since z+1>1
and y + 1> 1, it must be that |S| > 2, i.e., S has at least two players. Also, because i ¢ N(S),
it follows that N(S)= N(S — {i}), and so, from (15), we have, W(S) = W (S — {i}). Since f is
budget-balanced, and W (S) = W (S — {i}), we can express f(,.5) as,

F@,8) = > (f(k,S—{i})— f(k,5))

keS—{i}

Because f(i,5) #0, it is clear that at least one of the difference terms on the right hand side is
nonzero and has the same sign as f(i,.5). That is, there is some j € S — {i} such that

fG,9) (f(5,5 ={i}) = f(5,5)) >0 (19)

Also, f(i,S—{j}) = 0. To see this, we consider the following two cases, where, for ease of expression,
we let S"=S5—{j}.
(i) If 5 € N(S), then |T(S")|<|T(S)|=2+1, and so S’ € U;:o UZ:O P
(i) If j ¢ N(S), then |T(S")| =|T(S)|=2+1, and |S"— N(5")| < |S = N(S)| =y +1 and so
S €U0 Pl
In either case, we can apply the induction hypothesis to S — {j} to conclude that f(i,S—{j}) =0,
since i ¢ N(S —{j}). Therefore, (19) can be rewritten as,

(f(@,8) = f(@6, S ={iH) (f(4,5) = f (45,5 ={i})) <O

To complete the proof, let us first consider the case where f(i,S) — f(i,5 —{j}) <0 and f(j,5) —
f(5,5—={i}) > 0. For this case, Counterexample 1 illustrated in Figure 1, along with the arguments
for non-existence of equilibrium therein (the proof of Lemma 1), serves as a counterexample here
too. The proof for when f(i,S) — f(i,5 —{j}) >0 and f(4,5)— f(j,S—{i}) <0 is symmetric. O

LEMMA 3. If f is a budget-balanced distribution rule that guarantees the existence of an equi-
librium in all games G € G(N, f,W), then,

(VSCN) (VieN(S)) f(i,5)=/f(,N(S)) (20)

Proof. Since this is a tautology when N(S) =S5, let us assume that N(S) C S. We consider two
cases below.

Case 1: |N(S)| =1. Without loss of generality, let N(S) = {i}. Since f is budget-balanced, and
W(S)=W(N(S)), we can express f(i, N(S)) as,

FEN@S) =D f(k,S)

keS

From Lemma 2, we know that f(k,S)=0 for all k€ S— N(S). Accordingly, f(i,S)= f(i, N(5)).

Case 2: |[N(S)|#1. For 0 <p<|T], let P, denote the collection of all nonempty subsets S such
that |[N(S)|#1 and N(S) € S, for which |7(S)|=p, i.e., S has exactly p contributing coalitions
in it. Then, P = {Py,P1,...,Piry} is an ordered partition of all nonempty subsets S such that
IN(S)| # 1 and N(S) C S. Note that we have slightly abused the usage of the term ‘partition’,
since it is possible that P, = for some p.
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We prove the lemma by induction on P. The base case, where S € Py, is vacuously true, since
N(S) = 0. Our induction hypothesis is that (20) holds for all subsets S € |J;_,P,, for some 0 <
z < |T|. Assuming that this is true, we show that (20) holds for all subsets S € P.;.

Before proceeding with the proof, we point out the following observation. Since f is budget-
balanced, and W (S) =W (N(S)), we have,

S FENES) =D fk,S)= D f(kS) (21)
keEN(S) keS kEN(S)
where the second equality comes from Lemma 2, which gives us f(k,S)=0 for all k€ S — N(S5).

The proof is by contradiction, and proceeds as follows. Assume to the contrary, that f(k,S) #
f(k,N(S)) for some k € N(S), for some S € P,.;. Since z+1>1, and |[N(5)| #1, |[N(S)| > 2.
Then, from (21), we can pick i,j € N(S) such that,

f(i,8) < f(i,N(9)) (22)
f(3.8)> f(4,N(S)) (23)
J J
l l
L R ) Ji L R
11 12 : ) ) ) ) )
i — T value: 1 value: 1 T FANES)) +fES =D, f(l‘,N(S) - {ID + f(l: S),
l fixed players: | fixed players: FONES)+FGS={D | FGNES) =D +f0,S)

NS —fij}| S—{ij}
M1 F22

. value: 1 value: 1

[ —B fixed players: | fixed players:

S—{i,j} |NG)—={ij}

(a) The game (b) The payoff matrix

B FAGNES) =GP+ @85, | fFGNES) + S =,
FGNE) =D+ 0.9 | f(LNES) +fG.S = {i])

FI1GURE 2. Counterexample 2

Counterexample 2: Consider the game in Figure 2a, with resource set R = {ry1,r2, 721,72} and
local resource coefficients v,.,, = v,,, = vy, = v,,, = 1. Player 7 is the row player and player j is the
column player. All other players in N(.S) have a fixed action — they choose all four resources. And
all players in S — N(S) also have a fixed action — they choose resources r15 and 75;. Formally,

{T:{Tllﬂ’lz},B:{7’2177"22}} , k=1
{L:{TllaTzl},R:{Tuﬂ“m}} ,k=j
{{r11, 712,721,722} } , ke N(S)—{i,j}

{{r12,r21}} , ke S—N(S)

This is essentially a game between players ¢ and j, with the payoff matrix in Figure 2b. The set of
joint action profiles can therefore be represented as A={T'L,TR,BL, BR}.
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Because ¢ € N(S), |T(S — {i})| = |[T(N(S) — {i})| < |T(S)|. Also note that N(S — {i}) =
N(N(S)—{i}). Now, consider two cases:
(i) ifi)gé N(S—{i}), then j ¢ N(N(S)—{i}), and so, from Lemma 2, f(5,S —{i}) = f(j,N(S) —
1})=0.
(ii) If j€ N(S—{i}), then j € N(N(S)—{i}). If N(S—{i})={j}, then, applying our analysis in
Case 1 to S —{i} and N(S) —{i}, we have,

fG,8=A{i}) = F(G,N(S—{i}))

FGN(S) ={i}) = £, N(N(S) —{i}))

If N(S—{i}) # {j}, then we know that |[N(S — {i})| > 2. Accordingly, we can apply our
induction hypothesis to S — {i} and N(S) — {i} to obtain (24).
In either case, we have,

(24)

fG,8=A{i}) = F(4,N(S) —{i}) (25)

By similar arguments, we obtain,

f6,5=43}) = (i, N(S) = {j}) (26)

We use the four properties in (22), (23), (25), and (26) to show that Counterexample 2 does
not possess an equilibrium, thereby contradicting the fact that f guarantees the existence of an
equilibrium in all games G € G(N, f,W). We show this for each outcome:

(i) TL is not an equilibrium, since player j has an incentive to deviate from L to R:

fG,N(S) ={i}) + £(5,9) > f(5,5 —={i}) + (4, N(S))

This results from combining (23) and (25).
(ii) TR is not an equilibrium, since player ¢ has an incentive to deviate from 7" to B:

f(, 8 ={3}) + f(i, N(S)) > f(i, N(S) = {j}) + [ (i, 5)

This results from combining (22) and (26).
(ili) BR and BL are also not equilibria, because in these action profiles, players j and i respectively
have incentives to deviate — the arguments are identical to cases (a) and (b) above, respectively.
This completes the inductive argument. ([l

A.2.2. Decomposition of the distribution rule. Our goal in this section is to use the
necessary conditions above (Proposition 8) to establish that f must be representable as a linear
combination of generalized weighted Shapley value distribution rules (see (8) in Table 2) on the
unanimity games corresponding to the coalitions in T, with corresponding coefficients from Q:

ProprosITION 9. If f is a budget-balanced distribution rule that guarantees the existence of
an equilibrium in all games G € G(N, f,W), then, there exists a sequence of weight systems Q =
{w"}por such that

f= Z Qngwsv[WT]
TeT

Note that for now, the weight systems w? could be arbitrary, and need not be related in any
way. We deal with how they should be ‘consistent’ later, in Section A.3.1.

Before proceeding, we define a useful abstract mathematical object. The min-partition of a finite
poset (T,C), denoted by Poin(T) = {P1,Ps,...,Pe}, is an ordered partition of T, constructed
iteratively as specified in Algorithm 1.
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Algorithm 1 Construction of Py, (7)

lpl :Tmin

z4+2

while 7#U,,.. P, do P. = (T —U,,.. Pp)"™™; 22+ 1
end while

EXAMPLE 8. Let (T,C) be a poset, where T ={{i},{5},{4,k},{k.0},{7.¢}.{3,75,k}}. Then,

Puoin(T) = { {{}, G}, {k, 3}, {7k}, 45,3}, a5, k33 }

Construction of basis distribution rules: Given a budget-balanced distribution rule f that guar-
antees the existence of an equilibrium in all games G € G(N, f,W), we now show how to con-
struct a sequence of basis distribution rules {f”},_ - such that (4) is satisfied. Let Py, (7) =
{P1,Pa,...,Py} be the min-partition of the poset (7,C), and let f be a distribution rule for W.
Starting with z = 1, recursively define f7 for each T € P, as,

Ll - > e fTG8)| . TCS

(VSCN) (VieN) f7(i,S)=q " TET(T)~(T) 0

0 , otherwise

At the end of this procedure, we obtain the basis distribution rules {f”}, .. Note that it is not
obvious from this construction that these basis distribution rules satisfy (4), or that they are
generalized weighted Shapley value distribution rules on their corresponding unanimity games.
The rest of this section is devoted to showing these properties. But first, here is an example to
demonstrate this recursive construction.

ExXAMPLE 9. Consider the setting in Example 7, where N = {i,j,k} is the set of players, and
W 2N = R is the welfare function defined in Table 5a. The basis representation of W is shown in
Table 5b. The set of coalitions is therefore given by T = {{i}, {7}, {k}, {4, k}, {3, k}, {i,4,k}}. For
the poset (T,<C), we have,

Prin(T) = { {{a}, G} {R}}, {7, B}, {6 B3}, {65,k

Consider the following two distribution rules for W.

(i) fsv, the Shapley value distribution rule (see Section 2.1.2).
(ii) frq, the equal share distribution rule (see Section 2.1.1).
Table 6a shows fsy and frq for this welfare function. The basis distribution rules f&,, and ng
that result from applying our construction (27) above are shown in Table 6b. For simplicity, we
show only f&y,(-,T) and fL,(-,T).

The proof of Proposition 9 consists of four lemmas, as outlined below:

(a) In Lemma 4, we show that each f7, as constructed in (27) mimics f locally for its correspond-
ing unanimity game W7, i.e., f7 satisfies Proposition 8 for W =W7.

(b) Using this property, in Lemma 5, we show that each f7 is a budget-balanced distribution rule
for its corresponding unanimity game W7,

(c) In Lemma 7, we show that f, and the basis distribution rules {f”},_,, satisfy (4), i.e.,
f= ZTeT arf".

(d) Finally, in Lemma 8, we show that for each T' € T, there exists a weight system w’ such that
IT= fewsv ']
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TABLE 6. Tables for Example 9

(a) Definition of fsy and frg (b) Basis distribution rules for fsy and fro
S Tfsv(8) ] fea(-S) Coalition T € T | f&,(-T) | fho(-T)

{i} (1) (1) (i} (1) (1)

{7} (2) (2) {7} (1) (1)

{k} (3) (3) {k} (1) (1)
{igy | L2 | (5.3 {4,k} (3:3) (33)
gk} | (L2) | (3.9 (i, k} 1,1 | (=19
ik} | 33 | 53) {i,4,k} (333 | (=5 —53)
{ig: k) (355) | Gi33)

LEMMA 4. Fach f7 as defined in (27) satisfies,

TG, T) ,4i€T and TCS
(WSCN) (ieN) f7(,8)= (25)
0 , otherwise

Proof. The proof is by induction on P, (7). The base case, where T' € P; is immediate, because
from (27), for any T € Py,

Lf6,T) ,TCS

(VSCN) (VieN) f7(i,8)=
0 , otherwise

Our induction hypothesis is that f* satisfies (28) for all T € |J;_, Py, for some 1 < z < {. Assuming
that this is true, we prove that f7 satisfies (28) for all T € P.,,. To evaluate f7(i,S) for some
1€ S5 C N, we consider the following three cases:

(i) T'¢ S. In this case, from (27), f7(¢,5) =0.

(ii) ¢ T C S. Here, we know that f(i,7') = 0 by definition. Also, for all 7" € T(T") —{T'}, we have,
T e U;:1 P, and i ¢ T'; so, from the induction hypothesis, fT, (7,5) = 0. Therefore, evaluating
(27), we get fT(i,5)=0.

(i) € T C S. In this case, we need to show that f7(i,5) = f7(i,T). By (27), we have,

08 =— e - S asT68)

ar T'eT(T)-{T}

ran=—=ran- Y asm6n)

ar T'eT(T)—{T}

For each T" € T(T) — {T'}, we know that 7" € U;Zl P,, and hence, from the induction hypoth-
esis, we have f7'(i,8) = fT'(i,T). Therefore, f7(i,T) = fT(i,S), as desired.
Hence, f7 satisfies (28). O
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LEMMA 5. If f is a budget-balanced distribution rule for W, then each f as defined in (27) is
a budget-balanced distribution rule for W7, i.e.,

(YT eT) (VSCN) > f7(i,8)=W"(S)

€S

Proof. Since f7 is of the form (28) from Lemma 4, to show (local) budget-balance, we need
only show that
vVTeT) > f(,T)=1 (29)
ieT

Once again, the proof is by induction on P,;,(7). The base case, where T' € P; follows from the
budget-balance of f. Our induction hypothesis is that f7 satisfies (29) for all T € U:_,P,, for some
1 <z < {. Assuming that this is true, we prove that f7 satisfies (29) for all T € P.,;. For any
T €P..1, using (27), we have,

> OfTE.T) = Zf(i,T)—Z > qT/fT'(i,T’))

i€T i€T €T T'eT(T)—{T}

T'eT(T)—{T} €T’

-~ waoy)- ¥ ZqT/fT’u,T’))

= i Z qr’ — Z QT’) qlT (gr) =1

9T\ rrer(m) T'eT(T)—{T}
where we have used the budget-balance of f, followed by the induction hypothesis and (14). This
completes the inductive argument and hence the proof. O

ExXAMPLE 10. Consider the decomposition of fsy and frqg illustrated in Example 9. Both fi,,
and ng are locally budget-balanced for all T € T, that is, they satisfy (29).

Before continuing with the proof, in the next lemma, we present the conditional inclusion-
exclusion principle, an important and useful property of the basis distribution rules { fT}TeT.

LEMMA 6. (Conditional inclusion-exclusion principle) For any T € T, there exist integers
{nr(T")}jrer such that the basis distribution rules {f*} . defined in (27) satisfy,

VieT) qrf"(i,T)= > no(T)fGT) (30)

T/eT(T)
Furthermore, if {f"},. satisfies
(VSCT) (VieS) [f@.8)= Y arf" (1T, (31)
T'eT(S)

then,
(VieT) (VjeT—{i}) 0=aqf"G,T-{j})= > ne(T)fGT -{j}) (32)

T/ eT(T)
Proof. For any T € T, setting S =T in (27), and using Lemma 4, we get,
VieT) qffGT)=fGT)— > qof"(i,1) (33)
T'eT(T)—{T}

It follows that by unravelling the recursion above, i.e., by repeatedly substituting for the terms
qr f (i,1") that appear in the summation, we obtain (30), where {ns(1")},, ., are some integers.
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Let T;(T)={T"€T(T):i€T'} denote the set of coalitions contained in 7" that contain i. Before
proving (32), we make the following observation. From (30), we have,

VieT) qrf"(i,T)= Z np(T') f(i,T")

T'eT(T)

- Z np(T") Z gr f7 (i,T") (from (27) and Lemma 4) (34)

T'eTi(T) T"eTi(T)

= > mr(T)ar [T (T

T eT;(T)

where {m; 7(1")} ., are some integer coefficients. We now exploit the fact that (34) holds for all
distribution rules f to show that the unique solution for the coefficients m; r(71") is given by,

1 ,7T'=T
mir(T') = (35)
0 , otherwise

To see this, we first prove that, given T € T and i € T, m; r(T") =0 for all 7" € T,(T) — {T'}
by induction on P, (7;(T) — {T}). To do this, we focus on the family of generalized weighted
Shapley value distribution rules { fawsv[w®]} ser(ry With weight systems w® = (A, 29), where A =
(1,1,...,1) and X% = (N — S, S). By definition (see (8) in Table 2), for each T" € T;(T),
, ‘Tl,‘ , T"CS
cwsv[W®(,T) = (36)
0 , otherwise

(i) For the base case, when T" € Py, it follows from (36), with S =T", that, for all 7" € T;(T),

1 T/ — T//
/ i . |T,| ’
Gwsvlw" 16,T") = (37)

0 , otherwise

This results from the fact that since 7" € P;, T CT" if and only if T =T". Now, we evaluate
(34) for the distribution rule fowsy[w? ] to get,

ar fewsylw" 1(6,T) = Z mi (T g fowsy w16, T")
T'eT;(T)

Using (37) to simplify the above equation, we get,

1
0= mi,T(TH)QT”W
since, for any TV #T", T' N (N —T") # 0. Therefore, m; r(T") = 0.
(i) Our induction hypothesis is that m; p(T") = 0 for all T" € | J; _, P,, for some 1 < z < {. Assum-
ing that this is true, we prove that m; r(T”) =0 for all 7" € P,,;. If T” € P4, it follows
from (36), with S =T", that, for all 7" € {T'} U;i:z-i—l P,, (37) holds, from a similar reasoning

11

as above. Now, we evaluate (34) for the distribution rule fowsy[w? ](-,) to get,

ar fewsylw" 16, T) = Z mi (T g fowsy w106, T")
T'eT;(T)
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By grouping together terms on the right hand side, we can rewrite this as,

ar fawsv w16, T) =mir(T)gr fawsvw B (4,1) +Z Z QT’fGWSV[ 76,7
p=1T'€Pp
Using the induction hypothesis we get that, (38)
S S mer () s ™16, 77) =0 (39)
p=1T'€Pp

Using (37), we get that,

4 1
Z Z m (T ar fowsyvlw™ 1(6,T') = i (T")qrm
p=z+1T'€Pyp |T | (40)
fgWSV[WT ](4,T) =0

since, for all 7" € {T'} Up i1 Pp, if T #T", then T"N (N —T") # 0. Therefore, using (39) and
(40) in (38), we get m; r(T") =0.
This completes the inductive argument. From this, it is straightforward to see that m; (7)) = 1.
We now return to proving the remainder of the lemma, that is (32). The right hand side of (32)
can be evaluated as,

Yo o T)fGT = {jH= Y ne(T) Y qefT G,T")  (from (31))

T/eT(T) T/ €T (T) T ET (T —{5})
= Z np(T) Z gr f7 (5, 7" —{j}) (from Lemma 4)
T'eTi(T) T"eT(T)

= Y ma(@ar [T - {5}) (from (34))

T'eT;(T)

=qrf"(i,T—{j})=0 (from (35))
This completes the proof. ]

LEMMA 7. If f is a budget-balanced distribution rule that guarantees the equilibrium existence
in all games G € G(N, f,W), then the basis distribution rules { "}, defined in (27) satisfy

(VSCN) (VieS) f(i,9)=> arf"(i,5) (41)
TeT
Proof. From Lemma 4, (41) is equivalent to

(WVSCN) (VieS) f(i,9)= Z arfT(i,T) (42)
=
Let S C N. We consider three cases: TET(S)

Case 1: S €T. The proof is immediate here, because, rearranging the terms in (27), we get,

6,8 =" avfT@.8)= > e f" (1) (43)

T'eT(S) T'eT(S)

where the last equality follows from Lemma 4.

Case 2: S# N(S). In this case, we can apply Proposition 8, i.e., f(i,5) = f(i, N(S)), to reduce it
to the following case, replacing S with N(5).

Case 3: S = N(S). In other words, S is a union of one or more coalitions in 7. The remainder of
the proof is devoted to this case.
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For any subset S C N such that S = N(S5), i.e., S is exactly a union of one or more coalitions
in 7, we prove this lemma by induction on |7 (S)|. The base case, where |7(S)| =1 (and hence
S e€T) is true from (43). Our induction hypothesis is that (42) holds for all subsets S C N such
that S = N(S), with |T(S)| < z for some 1 <z < |T|. Assuming that this is true, we prove that
(42) holds for all subsets S C N such that S = N(S), with |7(S)|=z+1.If S €T, then the proof
is immediate from (43), so let us assume S ¢ 7. Before proceeding with the proof, we point out
the following observation. Since f is budget-balanced, we have,

Y SES)=W(S)= Y ar (from (14))

i€s TET(S)

= Z qTZfT(i,T) (from Lemma 5) (44)

TeT(S) i€T

= Z Z qrfr(i,T) (from Lemma 4)

i€S TET(S)

The proof is by contradiction, and proceeds as follows. Assume to the contrary, that f(k,S) #
> rers) rfT(k,T) for some k € S, for some S C N such that S = N(S), with [T(S)| =2+ 1. Since
z+1>2 and S = N(S5), it must be that |S| > 2, i.e., S has at least two players. Then, from (44),
it follows that we can pick ,j € S such that,

FG8)> Y arfT(i,T) (45)
TET(S)
FG.8)< Y arf(G.T) (46)
TET(S)
Because S = N(S), for any 5" C S, |[T(S")| <|T(S)|. Hence, applying the induction hypothesis,
(¥S'CS) (vies) f(i.8)= > arf'(i.T) (47)
TET(S")

Since every coalition 7' € T(S) is a subset of S, (47) holds when S is replaced with any 7' € T(5).
Therefore, Lemma 6, the conditional inclusion-exclusion principle, can be applied to obtain, for
any coalition T' € T(S),

(VieT) arf"(i.T)= Y no(T)f(T")

T'eT(T)

(VieT) (VjeT—{i}) arf"(.T—{})= Y ne(T)fGT ~{j})

T'eT(T)
Summing up these equations over all T'€ T(.5), we get,
(WieS) D aff@,T)= Y as(D)f(T)

TET(S) TET(S)
(48)

(ies) (vieS—{}) S affGT-{h= 3 Bs(D)fGT-{})

TET(S) TET(S)
where the constants {ng(T)},.s are given by,

As(T) = Y nw(T)

)
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F1GURE 3. Counterexample 3

Counterexample 3. Our goal is to exploit inequalities (45) and (46) to build a counterexample
that mimics Counterezample 2 illustrated in Figure 2, leading to a similar best-response cycle
involving just players i and j. Equation (48) suggests the following technique for achieving pre-
cisely this. Consider the game in Figure 3, which has the same underlying 2 x 2 box structure of
Counterexample 2. The resources in the top half are added as follows:

(i) Add a resource r; to the top left box.

(i) Add resources in R ={r{ : T € T(S) and ng(T) > 0} to the top right box.
(i) Add resources in Ry ={r{ : T € T(S) and ng(T) <0} to the top left box.
Then, the bottom half is symmetrically filled up as follows.

(i) Add a resource ry to the bottom right box.

(i) Add resources in Ry = {ri : T € T(S) and ns(T) > 0} to the bottom left box.
(iii) Add resources in Ry ={ri : T € T(S) and ns(T) <0} to the bottom right box.
The resource set R is therefore given by,

R={r;,m}UR; UR; URS UR;
The local resource coefficients are given by,
Upy = Uy =1 and (VI'€T(S)) vir=uvg=][ns(T)|

In resources r; and ry, we fix players in S — {i,j}. For each T' € T(S), in resources ! and ri, we
fix players in T'— {i, j }. Effectively, all players other than ¢ and j have a fixed action in their action
set, determined by these fixtures. The action set of player i is given by A; = {T, B}, where,

T={rl €eR:ieT}U{r}u{rf eRf:ieT}
B={rj €eR;:icT}U{r}U{r, €Ry :i€T}
The action set of player j is given by A; = {L, R}, where,
L={r{ €eR; :jeT}u{r}u{r, €RS:j€T}
R={r{ eRf:jeT}U{r}u{r eRy:jeT}
This is essentially a game between players ¢ and j. The set of joint action profiles can therefore be
represented as A={TL,TR, BL, BR}.
We use the four properties in (45), (46), (47), and (48) to show that Counterexample 3 does

not possess an equilibrium, thereby contradicting the fact that f guarantees the existence of an
equilibrium in all games G € G(N, f,W). We show this for each outcome:
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(i) TL is not an equilibrium, since player j has an incentive to deviate from L to R. To see this,
consider the utilities of player j when choosing L and R,

UT,L)=— > #as(DfGT)+ 1G9+ Y. as(T)f(,T—{i})

TET(S), TTiS)
UT,R)y= Y as(D)f(,T)+ f(5.S—{i})— > #s(D)f(5,T—{i})
TETS) AT

The difference in utilities for j between choosing R and L is therefore given by,

U;(T, R) = U;(T, L)

TeT(S)

+ | FGS={ih) = D As(D)FG,T—{i})

TeT(S)

= Z QTfT(jaT)_f(jas) + f(]aS_{Z})_ Z QTfT(jaT_{i})

TET(S) TeT(S)

= Z QTfT(jaT)_f(jas) + f(]aS_{Z})_ Z QTfT(j¢T)

TeT(S) TeT(S—{i})

= > arf"(.T) = f(j,8)>0
TET(S)
This results from using (48) first, followed by (47), Lemma 4, and then (46).
(ii) TR is not an equilibrium, since player ¢ has an incentive to deviate from T to B. The proof
is along the same lines as the previous case. Using similar arguments, we get,
Ui(B,R)~Ui(T,R)=f(i,S)— Y arf"(i,T)

which is positive, from (45). TeT(S)

(ili) BR and BL are also not equilibria, because in these action profiles, players j and i respectively
have incentives to deviate — the arguments are identical to cases (a) and (b) above, respectively.
This completes the inductive argument. O
EXAMPLE 11. Consider the decomposition of fsy and frq into their respective basis distribu-
tion rules, as illustrated in Example 9. Let S ={i,j}.
(i) fsv(i,S)=1, and Y pcrs) arfh (6,T) = qp fé{wﬁl(i,{z'}) =1. Thus, fsv satisfies (41).
(i) feq(i,S)=2, and Yoreres) Irfig(i,T) = q{i}fég(i, {i}) = 1. Therefore, fro does not satisfy
(41), and hence does not guarantee the existence of an equilibrium in all games G € G(N, f,W).
From Lemma 7, it follows that any budget-balanced distribution rule f that guarantees the
existence of an equilibrium in all games G € G(N, f, W) satisfies (31) for all T'€ T. So, for such f,
condition (31) can be stripped off of Lemma 6, leading to the (unconditional) inclusion-ezclusion
principle, a powerful tool that we use extensively in proving several subsequent lemmas. We formally
state this in the following corollary:
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COROLLARY 1. (Inclusion-exclusion principle) If f is a budget-balanced distribution rule that
guarantees the existence of an equilibrium in all games G € G(N, f,W), and {f"},._, are the basis
distribution rules defined in (27), then, for every T € T, there exist integers {ny(T")} o such
that the following equations hold:

VieT) qrf"(i,T)= > no(T)f(,T) (49)
T'eT(T)
(VieT) VieT—{i}) 0=qrfT,T—{i})= > nr(T)f(T —{j}) (50)
T'eT(T)

EXAMPLE 12. To illustrate the inclusion-exclusion principle, let the set of players be N =
{i,7,k, L}, and let the set of contributing coalitions be T ={{i},{i,5},{i,k},{i,¢},{3,75,k,€}}. Then,
for T ={i,j,k,l}, unraveling the recursion in (33) gives the following inclusion-exclusion formula
for isolating f*(i,T), in terms of f:

QTfT(i7T) - f(Z7 {iaja k7£}) - f(zv {17]}) - f(Z7 {iv k}) - f(zv {Z7€}) + Qf(iv {Z})

The corresponding coefficients are given by,
nr({i,j.k.0}) =1 nr({i,j}) =nr({i,k}) =nr({i,f})=-1  nr({i})=2

LEMMA 8. If f is a budget-balanced distribution rule that guarantees the existence of an equi-
librium in all games G € G(N, f,W), then, for each basis distribution rule f* defined in (27), there
exists a weight system w”, such that,

fT = fgwsv [WT] (51)

Proof. TFirst, we show that each basis distribution rule f7 is nonnegative. The proof is by
contradiction, and proceeds as follows. Assume to the contrary, that f7(k,T) <0 for some k € T.
From (29), this is possible only if |T'| > 2, and it follows that we can pick 4,5 € T' such that
QTfT(i7T) <0 and QTfT(j7 T) >0.

Counterezample 4. Our goal is to exploit the inequalities g7 f7 (4,7) < 0 and qrf7(5,T) > 0 to
build a counterexample that mimics Counterexample & illustrated in Figure 3, leading to a similar
best-response cycle involving just players ¢ and j. The inclusion-exclusion principle (Corollary 1)
suggests the following technique for achieving precisely this. Consider the game in Figure 4, which
is nearly identical to Counterexample 3, except that resources r; and r, are absent. The resources
in the top half are added as follows.

(i) Add resources in Rf = {r?l T eT(T) and np(T") > 0} to the top right box.

(ii) Add resources in Ry = {TlT/ :T"eT(T) and nr(1T") < O} to the top left box.
Then, the bottom half is symmetrically filled up as follows.
(i) Add resources in Ry = {T‘gl T eT(T) and np(T") > 0} to the bottom left box.

(ii) Add resources in R, = {TQTI :T"eT(T) and np(T") < 0} to the bottom right box.
The resource set R is therefore given by,

R=RTUR; URfUR;]
The local resource coefficients are given by,

(VI € T(T)) 5 =v,q0 = (T

For each T" € T(T), in resources r{l and rl ', we fix players in 7" — {i,j}. Effectively, all players
other than 7 and 7 have a fixed action in their action set, determined by these fixtures.
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FIGURE 4. Counterexample 4
The action set of player i is given by A; = {T, B}, where,
T:{rlT’ € R, ;z‘eT’}u{rlT’ ERieT
B:{TQT’ eR;:ieT’}u{rzT’ €R;ieT
The action set of player j is given by A; = {L, R}, where,
L:{rlT’eR;:jeT’}u{rg’ €ERf:jeT

—— —— —— =

R:{rglGRT:jET'}U{T?ER;:jET’
This is essentially a game between players ¢ and j. The set of joint action profiles can therefore be
represented as A={TL,TR,BL,BR}.

We use the inclusion-exclusion principle (Corollary 1) to show that Counterexample 4 does
not possess an equilibrium, thereby contradicting the fact that f guarantees the existence of an
equilibrium in all games G € G(N, f,W). We show this for each outcome:

(i) TL is not an equilibrium, because player j has an incentive to deviate from L to R. To see

this, consider the utilities of player j when choosing L and R,

UT,L)=— > no(TVfGT)+ Y nc(T)f(G,T —{i})

T'eT/(T) T'eT/(T)
’ﬂT(T )<O ’ﬂT(T )>0
U(T,R) = nr(T") f(5,T') — np(T') f(5,T" = {i})
T'eT/(T) T'eT/(T)
np(T°)>0 np(T')<0
The difference in utilities for j between choosing R and L is therefore given by,

Uy(T,R) = Uy(T.L)= Y nr(T)f(LT) = Y no(T)f(.T —{i})

T/eT(T) T'eT(T)

= 3 w()GT)  (from (50))

T'eT(T)

=qrfY(5,T)>0 (from (49))
(ii) TR is not an equilibrium, because player i has an incentive to deviate from 7" to B. The proof
resembles the previous case. By using similar arguments, we get,
Uz(B’ R) - Uz(Ta R) = QTfT(iaT) <0
(ili) BR and BL are also not equilibria, because in these action profiles, players j and i respectively

have incentives to deviate — the arguments are identical to cases (a) and (b) above, respectively.
This completes the inductive argument.
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Now, since each f7 is nonnegative, budget-balanced, and satisfies Lemma 4, it is completely
specified by |T'| nonnegative values, {f7(i,T) :4i € T}, that sum to 1. Let X7 = (ST,S7) be an
ordered partition of T', where ST = {i : f7(i,T) >0}, and ST =T — ST. Define a weight vector

T 5 .

A" as follows: F7(,T) L iesT
A =

arbitrary positive value , i€ S7

Then, it follows that f7 satisfies (51) with weight system w’ = ()\T, 37) constructed above. (See
(8) in Table 2 to recall the definition of the generalized weighted Shapley value distribution rule.)
This completes the proof. ]

EXAMPLE 13. Consider the decomposition of fsy and frq into their respective basis distribu-
tion rules, from Ezample 9. Clearly, fi, is nonnegative for all T € T, whereas ng is not.

A.3. Consistency of basis distribution rules. It follows from Proposition 9, that each
budget-balanced distribution rule f% € fW that guarantees the existence of an equilibrium in all
games G € G(N, f", W) is completely specified by a sequence of weight systems Q" = {w"""} . 1w
But, these weight systems could be ‘inconsistent’ across different coalitions and across different
welfare functions. Thus, our next steps focus on proving that all the weight systems w’'" are
consistent — in other words, there exists a universal weight system w* that is equivalent to all
the w7 (replacing w"'? with w* for any coalition T' € Ty for any W € W does not affect the
distribution rule fW'7 = &, o [w"T]).

To address the consistency of w"'T across different coalitions 7" under the same welfare function
W, it is sufficient to work with one welfare function at a time, just like in the previous module.
However, to address the consistency across different welfare functions, it is necessary to work with
more than one welfare function at a time — for every subset of welfare functions V C W, we only
focus on the corresponding distribution rules fV that guarantee equilibrium existence for all games
in the class G(N, fV,V). The justification is similar — G(N, fV, V) C G(N, f¥, W) for all VC W,
and so, if f guarantees equilibrium existence for all games in G(N, f", W), then for every subset
VCW, f¥YC f% must guarantee equilibrium existence for all games in G(N, fV, V).

In what follows, we work with k& > 1 welfare functions (not necessarily distinct) at a time, say
Wi, Wy, ..., Wy, to address consistency across welfare functions, and then use the special case of
Wy =W,=...=W, =W to address consistency across coalitions under the same welfare function
W. In order to simplify notation, we drop W from the superscripts. That is, for 1 < j <k, we write
f7 instead of fWi, T7 instead of TW7, ¢ instead of gy’ , nd(T") instead of n,.’ (T"), etc.

A.3.1. Two consistency conditions. Our goal in this section is to establish the following
two important consistency properties that the basis distribution rules f"'7 must satisfy, in order
for the budget-balanced distribution rules f" =3, w ¢} f"" to guarantee the existence of an
equilibrium in all games G' € G(N, f,W). Recall that 7", defined in (16), refers to the set of
coalitions in 7" containing both players 4 and j. In addition, let 7.} (S) ={T € TV (S) | {i,5} C T}
denote the set of coalitions in 7% (S) containing both players 7 and j.

(a) Global consistency: If there is a pair of players common to two coalitions (under the same or
different welfare functions), then their shares from these two coalitions (given by the corre-
sponding f"'7 values) must be ‘consistent’, as formalized in Lemma 9. Here, we deal with at
most two welfare functions at a time.

(b) Cyclic consistency: If there is a sequence of k > 3 players, (i1,1s,...,%;) such that for each

of the k neighbor-pairs {(iy,12), (i2,%3) ..., (ix,91)}, 311 € ( ! )mm,Tg € (7;2 )min,...,Tk €

. i1i2 213
(77;1 1)mm and in each Tj, at least one of the neighbors i;,4;,; gets a nonzero share (given
by the corresponding f77i value), then the shares of these k players from these k coalitions
must satisfy a ‘cyclic consistency’ condition, as formalized in Lemma 10. Here, we deal with

an arbitrary number of welfare functions at a time.
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LEMMA 9. Given any two local welfare functions Wi, Wy, if f' = Z g fT and f? =
TeT!
Z af>" are corresponding budget-balanced distribution rules that guarantee equilibrium exis-

TeT?2
tence in all games G € G(N,{f*, f*},{W1,W,}), then, for any two players i,j € N, any two coali-
tions T' € T;; and T €T3

137

T TG, T) = 76T T (5,T) (52)

Proof. Note that it is sufficient to show (52) for only those coalitions in 7;; and 7.7 in which at
least one among i and j get a nonzero share. Formally, define the collections 75" and 7;?* as,

ij
T, ={TeT; : f*7(,T)>00r f7(;,T) >0}

Tot={TeT; : f*"(i,T)>0o0r f>7(j,T)>0} (53)

Let S be a minimal element (coalition) in the poset (7;}*, - ), and without loss of generality, assume

f45(i,5) > 0. Then, we need only show'? that for any coalition T € 73",

AT 5(5,8) = f156,9) 27 (5, T) (55)
The proof is by contradiction. Assume to the contrary, that for some T € 7;?““,
216, T)25(5,8) # 454, S) f27 (4, T). We consider the following two cases:

Case 1: ¢gq7 > 0.
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FIGURE 5. Counterexample 5(a)

Counterexample 5(a). Our goal is to build a counterexample that mimics Counterezample 4
illustrated in Figure 4, leading to a similar best-response cycle involving just players ¢ and j. As
before, we use the inclusion-exclusion principle (Corollary 1) to isolate just f>7, by appropriately
adding resources and setting action sets. Consider the game in Figure 5, which is identical to
Counterexample 4, except for the following changes:
131t can be shown that (55) implies (52): For the special case when W2 = W1, (55) implies that for all 7" € ’7;;+,

ST GS) = 1 S) T (G, T) (54)
Let 7" € T;5 and T € T;3. By assumption, f>9(i,S) #0. If f59(j,5) =0, then (55) and (54) imply that f>7(j,7) =0
and f57' (4,T") = 0, in which case both sides of (52) are zero. If f'°(4, S) # 0, then none of the four terms in equations
(55) and (54) are zero, and therefore, by eliminating f°(i, S) and f%°(j,5) between them, we get (52).
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(i) There are two additional resources, r; and 73, so the resource set is now
R={ri,m2}URT UR] UR] URy

(ii) The welfare function at r; and ry is W;. At all other resources, the welfare function is W5.
(iii) The local resource coefficients are given by,

=V, =y and (VT' € T*(T)) V1t =1 =0 In7.(T")]

where v; >0 and v, > 0. We will discuss the specific choice of v;, v, later.
(iv) In resources r; and ry, we fix players in S — {i,j}.
(v) The actions T, B, L, R are modified to accommodate the two new resources:

:z‘eT’}u{rl}u{rlT’eRf:ieT’}

B

L

T={rl"
{ e RS : z’eT’}u{rQ}u{rzT’eR;:ieT’}
{ €ER;: jeT’}U{rl}U{TQT'eR;:jeT’}

R:{rlT’eRj:jeT/}u{rz}u{rzT’eR;:jeT/}

To complete the specification of Counterexample 5(a), we need to specify the values of v; >0
and vy > 0. We now show that if f>7(i,T)f"%(4,8) # f4(i,5) f*>7(4,T), then these values can
be picked carefully in such a way that Counterexample 5(a) does not possess an equilibrium,
thereby contradicting the fact that f' and f? guarantee equilibrium existence in all games G €
G(N,{f', *},{W,W3}). Consider each of the four outcomes:

(i) In action profiles TL and BR, player j has an incentive to deviate if U;(T,R) — U;(T,L) =
U;(B,L)—U;(B,R) > 0. This happens if,

v | Y nTPGT) - Y na(TGT i) | = (F15,S) = £, = {i}) >0

T'eT2(T) T'eT2(T)

Using the inclusion-exclusion principle (Corollary 1) to simplify the terms in the first bracket,
and the basis representation of f! to simplify the difference in the second bracket, this condi-
tion is equivalent to,

v (GLTGT)) —v [ TG | >0

T'eT(S)
Since S is minimal in 7;;*, this reduces to,

vigr f27(5,T) > vaqsf5(5,5) (56)

(ii) Similarly, in action profiles TR and BL, player i has an incentive to deviate if U;(B, R) —
U(T,R)=U,(T,L)—U;(B,L) > 0. This happens if,

—u [ AR T)PET) = Y nR(T)GT = {5)) | e (F1(5S) = f1(0,8 = {5}) > 0

T'eT2(T) T'eT2(T)

By similar arguments as above, this condition reduces to,

le’%fz)T(Z‘aT) < U?Qé‘fl)s(i7 S) (57)
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Without loss of generality, assume ¢7. > 0 and ¢§ > 0 (For the symmetric case when ¢% < 0 and

g5 < 0, the same arguments apply, but the deviations in the best-response cycle are reversed). By

assumption, f1°(i,S) > 0. Now we consider two cases for f1'9(4,S):

(i) fY9(4,S) = 0. In this case, f>7(4,T) > 0 (for otherwise, (55) would be satisfied). It follows

then, that (56) and (57) always have a solution in strictly positive integers v; and v,.

(i) f19(4,5) > 0. In this case, suppose f27(i,T) f45(4,8) < f°(4,S) f>7(j,T) (For the other case
when f27(i,T)f5(5,9) > f45(i,8) f»7(4,T), the same arguments apply, but the deviations
in the best-response cycle are reversed). Combining (56) and (57), we get,

¢ 2TGT) v _ b 2T
q;' fl,S(LS) U1 QE‘ fl,S(]'7S)

This inequality has a solution in strictly positive integers v; and v, if and only if,
¢ 276 T) _ ¢ 270, T)
as fH500.9) ag f15(5,9)

= AT A0,8) < f25(09) 27 (5,T)
which is true by assumption.
Case 2: ¢iq7 <0.
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FIGURE 6. Counterexample 5(b)

Counterexample 5(b). Our goal remains the same — to build a counterexample in which a best-
response cycle involving just players ¢ and j exists. This counterexample breaks from symmetry,
and we use the inclusion-exclusion principle (Corollary 1) thrice here, to isolate two more basis
distribution rules, in addition to f*7. We now present the formal details.
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Consider the game in Figure 6, where we have various boxes with labels on them indicating
which resource or set of resources is present. Let T; and T} be some coalitions that contain ¢ and j
respectively. We will discuss the specific choice of T;,T; later. As before, we use the resource sets
(RT,RI ) (with T, the welfare function at all these resources) for isolating f*7. In addition, we
use resource sets (R;j Ry ) (with W, as the welfare function at all these resources) and (RZ, R4_)
(With W, as the welfare function at all these resources) to isolate two more basis distribution rules,
f=Ti and fv7Ti, respectively, where the choice of x,y € {1,2} will be discussed later. In addition to
these six sets, we also have a single resource 1, whose welfare function is W;. Formally,

R = {r?l :T' € T*(T) and n3(T") > 0}
R = {r?l :T' € T*(T) and n3(T') < 0}
Rf ={ri T eT(T)) and 03, (T) >0} Rf={rl":T € T/(T;) and i, (T") > 0}

Rgz{r;{l:T'ETﬂ”(T}) and n%(T’)<O} RZ:{ :T"e TY(T;) and nf. (T') < 0}
The resource set R is therefore given by,
R={r,JURTUR  URS UR; URf URy,
The local resource coefficients are given by,

’UT2 %)

(VT" € T*(T)) v = vy [n3(T")]
(VI e TH(T3)) v =vsnp (T)|  and  (VI"€TY(T3)) v, = vi|n, (T")]

where vy, vq,v3,v4 > 0. We will discuss the specific choice of v1,Vq, Vs, vy later. In resource r,, we
fix players in S — {i,j}. For each T' € T2(T), in resource rT, we fix players in 7' — {i,j}. For each
T' € T*(T}), in resource 71 , we fix players in 7" — {j}. For each T' € T¥(T), in resource r1 , we
fix players in 7" — {i}. Effectively, all players other than i and j have a fixed action in their action
set, determined by these fixtures. In addition, these fixtures might also specify mandatory sets of
resources I; and R; that players ¢ and j must always be present in. The action sets of players ¢
and j are given by A; ={T, B} and A; ={U, D}, where,

{ }u{rz}u{r'{’eR;:ieT’}uRi
B:{r{’eRf zGT’}U{rTGRZ:iGT’}URZ—

{TTER?)_ ]ET}U{TQ}URj
D:{r{’eR;:jeT'}u{rlT’eR;:jeT'}u{r{’eRf:jeT’}uRj

This is essentially a game between players ¢ and j. The set of joint action profiles can therefore be
represented as A= {TU,TD,BU,BD}.
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To complete the specification of Counterexample 5(b), we need to specify the values
of vy,v,v3,v4 > 0, z,y € {1,2}, and T;,T;. We now show that if f27(i,T)f"%(j,S) #
f45(i,8) f+T(4,T), then these values can be picked carefully in such a way that Counterexample
5(b) does not possess an equilibrium, thereby contradicting the fact that f' and f? guarantee equi-
librium existence in all games G € G(N, {f*, f?},{W,Ws}). Consider each of the four outcomes:

(i) In action profile TU, player i has an incentive to deviate if U;(B,U) — U;(T,U) > 0. This
happens if,

v | Yo R @PET) ) Fo | YD wn(T)ET = {5)) | —eef'(i8) >0

T'eTY(T;) T'eT2(T)

Note that U;(B,U) and U;(T,U) include utilities to player ¢ from resources in R;, but while
taking the difference, this cancels out, since i is fixed in these resources, and between these two
action profiles, all other players also have a fixed action. Now, using the inclusion-exclusion
principle (Corollary 1) to simplify the terms in the first two brackets, we get,

vagy, [0 (4, 1) > va f (i, ) (58)

(ii) In action profile BD, player i has an incentive to deviate if U;(T, D) — U;(B,D) > 0. This
happens if:

o | DD A @FET) | v | Y n(T)PET) | +uaft (@5 —{5}) >0

T/ €TY(T;) T'eT2(T)

As before, the utility to player ¢ from resources in R; cancels out. Using the inclusion-exclusion
principle to simplify the terms, we get,

v f1 (1,8 = {5}) —viagr f*7 (0. T) > vags, [ (3, T)) (59)

(iii) In action profile T'D, player j has an incentive to deviate if U;(T,U) — U;(T, D) > 0. This
happens if:

—Us Z n% (Tl)fm(jaTl) +U2f1(j7 S)

T/eT=(T})

o | DD WA@)PGT - - Y nn (TG | >0
/ 2 / 2
Z%f(;’)gg Zgﬁ%‘f&

The utility to player j from resources in R; cancels out. Using the inclusion-exclusion principle
to simplify the first term, we get,

U2f1(j75)_vl Z n%‘(T/)fz(jvT/_{i})_ Z n%’(T/)fQ(jvT/) >U3qg“jf$'Tj (jvTj) (60)
T'eT?(T) T'eT?(T)
n%(T/)>O n%(T/)<O
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(iv) In action profile BU, player j has an incentive to deviate if U;(B, D) — U;(B,U) > 0. This
happens if:

v | Y ng (TG | = af (.S~ {i})

T/ €T (T})

o[>0 nR (@) LGT) - > (T GT i) [ >0
/ 2 / 2
5%6(;’)(53 Zzﬁ?f?&

As before, the utility to player j from resources in R, cancels out. Using the inclusion-exclusion
principle to simplify the first term, we get,

vady, fUT (G Ty) > 0a f1 G = (i) —o | D0 nr(TPGT) Y (TG T — (i)
B B
ng > n <

(61)
Combining inequalities (58) and (59), we get,

g f27 (0, T) + v, (fl(z',S) - [, 8 - {J})) <0

Using the basis representation of f! to simplify the difference in the bracket, this condition is
equivalent to,

’Ul(]%fZT(i) T) + V2 Z q%”flyT,(ia T/) <0
T'ET5(S)
Since S is minimal in 7;]1*, this reduces to,
0i1gr f27 (0, T) +vaqs f 15 (3, 5) <0 (62)
Combining inequalities (60) and (61), we get,
U1 Z n%(T/)fQ(j,T/)— Z n%(T/)fQ(jvT/_{i}) + v (fl(j,S)—fl(j,S—{i}))>O
T'eT2(T) T'ET2(T)

Using the inclusion-exclusion principle to simplify the terms in the first bracket, and the basis
representation of f! to simplify the difference in the second bracket, this condition is equivalent to,

v PTG T 4o | Y an PTG | >0
T'ET5(S)
Since S is minimal in 72"

i this reduces to,

v1gr 27 (5, T) +v2q5 f47(5,5) >0 (63)

Without loss of generality, assume ¢ > 0 and ¢5 < 0 (For the symmetric case when ¢2 < 0 and
g5 > 0, the same arguments apply, but the deviations in the best-response cycle are reversed). By
assumption, f9(7,.9) > 0. Now we consider two cases for f15(j,S):
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(i) f49(5,5) = 0. In this case, f>7(4,T) >0 (for otherwise, (55) would be satisfied). It follows
then, that (62) and (63) always have a solution in strictly positive integers v; and v,.

(i) f%9(4,5) > 0. In this case, suppose f27(i,T) f5(5,5) < f+9(i,S) f>7(4,T) (For the other case
when f27(i,T)f5(5,9) > f45(i,8) f»7(4,T), the same arguments apply, but the deviations
in the best-response cycle are reversed). Combining (62) and (63), we get,

g fATET) v a 7, T)
qs [19(4,58) " w qs f45(4,5)

Therefore, this inequality has a solution in strictly positive integers v; and v, if and only if,

G PTAT) | G PTG T)
qé’ fLS(Z'aS) Qé fl.,S(j’S)

= IETGS) <8 TG T)

which is true by assumption.
Finally, we need to show that given these carefully chosen values for v; and v,, it is possible to find
v3 >0, v, >0, z,y € {1,2}, T; and T} such that the inequalities (58)-(61) are satisfied. These four
inequalities can be consolidated as,

LHS] < ’U3q;j fm’Tj (], iTJ) < RHSJ

_[/I"I;SZ < ’U4qgwi fy7Ti (’L, E) < RHSZ

We describe the procedure to find v3 >0, € {1,2}, and 7} here. Finding vs >0, y € {1,2}, and T;
is analogous. Specifically, we consider the case where RHS; > 0 (we discuss the other case later).
Consider the two quantities f°(j,5) and f>7(4,T). They are not both zero (for otherwise, (55)
would be satisfied). We consider two subcases:
(i) If f27(4,T) >0, choose z =2, T; =T. Then, it is possible to find vz >0 such that LHS; <
v3g53 f*7(4,T) < RHS; because by assumption, g7 > 0.
(ii) If f27(5,T) =0, then f5(4,5) > 0. Here, we slightly alter Counterezample 5(b) by modifying
player j’s action set A; = {U, D} as follows — we simply switch the resources in R; and Rj
between action U and action D. Formally,

U’:{TQ}u{rlT’eR;:jeT’}uRj
D':{rlT’eR;:jeT’}u{rlT’eR;:jeT’}u{rlT’eRj:jeT’}uRj

This alteration does not affect any of the arguments above, except that we now need to find
v3 >0, x € {1,2}, and T; such that LHS; < —vsqr, f'9(j,T;) < RHS;. (In particular, (62) and
(63) remain unchanged.) Choose x=1, T; = S. Then, it is possible to find vz > 0 such that
LHS; < —v3q5 f*°(j,5) < RHS; because by assumption, g5 < 0.
The case when RHS; < 0 is symmetric — we just interchange S and 7', and the choice of z,
throughout in the two subcases. That is, if f1(j,5) >0, we choose x =1, T; = S. Otherwise, we
choose x =2, T; =T, and alter Counterexample 5(b) the same way as above. This completes the
proof. O

1 Note that v1 and v can be scaled by an arbitrary positive constant if necessary, in order to ensure that an integral
solution to vs,vs exists.
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From Lemma 8, we inferred that each f"'7 is a generalized weighted Shapley value for the
corresponding unanimity game W7, with weight system w'*? = (A""", W) that we constructed
using /""", As a result, the conditions on {{ fWT}TeTW} w imposed by Lemma 9 translate to
equivalent conditions on the weight systems {{w }TeTW }WGW The following corollary restates
Lemma 9 in terms of the weight systems.

COROLLARY 2. Given any set of local welfare functions W, if fV are budget-balanced distri-
bution rules that guarantee equilibrium existence in all games G € G(N, f¥ W), where, for each
Wew, fV.= Z ay fEwsy W], where WV = (AT SWT = (ST SV )| then, for any

TeTW
two players i, € N,
() AW,T) €8, jest" = vw.T) jesy "
(i) ie SV T o jesV T
? ot w, T w,T
(”) {Z)]} g SI/V T = ;‘\/iV’,T’ == )\)‘\/‘J}/’T/

i J

(b)) GW,T) €S, jes" = (vW,T")

FEzxplanation. In essence, this corollary states consistency constraints that the various weight
systems that define the distribution rules must satisfy, for every pair of players. It is obtained by
applying Lemma 9 for all pairs of welfare functions W x W. Suppose W, W' € W, and let T € TW
and T" € 7;JW . Then, from Lemma 9, we have,

YT VTG = YT YT (5, T) (64)

The different parts of the corollary then follow directly from applying the definition of the gen-
eralized weighted Shapley value (see (8) in Table 2) and simplifying the above equation for the
corresponding cases.

LEMMA 10. For any integer k > 3, given any k welfare functions Wi, Wy, ... . Wy, if

TeTi =
rium existence in all games G € G(N,{f*, f?,..., f*}, {Wl,WQ, Wk}), and i1,99,...,9s € N are
any k players such that 3 T, € (Zij;)mm T, e (ﬁ;)mm . (7:;) , then,

SUT i, 1) f2 72 (i, T ) -+ f5 10 (i, Te) = f 57 (i, Ta) f272 (i, T) -+ - 57k (i, T ) (65)

Proof. Recall that 7—;+ denotes the collection of those coalitions from TJ in which at least one
of z,y obtains a nonzero share (according to f7). Refer to (53) for the formal definition.

{ fi= Z ar T } are corresponding budget-balanced distribution rules that guarantee equilib-
=1

Index arithmetic: In the rest of this proof, the index set is {1,2,...,k}, and when we add an
integer ¢ to an index j, j + ¢ denotes the index that is £ positions away from index j (cycling around
if necessary). For example, suppose k = 3. Then, for index j=2, j+2=1and j —2=3.

For simplicity, denote quj by q;, f#%i(i;,T;) by aj, and f975(i;41,T;) by b;. Note that a; >0 and
b; > 0. Now, (65) can be written as:

H a; = H b, (66)

Our proof technique mirrors those in previous sections. Assuming (66) is not satisfied, we present
a game where no equilibrium exists. Without loss of generality, let

e <11 (67)
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We present a family of counterexamples, each corresponding to a specific sign profile of the coeffi-
cients g;. (Recall that for a given choice of the local welfare functions, ¢; are fixed.) The proof is
in three stages:

(i) We present the details of the counterexample game (Counterexample 6).

(i) We present four wvalidity conditions on the action profiles of Counterexample 6, and define
those action profiles that satisfy at least one of them as wvalid action profiles, observing that
such action profiles are never equilibria.

(iii) We show that every action profile in Counterezample 6 is valid.

FIGURE 7. Counterexample 6

Counterezample 6. Consider the game in Figure 7, that involves only players iy,1s,...,4;. There
are 2k resources, arranged in two circular rows of k£ resources each. For each column j, both resources
u; and d; share the same resource-specific coefficient v; > 0 and same local welfare function W;,
and in both these resources, we fix players in T; — {i;,i,41 }. Effectively, all players other than
i1,19,...,1 have a fixed action in their action set, determined by these fixtures. In addition, these
fixtures might also specify mandatory sets of resources Ry, Ry, ..., R, that the players i,1s,...,1
must always be present in, respectively. However, for simplicity, we will not explicitly represent
this, since such actions do not affect strategic behavior (utilities from these resources cancel out as
far as unilateral deviations are concerned, just like they did in the proof of Lemma 9). Next, we
need to specify the action sets of the players i1,14,,...,1,, which will depend intimately on properties
regarding the sequence of signs of the coefficients g;. We begin by relabeling the indices according
to a cyclic transformation that is without loss of generality, to ensure that the following properties
will be satisfied after the transformation:

(i) The first coefficient, ¢y, is negative, unless all coefficients are positive.
(ii) The last coefficient, gy, is positive, unless all coefficients are negative.
(iii) The penultimate coefficient, g,_;, is positive, unless no two adjacent coefficients are both
positive.
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In essence, we cut down on the different sequences of signs of the coefficients that we need to
consider. Formally, we define two special index sets, J and J*, as follows:

J={j|1<j<kandgqg;_;>0and¢g; <0} J*={j|jeJand qj_o >0}

Now, we define a special index k* as follows. If J* # (), pick any k* € J*. Otherwise, if J # 0,
then pick any k* € J. If J=J* =), set k* =1. Now, we perform a cyclic transformation of the
indices that resets k* = 1, by rotating Figure 7 counter-clockwise by k* —1 columns. In other words,
index j becomes index j — k* 4 1. In the rest of the proof, we assume that Figure 7 represents the
counter-example after this transformation.

Next, we observe that given any profile of the signs of the coefficients ¢;, the k& columns of
resources in Figure 7 can be grouped into several segments, each of which can be classified as one
the following three kinds:

(i) Py, a mazimal plus segment of length ¢: This segment consists of £ > 1 contiguous columns
t,9+1,...,e+ ¢ —1 such that ¢; >0 for i <j <¢+ ¢ —1. In addition, we require maximality,
ie., if £#£k, then ¢;_; <0 and ¢;,, <0.

(i1) My, a mazimal minus segment of length £: This segment consists of £ > 1 contiguous columns
t,9+1,...,e+¢—1 such that ¢; <0 for i <j <i¢+ ¢ —1. In addition, we require maximality,
ie., if ££k, then ¢;_; >0 and ¢;,, > 0.

(iii) Z,, a mazimal alternating minus-plus segment of length £: This segment consists of ¢ > 1
contiguous columns (¢ being even) ¢,i +1,...,9+ ¢ — 1 such that ¢; <0 and ¢;4; > 0 for
je{ii+2,i+4,...,i+¢—2}. In addition, we require maximality, i.e., if £ # k, then ¢;_; >
0= ¢ _2>0and g,y <0= ¢;1¢s1 <0. Note that this kind of segment may share its first /
last column with a preceding minus / succeeding plus segment.

EXAMPLE 14. Consider the sign profile (—,—,+,—,+,+,—). Our special index sets are given
by J={4,7}, J*={T7}. Hence, k* =7, and so, without loss of generality, we transform this sign
profile to (—,—,—,+,—,+,+). Now, the first three columns constitute an Mz segment, and the

last two columns constitute a Py segment. In between, we have a (4,—) segment that doesn’t fit
any of our three definitions above. But, if the immediate neighbors on either side are taken into
consideration, we have (—,+,—,4), which is a Zs segment. So, the (unique) decomposition of
this sign profile is given by M3Z4P,, where columns 3 and 6 are shared between two neighboring
segments.

Technically, the above definition of a Z, segment allows for a spurious Z, segment to be sand-
wiched between an M and an adjacent P segment. For example, the sign profile (—, —,+,+) could
be decomposed as either M, Py or M,Z,P,. We exclude this possibility by requiring that every Z,
segment have at least one column that is not shared with a neighboring segment. Note that this
requirement also guarantees that the above decomposition is always unique.

We now specify the action sets for the players 4,%s,...,7;. For any player i;, his actions involve
only the resources in adjacent columns j — 1 and j, and specifically, in only one of two ways:

(i) Straight players have the following action set:

Ai; = {(uj-1,u5), (djr,dj) } (68)

(ii) Diagonal players have the following action set:

Ay ={(wj1,dy), (dj—1,u5) } (69)
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Whether player i, is straight or diagonal is determined as follows. We consider two cases:
Case 1: j =1. Player ¢, is straight if and only if one of the following conditions is satisfied:
(i) >0
(ii) column 1 is at the beginning of an M segment and column k is at the end of a P segment
Case 2: j # 1. Player i; is straight if and only if one of the following conditions is satisfied:
(i) column j is at the end of a Py,yq, M or Z, segment
(ii) ¢; <0, and column j is in a Z, segment
(iii) ¢; >0, gj—1 <0, and column j is at the beginning of a P, segment
(iv) ¢; <0, gj—1 >0, gj_» <0, and column j is at the beginning of an M segment
A player is diagonal if and only if he is not straight.
EXAMPLE 15. Consider the M3Z,P; sign profile of Example 14, namely, (—,—, —,+,—,+,+).
There are seven players, iy,...,i7;. Their action sets are represented pictorially (in blue) in Figure
8. Formally, players iq,13,15,1¢ are straight, whereas players is,14,17 are diagonal.

aq
>
Uz Uy
ay ' a
t7 dy
U [ de dy |\ uy
ag as
d5 d3
Us P Us
4
Uy
as a4

FIGURE 8. Action sets of the players in Example 15
Note. Each blue arrow connecting two resources in columns j — 1 and j denotes the action of player j choosing

those two resources.

Counterezample 6 is essentially a game between the players iy, 1, ...,%,. To complete its specifi-
cation, we need to specify the resource-specific coefficients v;. For this, we pick any v; > 0 satisfying
the following set of inequalities:

v1]q1|b1 > V2| g2|az

Va|@a|bs > v3]gs|as

Vk|qr|bx > v1]qi]as
We argue that if (67) is satisfied, then this set of inequalities has a solution in strictly positive
integers v;. To see this, first observe that if (67) is satisfied, then b; #0 for all 1 <j <k.If a; =0
for some j, say for j =1, then (70) can be solved recursively as follows.
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First, pick any integer v, > 0; this satisfies the last inequality. Then, for £k — 1> j > 1, pick any
integer v; > 0 that satisfies the jth inequality, i.e.,
|gj+1] aja
;| b
Next, consider the case where a; # 0 for all 1 < j <k. For simplicity, denote v;|¢;| by v;.

Uj > Vj+1

For i # 1, multiplying the first ¢ — 1 inequalities results in an upper bound for the ratio z—é, and

multiplying the last k — ¢+ 1 inequalities results in a lower bound for the ratio Z—é These bounds
are given by:

k+1 1—1
Il o [1v
(V2<i<k) < Z—,; <= (71)
11% 1 1o
j=i j=2

It can be seen that (71) is feasible if and only if (67) is satisfied. Algorithm 2 describes a procedure
for obtaining v} > 0 that solves (70).

Algorithm 2 Solving (70)

v) 1

Pick v}, satisfying (71) for i =2

143

while ¢ <k do

Pick v satisfying the inequality given by,

M,
Jkij < CZZ'U;» < bi,1U£_1 (72)

Hj:i bj

11+1
end while

Note that during the ith iteration, (72) is feasible for v}, because, by using the inequalities in (71)
for ¢ and 7 — 1, it follows that,

k+1

ILe
J ;7‘
1%
j=i

and once again, this is feasible if and only if (67) is satisfied.
Now, we verify that the v > 0 obtained through this procedure satisfy (70):
(i) From (72), it is clear that the second through (k — 1)th inequalities are satisfied.
(ii) The first inequality is satisfied, because v; =1 and we picked v, satisfying (71) for i = 2, from
which we get vj < Z—;
(iii) The last inequality is satisfied, since v} = 1, and the v}, that we picked satisfying (72) for i = k
also satisfies (71) for i =k, from which we get vj, > 7*.
From these v}, we obtain v; by dividing out |g;|. Note that it is always possible to choose v} such
that all v; are rational. If this is done, then these v; can all be scaled by a single positive constant
to make them integers, while still satisfying (70).

1—1
1o
1

’ ’ Jj=
o b1y <G —

1

< a;v 1
a;
2

Jj=
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We observe that our definition of the players’ action sets in (68) and (69) ensures that in any
action profile, every column j (consisting of resources u; and d;) must have both players 7; and
ij4+1. (There are four possible ways in which this can happen.) We call an action profile a =
(ai,...,ax) a valid action profile if there exists some 1 < j <k (called a valid index) such that one
of four validity conditions is true. Each validity condition involves a configuration consisting of two
adjacent columns. We now present the four validity conditions: (The valid configurations that are

referenced in these conditions are illustrated in Figure 9.)
(i) ¢; <0, gj+1 <0, a;Na;y #0. Visually, this corresponds to V; or V5.
(i) ¢; >0, ¢j+1 >0, a; Najq = 0. Visually, this corresponds to V3 or V.
(iii) ¢; <0, gj11>0, a;Najy #0, aji1 Najyo # 0. Visually, this corresponds to V.
)

(iv) ¢; >0, gj41 <0, a;Naj; 1 =0, a1 Najpe = 0. Visually, this corresponds to Vj.

q]<0 Qj+1<0 q1<0 qj+1<0

Uj ° o Vil Vi) [ Vil Vi
Vl o e Vildjsr Vit dj-. ° Vildjsr Vit
q; <0 dj+1 q; <0 dj+1 q; <0 dj+1 q; <0 dj+1
Uj Uj Uj+1 Vita | | Y Uilti+1 Vira | Y vj Uj+1 Vita | | W vj Lj+1 Vjtq
L.l ee XY
2 d; Vildjpy Vit dj. ° Vildjyy Uit dj. ° Vildipe o Vitr] |d; Vildjye Vit
q4;>0  qj31>0 q4;>0  q;,,>0
uj ° vilwisr v | [ ° Viluper  vja
Vs d; ° Vildjsr  Viti] |4 ° Vildjyr  Vjrr
q; >0 dj+1
uj Ui+ Vi+1
@
V4: d vild v
i PY J |4+ jt1

FIGURE 9. Possible (anonymous) configurations for valid action profiles

Note. Each black circle denotes a player. Recall that each column j must contain two players, ¢; and %;41. Hence,
in every configuration, there are two black circles per column. In every configuration, at the top of each column, the
sign of its coefficient is indicated. If there is no sign indicated, then it could be either positive or negative.

Figure 10 is more detailed, where we enumerate all possible ways the black circles in Figure 9
can correspond to players of their respective columns. For each set of valid configurations, we also
show the utility to player 4;,; for the action that he is shown taking (a;;1), as well as for the action
he could otherwise have chosen (@;;7).

We now show that a valid action profile cannot be an equilibrium. From (70), we get,
(V1<j<k) Uj|Qj|fTJ' (111, T5) > Uj+1|QJ'+1|ij+1 (4541, Tjt1) (73)

Using (73), it can be seen that in any valid action profile with a valid index j, i.e., action profiles
containing any of the configurations of V; through V;, player ¢, always has an incentive to deviate.
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q]‘<0 qj+1<0 q]'<0 qj+1<0 qj-<0 q]'+1<0 Qj<0 Qj+1<0

Uj Vil v [w vifuive v | vilwivr  viea] |y vilwier Vi
V. - Lj Lit1 Lj+1 Lj Li+1 Lji+2 Lj+1 lj+2
1 |d; Vildj o Vi) d) Uildjier Vil Vildpa Vier]fdp o Vildea Vi
Lji+2 Lji+1 Lj Li+1 Lji+2 i lji+1 Lj+1

Uri(ajsn) = v q; fij30,Tj) + vjg1 @ja (s Tjea — {ijs2})
Upra(@r1) = vy 4 fe0 Ty — (1) + vje1 @ien £ (G0 Tea)

q; <0 qj+1 q; <0 qj+1 q; <0 qj+1 q; <0 qj+1
w Vi v [ T N Uil V| [ Vil Uit
v, - Lj i+l Lit1 tjt2 Lj Ljt1 Ljit1 tjt2
2 dj lr‘.‘ d}-tl i lrj+]. d} o lrj d}+1 . IV‘H'J. d] o 1-_.‘ dj'+1 1:‘.'+l d} l-"' df+1 1:‘.'+L
Li+1 Lj+2 L Lit1 Li+1 Lj+2 L Li+1

Uj+1(aj+1) =Vjqj f(ij+1a7}') + Vit Gj+1 f(ij+1"1r}'+1)
Ujra(@1) = v a5 F(Gen Ty = {i73) + vja @jn S (i Tiea — {ij2})

qj>0 qj+1>0 qj>0 Qj+1>0 qj>0 q]'+1>0 qj>0 qj+1>0

‘U!j' ) 1".. 1Lj+1 l:-+L Uj ) l". 1!j+1 l:-+1 HJ,' ) 1); Uj-|:1 ) 1-'_.-+L Hj ) l); 1ij-|:1 ) 1‘);+J_
V. - Lj Li+1 Lj Li+1 Lj+2 Li+1 Lj+1 Lj+2
3 dj-' ) v;j dj+_—1 . Vj+1 dj . vj djfl ) Vj+1 d]' . vj dj'+1 Vjt1 dj ) vj dj+1 Vi1
Li+1 Li+1 Lj+2 Lj Lit1 lj42 Li+1 lj
Upra(@ie) = v a5 [ (Gvn T = {51 + vja @0 S (40, Tj1a)
Uj+1(aj+1) =vjqj f(lj+1a 7}) + Vi1 G+ f([j+1:7}'+1 - {lj+2})
q; >0 qj+1 q; >0 Qj+1 q; >0 qj+1 q; >0 qj+1
o vl vy il v Vi vk vilirn Vi
v, - Lj Li+1 Li+1 Lj+1 L Lj+2 Li+1 Lj+2
4 dj' ) vj dj+1' Vit1 dj ) vj de_' Vit d]' ] vj dj+1' Vit dj ) vj dj+1_ Vit
Li+1 ljt+2 tj ljt2 i1 Li+1 tj Li+1

Uj+1(aj+1) =Vjqj f(ij+1a Tj - {ij]) t Vjt1 41 f(ij+1:7}'+1 - {ij+2})
Uj+1(ﬁ) =vjqj f(ij+1:7:i) + Vi1 Q541 f(ij+1'Tj+1)
FIGURE 10. Possible configurations for valid action profiles

Note. The action set of player ij11 is given by A;, |, = {aj+1,aj51}. The specific resources that these two actions
include will depend on whether the player is straight or diagonal, which is not important here. We do not explicitly
highlight the actions of all players other than players 4;,7;41,%;+2. In each configuration, action aj+1 corresponds to
the action that player i;41 is shown taking. Uj+1 (a;+1) denotes the utility to player ;41 in the configurations shown,
and it only depends on whether it is Vi, Va2, V3, or V4. In every configuration, at the top of each column, the sign of
its coefficient is indicated where relevant. If no sign is indicated, it could be either positive or negative.

For example, consider any of the four configurations of V;, where ¢; <0, ¢;4+1 <0. The difference
in the utilities to player i,,, between deviating to @,;7 and staying in a;; is given by,
Ajir=Uja(@51) — Uja(ajin)

=—0; (f (i1, T5) = (i1, Ty = {45 1) + 01 (F (441, Tyn) — F (G40, Ty — {ig423))
Using the basis representation of f, this can be simplified as,

Ajp=-v; > qrfT (01, T) + v > ar f" (1541, T)

TeTiji;yq (T5) TeTij;yqijpo(Ti+1)
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But T, and T};, are minimal in 7;;-3_“ and '7;;;11-1“ respectively. Therefore, we get,
Ajp = —Uijij (4541, T5) + Uj+1(1j+1ij+1 (45415 Tjy1)

=0lq;1 £ (151, T5) = vjsal @i | F 0 (igns Tjan)

which is strictly positive, from (73). Hence, in configuration Vi, player i;,; has an incentive to
deviate. Similar arguments can be constructed for configurations of V5, V3, and V.

The final step is to show that no invalid action profile exists in Counterexample 6. We do this
by showing that any attempt to construct an invalid action profile by choosing actions from the
players’ action sets must fail. Before presenting the formal details, we return to Example 15 to
highlight the intuition behind our approach.

EXAMPLE 16. In Ezample 15, we specified the action sets of the seven players involved in an
M3Z4P, sign profile, namely, (—,—,—,+,—,+,+). Here, we show that for this sign profile, every
admissible action profile is valid, i.e., it satisfies one of the four validity properties. We do this by
showing that any attempt to construct an invalid action profile must fail:

(i) First, consider the My segment. Recall that player iy is diagonal and player iz is straight. It
can be seen that in any invalid action profile, there are only four possible ways in which this
segment can be filled up — configurations My, Ms, or their symmetric counterparts, M, M,
as illustrated in Figure 11a. To see this, take M, for example:

e [f iy switches, the first two columns form a valid configuration of Vs.
e If iz switches, the second and third columns form a valid configuration of V5.
e If both iy and is switch, the first two columns form a valid configuration of V;.

(ii) Next, consider the Z, segment. Recall that player i, is diagonal, and players is and i are
straight. It can be seen that in any invalid action profile, there are only tem possible ways
in which this segment can be filled up — configurations Z, through Z,, or their symmetric
counterparts, Z; through Z}, as illustrated in Figure 11b. Here, if any configuration other than
these ten occurs, there will be adjacent columns what would form valid configurations of either
Vs or V.

(iii) Finally, consider the Py segment. Recall that player iy is diagonal. It can be seen that in any
imwalid action profile, there are only four possible ways in which this segment can be filled up
— configurations Py, Py, or their symmetric counterparts, P{, Py, as illustrated in Figure 11c.
Here, if any configuration other than these four occurs, the two columns would form wvalid
configurations of either Vs or V.

It follows that any invalid action profile must be constructed by picking one configuration from each
of Figures 11a-11c and ‘stringing’ them together. Note that in doing so, two columns shaded with
the same color must be identical to be strung together, since they correspond to overlapping columns.
Therefore, it can be seen that there are only four ways of gluing together such configurations:
M, Z, Py, M, Z,P,, and their symmetric counterparts, M, Z,P], M|Z,P;. None of these four action
profiles are invalid:

(i) MyZyPy and M{Z} P, are illegal action profiles, since player i, is straight, whereas in these

two action profiles, he chooses a diagonal action.

(i) M,Z,P, and M|Z}P] are legal action profiles, but are valid, because the last column and the
first column (when wrapped around) form a valid configuration of Vj.

Hence, all action profiles are valid.
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iy i iy , io i3 i3
M, - - # M : - - #

ir i i iy in iy

i1 ip , is iz izis
M, : - - o M, : - -

i» iy iz iy iy in

(a) Invalid configurations for an M3 segment.
Note. The vertical green shade indicates that the third column of this M3 segment
must match the first column of the succeeding Z, segment, since they overlap.

- + - + - + - +
— + - + - + - +
r r
— + — + — + - +
is is i5lg % t3 La %
i i — iy is ists |t =]
Z3 1 <% VAR
- + - + — + — +
L s i S| us | 5 Ene
L L
- + - + - + - +
ls is i3 iy ls is
Zy: Zy: —————

(b) Invalid configurations for a Z4 segment.

Note. We have clubbed together two configurations as Zs (and similarly, Z7), since they have
identical boundaries (first and last columns) — only boundary compatibility matters when gluing
together different segments. The vertical green shade indicates that the first column of this Z4
segment must match the third column of the preceding M3 segment, since they overlap. The
horizontal blue shade indicates that the fourth column of this Z, segment must match the first
column of the succeeding P, segment, since they overlap.

+ +

i i
P .1 P/ : »7

7 11

+ +

i7 il

Py Py

i7 01

(c) Invalid configurations for a P2 segment.

Note. The horizontal blue shade indicates that the first
column of this P> segment must match the fourth column
of the preceding Z, segment, since they overlap.

FIGURE 11. Possible configurations for M3, Z4, P2 segments within an invalid action profile for Example 16
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We now build on the general intuition that was demonstrated in the example above to provide
a complete proof. First, we state some necessary conditions that any invalid action profile must
satisfy within a P,, M, and Z, segment. The proofs are by induction, and involve arguing that in
order to avoid any of the valid configurations V; through V,, while still respecting how the action
sets are defined, such segments must satisfy these necessary conditions. The visual configurations
that are referenced in these conditions are illustrated in Figure 12.

(i) Let columns j,j+1,...,7 +¢—1 form an M, segment. Then, in any invalid action profile,

a;Najy =0. In addition,

® Uu; €Ca; — derl*l €101

o dj €a; == Uj1p-1€aj101

Visually, any M, segment of an invalid action profile must match configurations My, M, or
their symmetric counterparts Mj, M. If not, there will be adjacent columns that would form
valid configurations of either V; or V5.

The proof is by induction on ¢, the length of the segment. For the base case, when ¢ = 2, the

arguments are similar to those for the M3 segment in Example 16. Our induction hypothesis
is that every invalid M, segment must match one of the four configurations My, My, M7, M,
for some £ > 2. Assuming this is true, now consider an invalid M, ; segment. Keep in mind
that from the definition of action sets, player ¢;,, is required to be straight, since he is at the
end of this segment. Let M, denote the subsegment formed by its first £ columns. From the
induction hypothesis, M, must match one of the four configurations M, My, My, Mj:

e M, cannot match M, or M}, because in either case, in M, columns ¢ and ¢+ 1 together
will form valid configurations of either V; or V, (depending on how column ¢+ 1 is occupied
by the players i;,, and 7;;¢41).

o If M, matches M; or Mj, then M, ; will match one of the four configurations M;, M,
M, M} (depending on how column ¢+ 1 is occupied by the players i;,, and 4;4441).

(ii) Let columns j,j + 1,...,5 +¢ —1 form a P, segment. Then, in any invalid action profile,
a;Naj # 0. In addition,

® Uy S a; = dj+g_1 € Qjte—1

® d;Ca; == Ujrp1 € Aj1p

Visually, any P, segment of an invalid action profile must match configurations P;, P, or their
symmetric counterparts P/, P;. If not, there will be adjacent columns that would form valid
configurations of either V3 or V4. The proof is by a similar inductive argument as the M,
case above, except that it is more complicated — we need to consider segments of odd and
even lengths separately, because whether player i;,,_; is straight or diagonal in a [P, segment
depends on whether ¢ is even or odd. We omit the proof for brevity.

(iii) Let columns j,j5+1,...,7+¢—1 form a Z, segment. Then, in any invalid action profile, one
of the following three statements must hold:

e a;Najy1 #0 and a;4 -1 Naj, = 0. In addition,

—Uu; €a; = (’LLjJr[,l € a1 AND derl*l € CljJrg)
7dj ca; — (derg,l €ajp AND Ujtp—1 € a/jJr[)
Visually, this corresponds to configuration Z; or its symmetric counterpart Z;.

e a;Najy; =0 and aj, 1 Naje=0. Visually, this corresponds to configurations Z,, Z3 or
their symmetric counterparts Z3, 7.

e a;Najy1 =0 and a; -1 Naj # 0. In addition,

U €a; == dip €A1 N
7dj €a; == Ujrp-1 €101 N Qjtg
Visually, this corresponds to configuration Z, or its symmetric counterpart Z.
Note that if none of these conditions are satisfied, then there will be adjacent columns that
would form valid configurations of either V, or V;. Once again, the proof is by a similar
inductive argument, and is omitted for brevity.
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FIGURE 12. Possible configurations for My, Py, and Z, segments (spanning columns j through j + ¢ — 1) within an
invalid action profile

Note. An action profile can be constructed by performing one of two operations repeatedly: (1) Two segments
can be “hooked” together to form a larger segment if the last column of the first segment and the first column of
the second segment are identical in both occupancy and shading scheme. In this case, these two columns overlap to
become one column. For example, M; and Z2 can be hooked together. (2) Two segments can potentially be “glued”
together to form a larger segment if the last column of the first segment and the first column of the second segment
do not have matching shading schemes. In this case, these two columns would not overlap, but sit next to each other.
Such a gluing is permitted only if the resulting action of the boundary player i;4¢ is legal (permissible according to
the definition of the action sets). For example, Z> and M; can be glued together, since it results in the boundary
player i;1¢ being straight, which respects the definition of a straight player.
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It follows that any invalid action profile must somehow be constructed by ‘stringing’ together
different-length instantiations of these sixteen configurations. Figure 12 illustrates how this is done.
There are four possible configurations for an M, segment, four possible configurations for a P,
segment, and eight possible configurations for a Z, segment. Note that, by definition, these are
maximal segments, so when stringing together two configurations, they cannot be of the same type
of segment. We discuss all possible ways of putting together an invalid action profile below:

(i) First, observe that an invalid action profile cannot be constructed using exactly one of these
sixteen configurations (j = 1,¢ = k in this case), because, when wrapped around, at the bound-
ary that is formed by the last column and the first column, either of the following two scenarios
occur:

e The boundary player, i;, ends up making an illegal choice, rendering the whole action
profile illegal.

e The boundary configuration (the configuration formed by the last column and the first
column) ends up being a valid configuration.

(ii) Now, we need at least two configurations to be strung together to create an invalid action
profile. We investigate possible ways of stringing together two configurations. Observe that
configurations Z;, Z,, Z3 and their symmetric counterparts Z;, Z}, Z) cannot be hooked
to any configurations of a P, segment (since the overlapping columns do not match), and
cannot be glued to any configurations of an M, segment (since this results in a valid boundary
configuration of V). So, these six configurations cannot be used to construct an invalid action
profile, and can be eliminated.

(ili) Among the remaining ten configurations, observe that P, and its symmetric counterpart P;
cannot be glued to any configurations of an M, or any remaining configurations of a Z,
segment (since this results in a valid boundary configuration of V). Also, M, and its symmetric
counterpart M} cannot be hooked to any remaining configurations of a Z, segment (since the
overlapping columns do not match), and cannot be glued to any configurations of a P, segment
(since this results in a valid boundary configuration of V3). So, these four configurations cannot
be used to construct an invalid action profile, and can be eliminated.

(iv) We are left with M,, P,, Z,, which can all be hooked or glued with each other, and their
symmetric counterparts, Mj, P, Z;, which can also all be hooked or glued with each other.
Also, none of M, P, Z; can be hooked or glued with any of M/, P;, Z} and vice versa (since
either overlapping columns (if any) do not match, or the boundary player i,,, ends up making
an illegal choice).

(v) Therefore, an invalid action profile must be constructed by using only M, Py, Z, or only
M, P;, Z;. Also, such invalid action profiles must begin with a minus sign and end with a plus
sign (due to our cyclic transformation at the beginning). There are now only three cases to
be considered:

e Begin with M, (respectively, M/) and end with Z, (respectively, Z})
e Begin with M, (respectively, M;) and end with P, (respectively, Pj)
e Begin with Z, (respectively, Z;) and end with P, (respectively, Pj)

But, in each of these cases, when wrapped around, the boundary player i; ends up making an
illegal choice, rendering the whole action profile illegal.

Hence, there exist no invalid action profiles. This concludes the proof. O

As before, we now present a useful inference from Lemma 10 in terms of the weight systems:
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COROLLARY 3. Given any set of local welfare functions W, let f"V be budget-balanced distribu-
tion rules that guarantee equilibrium existence in all games G € G(N, f% W), where, for each W €
W, fV .= Z ay fEwsyw™ "], where WV = (AT W = (S1VT SV Let iy,da, ... i, € N

TeTW

be any k players (k> 3) such that 3 T € (Tl+)mm T, € (ﬁ;)min,.. (T’”) , for any k

i1%9 19 ipt]

welfare functions Wi, Wy, ... , W, € W. Then,
(a) <v 1< j SORUNINYE S

= %+1

A.3.2. Existence of a universal weight system. In order to establish the global consis-
tency of the sequence of weight systems ) = {{w }TGTW }W we We need to show that there exists
a universal Welght system w* = (A", X*) that is equivalent to all the weight systems in ), i.e.,
replacing w"? with w* for any coalition T € Ty for any W € W does not affect the distribution
rule [T = fL o [w"T]. We show this by explicitly constructing ¥* and A*. Before doing so, we
use {1 to define two useful relations =g and =q on the set N, as follows. For any two elements
i,jEN,

iraje= (BWeW) 3TeT*) st.ies!™) OR (i=j)
(74)
i=qj<=(i=qj) AND (j =q1i)

Using Corollary 2(a) and 2(b)(i), we can write down an equivalent set of definitions for these
relations:

i (W <) (T 7)o 1)

(75)
i=aj= ((vWeW) (v TeT}™) {i,j} S SI") OR (i=j)

We denote the transitive closures of these relations by =/, and =¢, respectively.

LEMMA 11. Given any set of local welfare functions W, if fV are budget-balanced distribution
rules that gquarantee equilibrium existence m all games G € G(N, fV W), described completely by
the sequence of weight systems 2, then, =& constitutes a partial order on N.

Proof. By definition, ={ is both reflerive and transitive. To prove that it is a partial order
on N, we need only show antisymmetry, i.e., we need to show that for any 4,5 € N, if i = j
and j = 4, then ¢ =¢, j. This is equivalent to showing that if there is a cycle in =g, i.e., if there
exists a sequence of k distinct players 4q,...,%, € N such that i, =q iy =q ... =q i =q 11, then it
must be that i, =q iy =q ... =q i =q i1. The case where k =1 is trivial. For k = 2, the proof is
vacuous by definition of =q. For k > 3, suppose there is a cycle in >q. Then, using the definition
of =g from (75), V1 <j<kVWeWVTeTW" +1’ i € Slw’Tj. Then, from Corollary 3(a),

VI<j<k3IWeW3IT,eT,Wt st {ijij;1} CS; 7. The conclusion then follows by using the

7,+1

definitions from (74). O
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We now present the construction of a universal weight system, w* = (A", X*).

e Construction of ¥*. From Lemma 11, the relation >/, constitutes a partial order on N. And
the corresponding relation =¢, is an equivalence relation. We let ¥* = (S7,55,...,5;) be an
ordered partition of N into its equivalence classes according to =¢;, ordered in any manner

that does not violate =¢,, i.e., for any 1 <j </ <k, any i; € S} and i, € S}, iy 1) ;.

e Construction of A". We construct A" = ()\}),. in a piecewise fashion as follows. For each
equivalence class S € ¥*, consider the following two cases:

(1) |S¥|=1. In this case, for i € S}, set A} to an arbitrary strictly positive number.

(2) |Sf|=Fk>1.Let Sf={i1,i2,...,%}. S’ is an equivalence class determined by the relation
=, the transitive closure of =q. So, by definition, it must be that for some permutation
of its elements, without loss of generality the identity permutation, ¢, =q i3 =q ... =gq .
Using the definition of =q from (75), this means,
(V1<j<k) (YWeW) (VL eT ) {iim}CSs

Jt+1
For each 1 < j <k, pick any'® W; e W and T} € (7;7;;“) . To begin with, set (X;l , X;Z) =
()\gl’Tl,)\gz’Tl). If k=2, we are done. Otherwise, for 3 < j <k, recursively set:
NI BT
* 15 *
)\ij - )\J.'fl.,Tjil )\ij,1 (76)
’Lj,l

EXAMPLE 17. Let N = {i,j,k,{,m,n} be the set of players, and let there be just one local
welfare function W, TV ={TVW ={i,j},T," ={j, k, 0}, 7" ={m,n}, T}V ={i,m,n}}. Also, let f
be a distribution rule that guarantees the existence of an equilibrium in all games G € G(N, f,W),
described by the sequence of weight systems Q= {w™WTi = (A", EW’Ti)}4

=1’

where,

AW-,Tl _ AW,T3 _ (17 2) AW,TQ — AW,TAL — (17 273)

SR ={{igh {3 BV ={{kRAGY 2T ={{mn} {}} BT ={{i} {m,n}}

Using the definitions in (74) or (75), it can be seen that the players are related as follows:

S = + Co 4 _+
i =4 J =g k=4l and i =5 m =4 n

Using the construction above, it can be seen that for X*, both {{i,j,k},{m,n},{¢}} and
{{i,7,k},{€},{m,n}} are admissible orderings of the three equivalence classes of =¢ (they do not
violate =¢,). As for the weights, we get X = (1,2,4,a,1,2), where a can be any strictly positive
number. Any strictly positive scaling of X* would also be admissible.

15 At least one such (W;,T;) pair is guaranteed by the definitions in (74).
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Before proceeding to show that w* as constructed above is equivalent to all the weight systems
in Q, we prove an important property of A" in a quick lemma:

LEMMA 12.  With X* as derived above, for any S¥ € ¥* with |S¥| > 1, for any two players
i,5 €Sy, for any W e W, for any coalition T € 7;JW+ with {i,7} € SV,

AT
W,T — o+ (77)
A A

Proof. Let |S¥| =k > 1. Equivalently, we show that for all m € {1,2,...,k — 1}, for all £ €
{1,2,...,k—m}, (77) holds for players i =i, and j =4s,,,. The base case, where m =1 follows by
construction (76), and by using Corollary 2(b)(ii). For m > 2, suppose there exists a welfare function
W € W and a coalition T € 7, ", with {i,j} C ST, Recall the welfare functions and coalitions
(W;,T;), 1 <j <k, that were picked for constructing A". From Corollary 2(b), it is sufficient to
prove this lemma for T" € (7;¥V+)mm. Now, using the definitions in (74), j =q i. Therefore, it follows

that the players i =i4,4041,...,%, =Jj form a cycle in =q, i.e., iy =q tp11 =q ... =q to1m =q t¢. This
. 0Ty L+1,T, . l4+m—1,T, 1 - w, T .
means that, i, € S 4, €51 T iem_1 €5 =t eem € 5777 . Applying Corollary

3(b) and (76), we have:

L+m—1 /\jvTj w,T /\W,T L+m—1 /\jvTj )\W,T Chm=1 = /\W,T A\

H i Yigm __q i _ H 5 i _ H 2} i _

NI BV = N INEE = NG . = N

j=t i1 ig J j=t 141 j j=¢ Li+1 5 J
This concludes the proof. O

Now we present the final lemma that establishes the global consistency of €.

LEMMA 13. Given any set of local welfare functions W, if f¥ are budget-balanced distribution
rules that guarantee equilibrium existence in all games G € G(N, f¥ W), where, for each W € W,

V= Z ay foirsy[w™' ], then, there exists a weight system w*, such that,
TeTW

VWeW) (VT eT") fiwslw" = fEwsyw] (78)

Proof. We prove that w* as constructed above satisfies (78). Consider any welfare function
W € W and any coalition T'€ TW. Let k = min{r|S: NT #0}. Then, we need only show the
following;:

(i) "7 Cs;

(il) S5 NS;=0

w,T
(i) (¥i,j € SI"") Mo = i—J
J

Of these, the first two are immediate from the construction of ¥*, and the third follows from
Lemma 12. This completes the proof. O
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Appendix B: Proof of Proposition 2. First, note that we only need to prove one direction,
since from (8) and (9) in Table 2, it follows that,

Z)‘j 4 = drféewsvIwl = @t foware W] (79)
JET
To prove the other direction, it suffices to show that,
W/ W// ’ 17
cwsvlwl = fewmclw] = (VTCN)gp= Z)‘j dr
JjeT

with the understanding that g7 =0 whenever T'¢ T, for T =T, T". The proof is by contradiction.
Suppose f¥, o [w] = f&yelw], and let T be a smallest subset for which ¢} # (3. .+ A;)¢/, and

il jeT
i €T. Then, we have,

fosvlwl = focl] = s W6, T) = [l (G, T)
== qufgwsv ZQS awnclw](i, S)
SCT SCcT

= ¢rfowsvwl(@T)+ Z @5 fowsv[W](i,9)

scT

=qr GWMC (4,T) +ZQS cwuclw](2,5)

scr
— = Z)\j ar (from (79))
jeT
which contradicts our assumption. This completes the proof. O

Appendix C: Generalized weighted potential games. In Hart and Mas-Colell [18], the
authors show that weighted Shapley values result in weighted potential games, by explicitly con-
structing a potential function (in a recursive form, almost identical to the one in (11)). The authors
claim that their result extends to generalized weighted Shapley values, but do not provide a proof.
In this section, we fill this gap by showing that generalized weighted Shapley values result in a slight
variant of weighted potential games, which we call generalized weighted potential games, defined as
follows:

DEFINITION 1. A finite game G = (N,{A;},.x ,{Ui},cn) is a generalized weighted poten-
tial game if there exists a potential function ® : A— R™ (where m is some positive integer),
and a positive wez’ght w; > 0 for each agent such that for every agent i € N, for every a_; € A_;,
and for every al,a € A;,

(2] K2

Ui (a},a;) = Ui (af a_;) = w; (Pug (af, a—;) — Puy (af sa_y)) (80)

where k(i) denotes the index of the first nonzero term of ® (ai,a_;) — ® (a/,a_;).
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Generalized weighted potential games are a special subclass of the weaker, more general class of
ordinal potential games, where the difference in the potential function (right hand side of (80)) is
merely required to be of the same sign as the difference in the utility function (left hand side of
(80)). Note that weighted potential games are simply generalized weighted potential games with a
one-dimensional potential function (m =1).

Definition 1 applies to any finite noncooperative game in normal form. However, recall from
Section 2 that, in our model, the agent utility functions are separable, given by

)=>_ f(i,{a},) (81)

rea;

Hence, in searching for a potential function for G, it is natural to seek a separable potential function
® : A—R™ (where m is some positive integer), given by

=Y o.({a},) (82)

reR

where ¢, : 2% — R™ is the ‘local’ potential function at resource 7. Therefore, to show that ® is a
potential function for G, it is sufficient to show that for every agent ¢ € N, there exists a positive
weight w; > 0 such that, for every resource r € R, for every player subset S C N containing i,

F7(08) =i (90 (9) = (@)age (S = 1) (83)

where k(i) denotes the index of the first nonzero term of ¢, (S) — ¢, (S — {i}). Verifying this is
quite straightforward; use (81)-(83) to check that (80) is satisfied.

We now state our formal result. Recall that a weight system w = (A, X) consists of a strictly
positive vector of player weights A € RY, , and an ordered partition ¥ = (51, 5,,...,S,,) of the set
of players N.

THEOREM 3. For any welfare sharing game G = (N R, {A; }leN,{f }TeR,{W }TeR) and any
weight system w, if for every r € R, the distribution rule f" fc:wsv[ |= fGWMC[ | with W, W/

being any two ground welfare functions related according to (12), then, G is a generalized wez’ghted
potential game, with player weights X, and the local potential function at resource r, ¢, [w]|(S) =

((pr[w]); (), (@r[w])y (S), ..., (Dr]w]),, (S)), where, for alll1 <k <m, (¢.[w]), (S) is given in terms

of W/ in the following recursive form:

(@l ()= 5 (W;Gm_m) + 3N (@l (S - {z‘})) , (34)

and in terms of W/ in the following closed form:

(¢rlw])y (S) = W/ (Sini1), (85)
where Sy =S — U Sg

Proof.  First, we use the closed form expression in (85) to show that ¢, [w] satisfies (83). This
involves proving, for any 1 <k <m, for any subset S containing a player ¢ € Sy, the following two
steps:

(a) k())=m—k+1,ie, W/I(S,)—-W/"((5- {1})€) =0forall k+1</<m

(b) Fiaicleli.8) = (WIS~ (=), ))
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Observe that (S — {Z})e =S, —{i} for all 1 <¢ < m. Part (a) is straightforward, since if i € S, then
by definition, i ¢ S, for all k41 </ <m. We now focus on part (b), which is exactly the definition
of fg;vv; avelw] in Table 1. Hence the following is simply an exercise in verifying the equivalence of
the two definitions of fcw velw] from Tables 1 and 2, using the basis representation discussed in
Section 3.2. Evaluating the left hand side, we get,

NS W (E=D,)) =AY d- Y 4

TeT"(Sk) TeT"(S—{i})

where, for any player subset S C N, 7”(S) denotes the set of all coalitions T € 7" that are contained
in S (T C S). Notice that S, does not contain any players in S; U S, U...S,_;. Therefore, 7" (S})
consists of those coalitions contained in S that do not contain any player in S; U Sy U...Sp_1.
Similarly, 7”(S, — {i}) consists of those coalitions contained in S — {i} that do not contain any
player in S; U S, U...S,_;. Therefore, the collection 7" (S;) — T"(S) — {i}) consists precisely of
those coalitions T € 7" (S) that do not contain any player in S; US;U...S;_, but contain player .
Since i € Sy, this is the same as saying that the collection 7" (S)) — 7" (S, — {i}) contains precisely
those coalitions T'€ T"(S) for which i € T. So, we get,

MW E)-w(E=T))=a | X @ Y d

TeT" (S)) TeT" (S —{i})

= Z ari

TET!(S) : i€T

Z QTfGWMc 1(i,9) (from (9))

TeT”

= [ cw] G, S)

To complete the proof, observe that when W/ and W/ are related according to (12), then, for all
1<k <m, and all S C N, the expression for (¢,[w]), (S) (85) satisfies the recursion (84). O
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