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Abstract. We generalize two well-known game-theoretic models by introduc-
ing multiple partners matching games, defined by a graph G = (N, E), with an
integer vertex capacity function b and an edge weighting w. The set IV consists
of a number of players that are to form a set M C E of 2-player coalitions ij
with value w(ij), such that each player ¢ is in at most b(¢) coalitions. A payoff
vector is a mapping p: N x N — R with p(i,7) + p(j,7) = w(ij) if ¢j € M and
p(i,7) = p(4,i) = 0 if ij ¢ M. The pair (M, p) is called a solution. A pair of
players 4,7 with ¢j € E\ M blocks a solution (M, p) if 4,5 can form, possibly
only after withdrawing from one of their existing 2-player coalitions, a new
2-player coalition in which they are mutually better off. A solution is stable if
it has no blocking pairs. Our contribution is as follows:

— We survey, for the first time, known results on stable solutions in seven
basic models and show that our model of multiple partners matching games
is the natural model that was missing so far.

— We give a polynomial-time algorithm that either finds that a given mul-
tiple partners matching game has no stable solution, or obtains a stable
solution for it. Previously this result was only known for multiple part-
ners assignment games, which correspond to the case where G is bipartite
(Sotomayor, 1992) and for the case where b =1 (Bir6 et al., 2012).

— We characterize the set of stable solutions of a multiple partners matching
game in two different ways and show how this leads to simple proofs for
a number of known results of Sotomayor (1992, 1999, 2007) for multiple
partners assignment games and to generalizations of some of these results
to multiple partners matching games.

— We perform a study on the core of the corresponding cooperative game,
where coalitions of any size may be formed. In particular we show that
the standard relation between the existence of a stable solution and the
non-emptiness of the core, which holds in the other models with payments,
is no longer valid for our (most general) model. We also prove that the
problem of deciding if an allocation belongs to the core jumps from being
polynomial-time solvable for b < 2 to NP-complete for b = 3.
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1 Introduction

Consider a group of soccer teams participating in a series of friendly games with each
other off-season. Suppose each team has some specific target number of games it wants
to play. For logistic reasons, not every two teams can play against each other. Each
game brings in some revenue, which is to be shared by the two teams involved. The
revenue of a game may depend on several factors, such as the popularity of the two
teams involved or the soccer stadium in which the game is played. In particular, at
the time when the schedule for these games is prepared, the expected gain may well
depend on future outcomes in the current season (which are in general difficult to
predict [25]). In this paper, we assume for simplicity that the revenues are known. Is
it possible to construct a stable fixture of games, that is, a schedule such that there
exist no two unmatched teams that are both better off by playing against each other?
Note that if teams decide to play against each other, they may first need to cancel one
of their other games in order not to exceed their targets.

The above example describes the problem introduced in this paper (see Section 4
for another example). In the next section we explain how we model this problem.

1.1 Our Model

We model the above example in two settings, namely as a matching problem and as a
cooperative game. As we will show these two settings are deeply interwoven.

Matching Problem. A multiple partners matching game is a triple (G, b, w), where
G = (N, E) is a finite undirected graph on n vertices and m edges with no self-loops
and no multiple edges, b : N — Z_ is a vertex capacity function, which is a nonnegative
integer function, and w : £ — R, is a nonnegative edge weighting. The set N is called
the player set and its vertices are also called players. There exists an edge ij € E if and
only if players 7, j can form a 2-player coalition. A set M C E is a b-matching if every
player ¢ is incident to at most b(i) edges of M. So, a b-matching is a set of 2-player
coalitions, in which no player is involved in more 2-player coalitions than described by
her capacity. If ij € M then i and j are matched by M; we also say that i and j are
partners under M. The value of a 2-player coalition i, j with ij € E is given by w(ij).

A nonnegative function p : N x N — Ry is a payoff vector with respect to a
b-matching M if the following two conditions hold:

o p(i.3) + p(j, i) = wli) for all ij € M;
e p(i,7) zp(j,i) =0 for all 7j ¢M
)

Here, p(i, ) and p(j, #) represent payoffs that ¢ and respectively j obtain when they are
matched to each other. If the two conditions above hold, then we say that M and p are
compatible.! Note that p prescribes how the value w(ij) of a 2-player coalition {4, j} is
distributed amongst ¢ and j, ensuring that non-coalitions between two players yield a
zero payoff. A pair (M, p), where M is a b-matching and p is a payoff compatible with
M, is a solution for (G,b,w). We view p as a vector with entries p(i, j), which we call
payoffs.

Let (M, p) be a solution. Two players i,j with ij € E\ M may decide to form
a new 2-player coalition if they are “better off”, even if one or both of them must
first leave an existing 2-player coalition in M (in order not to exceed their individual
capacity). To describe this formally we define a wutility function u, : N — Ry, related

! Assume that b and w are strictly positive functions. If p and M are compatible, then p is
not compatible with any other b-matching, that is, p uniquely determines M. However, for
our purposes it is more convenient to follow the literature and define p with respect to M.



to a payoff vector p. If i is saturated by M, that is, if 7 is incident with b(¢) edges in M,
then we let w, (i) = min{p(4, j) : ij € M} be the worst payoff p(i,j) of any 2-player
coalition ¢ is involved in. Otherwise, i is unsaturated by M and we define u,(i) = 0.
Alternatively, we could define u,(¢) as the b(i)th largest payoft p(i, j) to 7. Note that
the second definition shows that utilities are independent of M and determined by p
only (recall! that this is because p in fact determines M).

A pair 4,5 with ij € E\ M blocks (M,p) if u,(i) + up(j) < w(ij). We say that
(M, p) is stable if it has no blocking pairs, or equivalently, if every edge ij € E\ M
satisfies the stability condition, that is, if

up(i) + up(j) > w(ij) for all ij € B\ M.
Note that the stability condition only needs to be verified for edges not in M.

Remark 1. Let (G,b,w) be a multiple partners matching game with b = 1. Then any
b-matching is a 1-matching, i.e, a matching, as for each i € N, we have p(i,j) > 0 for
at most one player j # 4, which must be matched to i. In that case we will sometimes
assume, with slight abuse of notation, that p is a nonnegative function defined on V.
Then we can write u, (i) = p(i) for every i € N. Checking if a pair (M, p) is a solution
for (G, 1,w) comes down to verifying if p(i) + p(j) = w(ij) for every edge ij € M and
p(2) = 0 for every player i not matched by M. Checking if a solution (M, p) is stable
comes down to verifying if p(i) + p(j) > w(ij) for every edge ij € E\ M.

We can now define our problem formally:

STABLE FIXTURES WITH PAYMENTS (SFP)

Instance: a multiple partners matching game (G, b, w)
Question: does (G, b, w) have a stable solution?

Ezample 1. Let G be the 4-vertex cycle ujviugvouy displayed in Figure 1. Let b =1
and w= 1. Then G has two maximum weight matchings, namely M = {ujv1, ugva}
and M = {ujvq,usvy}. Let p be given by p(uy,vr) = %7 p(vr,uy) = 1—30, p(ug,v9) =
&, p(va,uz) = 3 and p(uy,v2) = p(va,u1) = p(uz,v1) = p(vi,uz) = 0. Then p is
compatible with M and (M, p) is a stable solution for (G, 1,1). We also observe that
p is not compatible with M. However, there exists a stable solution (M , D), where p
can be obtained from p by permuting the entries p(i, j) for every fixed i. Namely, let
p be defined as p(u1,v2) = %» plvg,ur) = 1%» pluz,v1) = %, p(vi,uz) = 1% and
plur,v1) = p(vr, ur) = p(uz, v2) = p(va, uz) = 0.

Being a bit more specific than in the above example, let (M,p) and (M ,p) be two

stable solutions for a multiple partners matching game (G, b, w). Then we say that p
and p are equivalent if the following four conditions hold:

— up(i) = up(i) for every i € N,

— p(i,5) = p(i, 7) and p(j, i) = p(j,4) for every ij € M N M, X

= p(%,7) = up(d) = up(9) and p(4,1) = up(j) = up(y) for every ij € M\M, and
= P(i,J) = up(i) = up(i) and p(j,7) = up(j) = up(j) for every ij € M\ M.

If p and p are equivalent, then the multisets {p(i,j) | 7 € N with ij € E} and
{p(i,75) | j € N with ij € E} are the same for every i € N.

For a payoff vector p, the total payoff vector p! € RY is defined by p'(i) =
> jujer (i, j) for every i € N. Note that if two payoff vectors p and p are equiv-



(1 [1]

(1 [

Fig. 1. The 4-vertex cycle from Example 1 with unit vertex capacities and edge weights.

alent, then their total payoff vectors are the same, that is, pt! = p*.2 Moreover, for
b = 1 two payoff vectors p and p are equivalent if and only if p* = pt. We illustrate the
definition of two payoff vectors being equivalent with another example.

Ezample 2. Let G be the bipartite graph displayed in Figure 2 that has six vertices
U1, Ug, U3, V1, V2, v3 and edges u1v1, UV, UIVS, UV, UaVa, U3V1, UsV2 and ugvs (that
is, all edges between the two partition classes exist except ugvs). Let b(u1) = b(ug) =
b(v1) = 2 and b(us) = b(ug) = b(vz) = 1, and define w(uiv1) = 4, w(ujvy) = 6,
w(urvs) = 5, w(uguy) = 4, w(ugve) = 1, w(uzvy) = 1, w(uzve) = 3 and w(uzvs) = 2.
Then G has two maximum weight b-matchings, namely M = {ujv1, ujve, ugvy, usvs}
and M = {u1v1,urvs, ugvy, usva}. Let p be given by p(ui,vi) = 3, p(vi,u1) = 1,
p(u,v2) = 3, p(ve,ur) = 3, plug,v1) = 2, p(v1,u2) = 2, p(us,vsz) = 0, p(vs,uz) = 2
and p(u1,v3) = p(vs, u1) = p(uz,v2) = p(v2, uz) = p(us,v1) = p(v1,u3) = p(us,v2) =
p(v2,u3) = 0. Then p is compatible with M and (M, p) is a stable solution for (G, b, w).
We also observe that p is not compatible with M. However, there exists a payoff
vector p that is equivalent with p such that (M ,D) is a stable solution. Namely, let
be defined as p(u1,v1) = 3, p(vi,w1) = 1, p(ur, v3) = 3, p(vs, u1) = 2, p(uz,v1) = 2,
pvi,uz) = 2, plus,va) = 0, p(vz,u3z) = 3 and p(u1,v2) = p(ve,u1) = plug,va) =
P(v2, uz) = plus,v1) = p(vi, uz) = p(us, vs) = p(vs, uz) = 0.

Cooperative Game. So far, we modelled only situations in which 2-player coalitions
can be formed. Allowing coalitions of any size is a natural and well-studied setting in
the area of Cooperative Game Theory. Moreover, as we will discuss, there exist close
relationships between stable solutions and their counterpart in the second setting, the
so-called core allocations, which we define below.

A cooperative game with transferable utilities (TU-game) is a pair (N, v) consisting
of a set N of n players and a wvalue function v : 2N — R, with v(0) = 0. It is
usually assumed that the grand coalition N is formed. Then the central problem is
how to allocate the total value v(N) to the individual players in N. In this context,
a payoff vector (or allocation) is a vector p € RY with p(N) = v(N), where we write
p(S) =X ,cqp(i) for S € N. The core of a TU-game consists of all allocations p € RY
satisfying

p(8) = v(S), 0#SCN. (1)

2 In fact, Sotomayor[39], calls two payoff vectors p and $ equivalent if p* = p' and the
multisets {p(i,j) | j € N with ij € E} and {p(i,5) | j € N with ij € E} are the same for
every ¢ € N. Our definition implies hers and enables us to prove our results in a stronger
form. However, in the proof of her results, Sotomayer uses in fact our definition as well.
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Fig. 2. The bipartite graph G from Example 2 with the given vertex capacities and edge
weights.

A core allocation is seen as reasonable, because it offers no incentive for a subset of
players to leave the grand coalition and form a coalition on their own. However, a TU-
game may have an empty core. Hence, the most interesting computational complexity
problems (given an input game (N, v)) are:

P1. Determine if the core is non-empty;
P2. Exhibit a vector in the core (provided there is any);
P3. Determine if a given p € RY is in the core or find a coalition S with p(S) < v(9).

In the literature both polynomial-time and (co-)NP-hardness results are known for each
of these three problems (see e.g. [14]). An efficient algorithm for answering P3 implies
that P1 and P2 can be solved in polynomial time as well. This follows from the work of
Grotschel, Lovasz and Schrijver [18,19] who proved, by refining the ellipsoid method
of Khachiyan [26], that an efficient algorithm for solving the separation problem for a
polyhedron P implies a polynomial-time algorithm that either finds that P is empty,
or obtains a vector of P.

We define the TU-game (N, v) that corresponds to a multiple partners matching
game (G, b, w) by setting, for every S C N,

o(S) = w(Ms) = Y wle),

ecMg

where Mg is a b-matching with maximum weight > ., w(e) in the graph G[S], that
is, the subgraph of G induced by S; we also say that Mg is a maximum weight b-
matching of G[S]. We define v(S) = 0 if S induces an edgeless graph. We say that
(N,v) is defined on (G,b,w) but, unless confusion is possible, we may also call (N, v)
a multiple partners matching game. If we say that a payoff vector p involved in a
stable solution (M, p) of SFP is a core allocation, we mean in fact that the total payoff
vector p' is a core allocation.

Ezample 3. Let G be the 4-vertex cycle vyvavsvavy. Define a vertex capacity function b
by b(v1) = b(vz) = 1 and b(vs) = b(v4) = 2, and an edge weighting w by w(vivs) =3
and w(vavs) = w(vzvy) = w(vgvy) = 1. The pair (M,p) with M = {vjv9,v304}



and p(v1,v2) = p(vg,v1) = 3, p(vs,va) = p(va,v3) = 3 and p(vz,v3) = p(vs,v2) =
p(vg,v1) = p(v1,v4) = 0is a solution for the multiple partners matching game (G, b, w).
Note that u,(v1) = up(v2) = 3 and up(vs) = upy(vs) = 0. We find that (M, p) is even a
stable solution, because u,(v2) +u,(v3) = 2 > 1 = w(vovs) and uy(vs) +up(v1) = 3 >
1 = w(vqv1) (note that we only need to verify the stability condition for edges outside
the matching). Moreover, the total payoff vector p! given by p’(v1) = p'(v2) = % and
pt(v3) = pi(vy) = % is readily seen to be a core allocation of the corresponding TU-
game. In Section 5 we will give an example of a multiple partners matching game with

no stable solutions for which the corresponding TU-game has a non-empty core.

Before stating our results for multiple partners matching games in both settings we
first discuss some existing work. As we will see, our model in both settings generalizes
(or relaxes) several well-known models.

1.2 Known Results

The first model that we discuss is the most basic model related to the famous stable
marriage problem (SM), defined as follows. Given two disjoint sets I and J of men
and women, respectively, let each player have a strict preference ordering over a subset
of players from the opposite set. A set of marriages is a matching in the underlying
bipartite graph with partition classes I and J. Such a matching is stable if there is
no unmarried pair, who would prefer to marry each other instead of a possible other
partner. Gale and Shapley [17] proved that every instance of this problem has a stable
matching and gave a linear-time algorithm that finds one.?
The main assumptions in the basic model are

(i) monogamy: each player is matched to at most one other player (1-matching);
(ii) opposite-sex: every match is between players from I and J (bipartiteness);
(iii) no dowry: only cardinal preferences are considered (no payments).

Dropping one or more of these three conditions leads to seven other models, one of
which corresponds to our new model of multiple partner matching games, namely the
one, in which none of the three conditions (i)—(iii) is imposed. Below we briefly survey
the other six models (see also Table 1).

In the first three models that we discuss, payments are not allowed. Hence, the no-
tion of a (core) allocation defined for TU-games is meaningless for these three models.

Remove (i). If we allow polygamy, that is, if we allow general b-matchings instead of
only 1-matchings, we obtain the many-to-many stable matching problem, which gen-
eralizes the stable marriage problem. The problem variant, in which we demand that
b(i) = 1 for each player i € I, is called the college admission problem [17], which is also
known as the many-to-one stable matching problem [35] and as the hospital/residents
problem [30]. Gale and Shapley [17] proved that every instance of the college admis-
sion problem has a stable b-matching and gave a linear-time algorithm that finds one.
Baiou and Balinski [3] proved these two results for the (more general) many-to-many
stable matching problem.

Remove (ii). If we allow same-sex marriages, so the underlying graph may be an
arbitrary graph that is not necessarily bipartite, then we get the stable roommates
problem (SR), also defined by Gale and Shapley [17]. They proved that, unlike the
previously discussed models, in this model a stable matching does not always exist.

3 Gale and Shapley assumed that the underlying bipartite graph is complete, but in fact
their algorithm can also be used for arbitrary graphs; see [20].



Irving [21] gave a linear-time algorithm that finds a stable matching if there exists
4
one.

Remove (i) & (ii). Allowing polygamy and same-sex marriages leads to the stable
fiztures problem (SF), which generalizes the stable roommates problem. Hence, a stable
matching does not always exist. Irving and Scott [22] gave a linear-time algorithm for
finding a stable b-matching (if there exists one). Cechldrovd and Fleiner [11] defined
the more general multiple activities problem, in which the underlying graph may have
multiple edges. They proved that even in this setting a stable b-matching can be found
in polynomial time (if there exists one). Moreover, they also showed that this problem
can be reduced to SR by a polynomial size graph construction.

In the remaining three models we allow payments to individual players.

Remove (iii). If we allow dowry then we obtain an assignment game, which is a multiple
partners matching game (G, b, w) where G is bipartite and b = 1. In this case the SFP
problem is known as the stable marriage problem with payments (SMP). Koopmans
and Beckmann [28] proved the following result.

Theorem 1 ([28]). Every instance (G,1,w) of SMP has a stable solution, which can
be found in polynomial time. If (M, p) is a stable solution, then M is a mazimum weight
matching. Moreover, for every other maximum weight matching M of G there exists
an equivalent payoff vector p of p, such that (M,f)) is a stable solution of (G, b, w).

Shapley and Shubik [37] proved that every core allocation of an assignment game
is a payoff vector in a stable solution for the corresponding instance of SMP and vice
versa. Combining their result with Theorem 1 implies that every assignment game has
a non-empty core. It is possible to obtain a stable solution in polynomial time and also
to give affirmative answers to problems P1-P3 about the core of an assignment game;
in the next paragraph we explain that this holds even if we allow same-sex marriages.

Remove (ii) & (iii). If we allow dowry and same-sex marriages then we obtain a
matching game, which is a multiple partners matching game (G, b, w) where b = 1.
In this case the SFP problem is called the stable roommates problem with payments
(SRP). The following two observations are well-known [6, 15] and easy to verify.

First, a payoff vector p is a core allocation of a matching game if and only if there
exists a matching M such that (M, p) is a stable solution for the corresponding instance
of SRP. Note that the core may be empty (take a triangle with unit edge weights).
Hence, a stable solution may not always exist.

Second, for matching games, the coalitions in the system of inequalities (1) may be
restricted to 2-player coalitions. This means that problem P3, on core membership, can
be answered in linear time. As explained, a polynomial-time algorithm for P3 also leads
to polynomial-time algorithms for solving P1 and P2, about core non-emptiness, and
finding a core allocation, and thus finding a stable solution. The restriction to 2-player
coalitions even allows one to use the ellipsoid method of Khachiyan [26] directly. In a
previous paper [6], we circumvented the ellipsoid method and presented an O(nm +
n?logn)-time algorithm that either finds that the core is empty, or obtains a core
allocation.

Remove (i) & (iii). If we allow dowry and polygamy then we obtain a multiple part-
ners assignment game, which is a multiple partners matching game (G,b,w) where
G is bipartite. In this case the SFP problem is called the multiple partners assign-
ment problem (MPA). Just as matching games, multiple partners assignment games
generalize assignment games. Sotomayor generalized Theorem 1.

4 Trving showed that a stable matching may not exist even if the underlying graph is complete.
His algorithm was designed for complete graphs, but can be used for arbitrary graphs [20].



Theorem 2 ([39]). Every instance (G,b,w) of MPA has a stable solution, which
can be found in polynomial time. If (M, p) is a stable solution, then M is a maximum
weight b-matching and pt is a core allocation of the corresponding multiple partners
assignment game. Moreover, for every other maximum weight b-matching M of G
there exists an equivalent payoff vector p of p, such that (M,ﬁ) is a stable solution of

(G, b,w).

Theorem 2 gives affirmative answers for problems P1 and P2 for multiple partners
assignment games. The answer to P3 was still open for multiple partners assignment
games and is settled in this paper, as we will discuss in Section 1.3. We refer to Table 1
for a survey of known results and related new results that we show in this paper. In
Section 1.3 we describe all our new results.

opposite-sex same-sex allowed
(bipartite graphs) (general graphs)
monogamy |no dowry | SM (stable marriage) SR (stable roommates)
(1-matching) always a stable solution not always a stable solution
dowry | SMP / assignment game SRP / matching game
(payments)|always a stable solution not always a stable solution
core always non-empty core may be empty
polygamy |no dowry | many-to-many stable matching| SF (stable fixtures)
allowed always a stable solution not always a stable solution
dowry MPA / mp assignment game | SFP / mp matching game
always a stable solution not always a stable solution
core always non-empty core may be empty

Table 1. The eight different models; “mp” stands for “multiple partners”. The highlighted
case is the new model introduced and considered in this paper. As discussed in Section 1.2,
for all models, the results on the (non-)existence of a stable solution or core allocation were
known already or can be readily deduced from known results. Moreover, as discussed in
Section 1.2 as well, it was already known that for all models, except for the highlighted
model, a stable solution can be found in polynomial time (if it exists) and that for all the
models with payments, except for the highlighted model, a core allocation can be computed in
polynomial time (if the core is non-empty). As explained in Section 1.3, we give a polynomial-
time algorithm for finding a stable solution (if it exists) for the highlighted model. We also
prove that every stable solution corresponds to a core allocation. However, in contrast to
the correspondence between the existence of stable solutions for SRP and core allocations
for matching games, we show that there exist multiple partners matching games with a non-
empty core, while the corresponding instance of SFP has no stable solution.

1.3 Our Results

In Section 3, after stating some known results that we need as lemmas in Section 2, we
will prove that SFP is polynomial-time solvable. This generalizes the aforementioned
corresponding results for SRP and MPA, respectively. In particular we prove that
also for multiple partners matching games, the payoff vectors in stable solutions are
always core allocations and the compatibility result of Theorem 2 for maximum weight
b-matchings of bipartite graphs can be generalized to arbitrary graphs (in fact we
generalize the whole of Theorem 2 from MPA to SFP apart from the opening claim
that every instance of MPA has a stable solution, which does not hold for SFP). Our



technique for proving all these results is based on a reduction to MPA. Moreover, we
characterize the set of stable solutions for a given instance of SFP via a reduction
to SRP. We do this via linear programming techniques that show a close relationship
between optimal solutions in the dual LP for SFP and stable solutions in the reduced
instance of SRP.

In Section 4 we illustrate the power of our characterization of the set of stable
solutions for an instance of SFP by proving that this characterization, which obviously
holds for instances of MPA as well, immediately leads to simple alternative proofs of
the three main results of Sotomayor for MPA, namely Theorem 2 of [39] (the whole
theorem) and two theorems of [40] and [41], respectively.

In Section 5 we aim to increase our understanding of the core of a multiple partners
matching game. To that end we first prove that every core allocation of a multiple
partners matchings game equals the total payoff vector of some suitable payoff vector,
which we can find in polynomial time. We then show that there exist multiple partners
matching games with a non-empty core for which the corresponding instance of SFP
has no stable solutions. Afterwards we focus on core membership, which corresponds
to problem P3. We first show that core membership is polynomial-time solvable for
multiple partner matching games defined on a triple (G, b, w) with b < 2, that is, with
b(i) < 2 for all ¢ € N. Due to the aforementioned result of Grotschel, Lovdsz and
Schrijver [18,19] this leads to efficient answers to P1 and P2 as well (for b < 2). In our
proof, we make a connection to the tramp steamer problem [27]. We complement this
result by showing that it is tight, namely that already for b = 3 and w = 1, testing core
membership is co-NP-complete even for multiple partners assignment games (whose
core is always non-empty and for which a core allocation can be found in polynomial
time due to Theorem 2).

Finally, in Section 6, we give some directions for future work.

2 Preliminaries

In order to prove our results we will need two known lemmas. The first lemma is used
in Section 3 and generalizes the last two statements of Theorem 1 from SMP to SRP
and is implicitly used in the literature (see, for example, [5]); we give its proof for
completeness. The second lemma, which we will use in Sections 3 and 5, is due to
Letchford, Reinelt and Theis [29].

Lemma 1. If (M, p) is a stable solution for an instance (G,1,w) of SRP, then M is
a mazimum weight matching and pt is a core allocation of the corresponding matching
game. Moreover, for every other maximum weight matching M of G there exists an
equivalent payoff vector p of p, such that (M,ﬁ) is a stable solution of (G,1,w).

Proof. Let (M,p) be a stable solution for an instance (G, 1, w) of SRP. Then the total
payoff vector p’ is readily seen to be in the core of the corresponding matching game
(see also [6,15]). Hence w(M) = p'(N) = v(N) holds, which means that M must be a
maximum weight matching.

Let M be another maximum weight matching. As p' is in the core, we find that
pi+p > w(ij) for every edge ij. As w(M) = v(N) = p'(N), this means that pi+ph =
w(ij) for every ij € M, and moreover pt = 0 if 4 is not incident to an edge of M.
Consequently, the vector p, defined by p(i, j) = p! if ij € M and p(i,7) =01ifij ¢ M,

is equivalent to p and forms together with M a stable solution of (G, 1, w). ad

Lemma 2 ([29]). For a graph G with vertex capacity function b and edge weighting w,
it is possible to find a mazimum weight b-matching of G in O(n*mlog(n?/m)) time.



3 Stable Fixtures with Payments

We start with the following useful lemma. This lemma shows that a matching M in
a stable solution (M, p) for an instance (G, b, w) of SFP is always a maximum weight
b-matching. Moreover it implies that the core of a multiple partners matching game
is nonempty if the corresponding instance (G, b, w) of SFP has a stable solution (the
reverse does not hold as we will prove in Section 5).

Lemma 3. Let (G,b,w) be an instance of SFP. If (M,p) is a stable solution for
(G,b,w), then M is a mazimum weight b-matching and p* is a core allocation of the
corresponding multiple partners matching game.

Proof. Let (M,p) be a stable solution for an instance (G,b,w) of SFP, where G =
(N, E). Before we prove that M is a maximum weight b-matching, we will first show
that p’ is a core allocation of the multiple partners matching game (N,v) defined
on (G,b,w). Recall that p' is defined as p'(i) = >_.;;cpp(i,j) for every i € N. Let
S C N be an arbitrary coalition, and let M’ be a maximum weight b-matching in the
subgraph of G induced by S. Then we have that

p(S) =) »'(i)

€S

=>( Y o+ D pli.g)
i€S  jrjeMNM’ jrijEM\M’

= > ) +pGiN+Y. Y. plig)
ije MMM’ i€S jrije M\ M’

= Y w@+Y, D, plig)
ijeMNM’ i€S juje M\ M’

> > wi+Y. Y w)

ije MNM’ i€8S juije M\ M

= > wli+ Y (up(i) +up(d)
igeMNM’ ijeEM’'\M

> > wif+ Y, wlif) =wM') =v(S).
ije MMM’ ijEM'\M

The first inequality is valid because of the following reason. If ¢ is unsaturated by M
then u,(7) = 0 by definition. If 7 is saturated by M then |{j : ij € M\M'}| > |{j : ij €
M’ \ M} and p(¢,j) > up(i) holds for every j # ¢ by definition. The last inequality
follows from the stability condition for the pairs not matched by M. We conclude that
p' is in the core. In particular this means that w(M) =", p*(i) = v(N). Hence, M is
a maximum weight b-matching of G. a

The remainder of the section is organized as follows. In Section 3.1 we present our
characterizations of the set of stable solutions for a given instance of SFP in terms
of stable solutions for some corresponding instance of SRP and in terms of integral
optimal solutions of some appropriate LP relaxation. In Section 3.2 we first observe
that our characterization of the set of stable solutions directly leads to a polynomial-
time algorithm for solving SFP and then we present an alternative but asymptotically
faster algorithm (in order to do so we use Lemma 2). In Section 3.3 we generalize
Lemma 1 from SRP to SFP and simultaneously Theorem 2 from MPA to SFP (apart
from one statement of Theorem 2 that we observe cannot be generalized in this way).
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3.1 Characterizing Stable Solutions of SFP

In this subsection we show how stable solutions of an instance (G, b, w) of SFP corre-
spond to both stable solutions of an instance (G’,1,w’) of SRP, where G’ is a graph
of size O(n?), and to integral optimal solutions of an LP relaxation.

Reducing to SRP. We first explain how to construct the instance (G’,1,w’) of SRP
from an instance (G, b, w) of SFP; see also Figure 3. Our construction is based on a
well-known construction, which was introduced by Tutte [43] for nonbipartite graphs
with no edge weights. We write G’ = (N’ E’). For each player i € N with capacity b(7)
we create b(i) copies, it,i?, ..., i@ in N’. For each edge ij € F we create four players,
i, 1, Jis Ji, with edges i%%; for s = 1,...,b(4), 445, 4 i, Jiji and j;j* fort = 1,...,b(j),
each with weight w(ij). This completes the construction. Note that G’ is bipartite if
and only if G is bipartite. Hence, our construction also reduces an instance of MPA to
an instance of SMP. We say that (G’,1,w’) is reduced from (G, b, w).

Fig. 3. An example of the construction of an SRP instance (G’,1,w’) from a SFP instance
(G, b,w), where b(i) = 2 and b(j) = 3.

Given a solution (M, p) for (G, b, w), we define a solution (M’ p’) for (G',1,w’) as
follows; see also Figures 4 and 5. As b = 1 in the instance (G',1,w’), we define p’ as a
function on N’ for simplicity, that is, with slight abuse of notation we define p’ as a
total payoff vector.

— The payoffs of the copies will be the same as the minimum payoffs of the original
players, that is, for each i € N, let p/(i®) = u,(i) for every s =1,...,b(3).
— For each ¢ € N, we order its partners under M.
e For each ij € M, if j is the s-th partner of i for some s € {1,...,b(4)}, and ¢ is
the t-th partner of j for some ¢ € {1,...,b(j)} thenlet i%i; € M’,4;j; € M’ and
Jij' € M’ with the following payoffs: p'(i;) = p(i,j) and p'(i;) = w(ij) — up(i),
and similarly p'(j;) = p(j, i) and p'(j;) = w(ij) — u, ().
e For each ij € E\ M, let i;i;, j;j; € M’ with p'(i;) = min{u,(i),w(ij)} and
P(G) = w(if) — minfuy (i), w(if)}, and similarly p'(j;) = min{u,(7), w(ij)}
and p'(j;) = w(ij) — min{u,(j), w(ij)}.

We say that (M’ p’) is reduced from (M,p) and prove in our next lemma that
(M’ p') is a solution for (G’,1,w). Note that (M’,p") may not be the unique solution
reduced from (M, p), as it might be possible to order the partners of a player differently
and we used this order in the construction of M’'. We may also define a matching M’
in the above way, without defining any payoff vector p’, and say that M’ is reduced
from M. In our next lemma we also show that our reduction preserves the “maximum
weight property” of a matching.
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Fig. 4. Reducing a solution (M’,p’) from a solution (M,p): the case when ij € M (here
b(i) = 3, b(j) = 5 and w(i,j) = 7). The thick edges represent matching edges.
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Fig. 5. Reducing a solution (M’,p’) from a solution (M,p): the case when ij ¢ M (here
b(i) = 3, b(j) =5 and w(i,5) = 7). The thick edges represent matching edges.
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Lemma 4. Let (G,b,w) be an instance of SFP and let (G',b',w’) be its reduced in-
stance. Then the following two statements hold:

(i) every matching M’ reduced from a mazimum weight b-matching M is a mazimum
weight matching of G';

(ii) every pair (M',p") reduced from a solution (M,p) for (G,b,w) is a solution for
(G')1,w).

Proof. Let (G, b, w) be an instance of SFP and let (G', ¥, w’) be its reduced instance.
We first prove (i) and then (ii).

(i) Let M be a maximum weight b-matching of G, and let M’ be a matching in G’
reduced from M. Note that

w(M) =33 wlij)+2 Y w(ij) =3w(M)+2w(E\ M) = w(M)+ 2uw(E).
ijeM iJEE\M

Consider a maximum weight matching M* of G’. Let E;; denote all the edges in G’
that are incident with at least one vertex in {i;, i}, ji, i }. As M* has maximum weight,
each E;; contains at least two edges of M*. By construction of G’, each E;; contains
at most three edges of M*. If |E;; N M*| = 2, then we replace the edges of E;; N M*
by the edges i;i; and j;j; if necessary. If |E;; N M*| = 3, then M* must contain the
edge i;j; together with the edges i%i; for some s € {1,...,b(7)} and j;j* for some
t e {1,...,b(j)}. Hence the resulting matching M’ is a maximum weight matching of
G', which we can reduce from some b-matching M of G by construction. In particular,
we have that w'(M') = w(M) + 2w(E). As M is a maximum weight b-matching of
G, we find that w(M) > w(M). Hence, we deduce that w'(M') = w(M) + 2w(E) <
w(M) + 2w(E) = w'(M'). As M’ is a maximum weight matching of G’, this implies
that M’ is a maximum weight matching of G'.

(ii) Let (M, p) be a solution for (G, b, w), and let (M’,p’) be a pair reduced from (M, p).
Every edge in G’ is obtained from an edge ij of G. We consider all cases (cf. Remark 1).
If i%i; € M’ then p'(i%) 4+ (4;) = up(i) + w(if) —up(i) = w(ij) = w'(i%;). U i;i; € M’
then p/(i;)+p'(i;) = w(ij) —min{u, (i), w(ij) } +min{u,(:), w(ij)} = w(ij) = w'(z;i;).
If i;5, € M’ then p'(i;) + p'(ji) = p(i, ) + p(J,3) = w(ij) = w'(i,J;), where the one-
but-last equality follows from the assumption that (M, p) is a solution for (G, b, w).
Hence, we have shown statement (ii). O

Our next result shows that reduced solutions preserve stability. In fact, we prove a
stronger statement, as we characterize stable solutions for instances of SFP in terms
of stable solutions for instances of SRP. In particular, Theorems 3 (ii) and (iii) specify
properties of stable solutions of reduced instances that we will need later on. We note
that the restriction in statements (ii) and (iii) of Theorem 3 to maximum weight
b-matchings does not make these statements weaker due to Lemma 3.

Theorem 3. Let (G,b,w) be an instance of SFP and (G',1,w’) be the instance of
SRP reduced from (G,b,w). Then the following three statements hold:

(i) (G,b,w) has a stable solution if and only if (G',1,w") has a stable solution;

(i) (G,b,w) has a stable solution (M,p) for some mazimum weight b-matching M of
G if and only if (G',1,w") has a stable solution (M',p"), where M’ is reduced from
M and p'(i;) = p(i,j) and p'(j;) = p(j,1) for every ij € M;

(iii) a solution (M,p) for (G,b,w), where M is a mazimum weight b-matching of G,
is stable if and only if every solution (M’,p') for (G',1,w’) reduced from (M,p) is
stable.
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Proof. Let (G,b,w) be an instance of SFP and (G’,1,w’) be the instance of SRP
reduced from (G, b, w).

We first prove the “="-direction of statement (iii), namely that if (G, b, w) has a stable
solution (M, p), then every (M’ p’) for (G',1,w’") that is reduced from (M, p) is stable.
Note that this immediately implies the “=”-direction of statements (i) and (ii) as well.

Let (M',p’) be reduced from (M,p). By Lemma 4 (ii) we find that (M’,p) is a
solution for (G’,1,w’). We will show that (M’,p’) is a stable solution for (G', 1, w’).
Throughout the proof we assume that p’ is a total payoff vector defined on N’.

In order to prove that (M’ p’) is stable we must check whether the stability con-
dition for each edge not in M’ is satisfied, that is, whether w, (i') + uy (§') > w'(i'5")
holds for all i'j" € E' \ M'. As u,(i") = p'(i’) for every i’ € N’, this comes down to
checking whether

P +p'(j') = w'(i'5') for all 5" € E"\ M.

First consider each edge i*i; ¢ M’. Then p/(i;) = w(ij) — min{u, (i), w(ij)}. Hegce

we find that p/(i®) + p'(i;) = up(i) + w(ij) — min{u, (i), w(if)} > w(ij) = w'(i%).
Now consider each edge i;i; ¢ M'. Then p'(i;) = w(ij) — up,(i) and p'(i;) = p(i, j). As
up(i) < p(i, j), we obtain p'(i;) +p'(ij) = w(ij) — up(i) + p(i, j) = w(ij) = w'(iij).
Finally, consider each edge ,;j; ¢ M’. Then p'(i;) = min{u,(i), (zg } and p’(ji) =
min{u (7), w(i)}. 1 w(if) < wp(0) or w(if) < up(j), then p'(i;) + p'(i) = w(ij) =
w'(i4;). Now suppose that w(ij) > u,(i) and w(ij) > upy(j). Then p'(i;) + p'(j;) =
up (1) +up(j) > w(ij) = w'(i;4;), where the inequality follows from the fact that (M, p

is a stable solution for (G,b, w). Hence the “="-directions of statements (i) and (ii
have been proven.

We will now prove the “<”-directions of statements (i) and (ii). We do this as fol-
lows. First we assume that (G’,1,w’) has a stable solution. We then show that this
stable solution can be changed into a stable solution for (G’,1,w’) as prescribed by
statement (ii), followed by a proof of the “<”-direction of statement (ii).

Let (M",p") be a stable solution for (G’,1,w’). Let M’ be a matching of G’ that
can be reduced from a maximum weight b-matching M of G. By Lemma 4 (i), we
find that M’ is a maximum weight matching of G’ By Lemma 1, (G',1,w’) has a
stable solution (M’,p'), where p’ is equivalent to p”. We define p(i,j) = p/(i;) and
p(j,1) = p'(jy;) for every ij € M and p(i,j) = p(j,i) = 0 for every ij € E\ M. We
claim that (M, p) is a stable solution for (G,b, w).

First we show that (M, p) is a solution for (G,b,w). Let ij € E. If ij € E\ M, then
p(i,7) = p(4,4) = 0 by definition of p. If ij € M, then i;j;, € M’ by construction. As
(M’,p’) is a solution, this means that p(i, j)+p(4, j) = p'(¢;)+0'(J:) = w'(i;7:) = w(ij).

Now we show that (M, p) is stable. For contradiction, assume that G has an edge
ij € E'\ M that blocks (M, p), that is,

up(4) + up(j) < w(if).

Note that i;5, € E' \ M’ by construction. We claim that p'(i;) < u,(¢) and p’(j;) <
up(4) hold. Then p'(i;) + p'(5i) < up(?) + up(j) < w(ij) = w'(i;j;), which means,
together with i;j; € E’ \ M’, that we have obtained a contradiction with the stability
of (M',p).

In order to prove that p'(i;) < u,(¢) and p'(j;) < up(j), we distinguish between
two cases. First suppose that 4 is not saturated by M. Then G’ contains a copy of i,
say i°, that is not matched by M’ which means that p’(i®) = 0. As (M’,p’) is stable
and i*i; € E\ M’, we find that wy (i%) + uy (i;) = p'(i*) + p'(i;) > w'(i%i;). Hence,
p'(ij) > w(ij). As i;i; € M’ by construction and (M’,p’) is a solution for (G',1,w),
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we obtain p'(i;) + p'(i;) = w'(ii;). As p'(i;) > w(ij) and p’ > 0, this means that
p'(i;) = 0. Hence, p'(i;) < up(1).

Now suppose that i is saturated by M. Then all b(i) copies i" of i in (G’,1,w’)
are matched by M’. Let k be the partner of ¢ for which p(¢, k) is minimal, so u, (i) =
pi,k) = p'(ix). As i € M’ and (M’,p’) is a solution for (G’,1,w’), we find that
p' (i) + p' (i) = w(ik). From the stability of (M’,p') it follows that p’(ix) + p'(ix) >
w(ik). Hence p’ (i) > p'(i®) holds. From the stability of (M’,p’) it also follows that

p'(i%) > w(ij) — p'(zj). As (M',p’) is a solution for (G’,1,w’) and i;i; € M’, we
find that w(ij) — p'(i;) = p'(i;). Putting the last three conditions together yields
P’ (i) < p'(ix) = up(i), just as we claimed. We can show p'(j;) < u,(j) by exactly the
same arguments. Hence the two “<”-directions of statements (i) and (ii) have been
proven.

We are left to prove the “<”-direction of statement (iii). This direction can be seen
as follows. Let (M, p) be a solution for (G,b,w), where M is a maximum weight b-
matching of G. If the starting stable solution (M", p”’) is reduced from a solution (M, p)
of (G, b, w) (instead of being an arbitrary stable solution for (G’,1,w)) then the above
argument shows that (M, p) is stable. This completes the proof of the theorem. a

Note that not all stable solutions for (G’, 1, w’) can be reduced from stable solutions
for (G, b,w), as u,(i) > p'(i®) is possible for some s € 1...b(7). This might be the case
even for very small instances (G, b, w), as the following example shows.

Ezample 4. Let G consist of only two adjacent players i and j with b(i) = b(j) = 1
and w(ij) = 7. Then the pair (M,p) with M = {ij} and p(i,j) = 3, p(j,i) = 4 is
a stable solution, which has only one reduced solution (M’,p’) (see Figure 6) given
by M = {lea 7’]]175.]1} and PayOHS p/(il) =3, p/(z) = 4, p/(ij) =3, p/(jt) =4,
P’ (3;) = 3 and p/(j!) = 4. An alternative stable solution for (G’,1,w’), depicted in
Figure 6 as well, is the pair (M’,p”), where p”(i') = 1, p"(i;) = 6, p"(i;) = 3,
P =4, 0"(Gi) = 4, 9" (5') = 3.

0

3 4 3 4 3 4
7
O—D- OO O—®
17673747374
(OO~

Fig.6. The two stable solutions (M’,p’) and (M’,p") for the instance (G’,1,w’) reduced

from the instance (G, b, w) from Example 4; the stable solution (M’,p”) cannot be reduced
from a stable solution for (G, b, w).

P

Remark 2. In the proof of Theorem 3 we could have used a simpler construction,
namely the one where each 4-player path in the reduced instance, i;,;, j;, j; is replaced
with a 2-player path 4;,j;. However, this reduction would not give us the one-to-one
correspondence described in Theorem 3 (ii), and this correspondence is crucial for
some of our other results.
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The LP Relaxation. Let (G, b, w) be an instance of SFP. Let M be a matching of
G. With M we associate a binary vector ™ : E — {0,1} called the characteristic
function of M, which is defined by ™ (ij) = 1 for all ij € M and z™ (ij) = 0 for all
ij € E\ M. Then we can write >, .. M (i5) < b(i) for each i € N as an alternative
way to state the capacity condition. This leads to the following LP relaxation, which
we call Primal-(G, b, w):

max Y w(ij)z(ij) (P-obj)

ijeE
subject to Z x(ij) < b(i) for each i € N, (a)
jHijEE
0 < z(ij) <1 for each ij € E. (b)

We make the following observation.

Lemma 5. The (optimal) solutions of the integer linear program corresponding to
Primal-(G,b,w) correspond to the (mazimum weight) b-matchings of G and vice versa.

We now formulate the dual LP Dual-(G, b, w) of Primal-(G, b, w):

min > b(i)y(i) + Y _ d(ij) (D-obj)

ieN ijEE

subject to y(i) + y(j) + d(ij) > w(iy) for each ij € E, (a”)
0 <y(i) foralli € N, (b")

0 < d(ij) for all ij € E. (¢)

Note that for an optimal dual solution (y, d), it holds that d(ij) = [w(ij)—y (i) —y(j)]+
(where the latter notation means max{w(ij) — y(i) — y(4),0}).

We now characterize stable solutions of instances of SFP in terms of integral optimal
solutions of Primal-(G, b, w).

Theorem 4. An instance (G,b,w) of SFP has a stable solution if and only if the LP
Primal-(G,b,w) has an integral optimal solution.

Proof. Let (G,b,w) be an instance of SFP. By Theorem 3 (i) it suffices to show that
the instance (G’,1,w’) of SRP reduced from SFP has a stable solution if and only if
Primal-(G, b, w) has an integral optimal solution. We show this below. °

(=) Suppose that (M",p") is a stable solution for (G’,1,w’), where we again assume
that p” is a total payoff vector (defined on N’). Let M’ be a maximum weight matching
of G’ that can be reduced from a maximum weight b-matching M of G. By Lemma 1,
(G’,1,w') has a stable solution (M’,p’), where p’ is equivalent to p”.

Before we define a feasible solution (y, d) of Dual-(G, b, w), we will first show that
p'(i%) = p/(i') for every player i € N and every two indices s,t € {1,...,b(i)}. For con-
tradiction, suppose that p’(i®) > p’(i") for some i € N and indices r,s € {1,...,b(%)}.
Then, as p/(i") > 0, we have that p’(¢*) > 0. This means that i*i; € M’ for some
j € N\ {i}, which implies that p'(i) + p/(i;) = w'(:*i;) = w(ij). Consequently,

5 Note that we could have proven Theorem 4 directly, without reducing to an instance of
SRP. However, as a byproduct of our proof we obtain an alternative description of the set
of stable solutions of the reduced instance (Corollary 1), which we think is worth noting.
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P (i") +p' (1) < p'(i%) +p'(i;) = w(ij) = w'(i"i;), thus i"i; would block (M’, p’). This
contradicts the fact that (M’,p’) is a stable solution for (G’, 1, w). Hence we may set

y(i) = p'(i°) for every copy i® of every i € N, (2)
as this is well-defined. We also define

d(ij) = [w(ij) — y(i) — y(G)l for every ij € E. (3)

In this way we have obtained our feasible solution (y,d) of Dual-(G, b, w).

We define an integral solution z of Primal-(G, b, w) as follows. For each ij € E, let
z(ij) = 1if i;j; € M’ and z(ij) = 0 otherwise. Recall that i%i; € M’ for exactly one
index s € {1,...,b(¢)} if and only if i;j; € M’. Hence, as each 7® is incident to at most
one edge of M’, we find that > ,,.cp@(ij) = >, i cap 1 < 0(i). As 0 < a(ij) <1
for every ij € E, we find that x 1s a feasible solution.

It remains to prove that x is an optimal solution of Primal-(G, b, w). In fact we will
show that  and (y, d) are both optimal, as they satisfy the complementary slackness
conditions:

— Forevery i € N, if >, ..cp(ij) < b(i) then (as i%i; € M’ for exactly one index
s e {l,...,b(:)} if and only if i;j, € M') some copy of 4, say ", is unmatched in
M’'. Therefore y(i) = p'(i") = 0. This means that dual condition (b’) is binding.

— For every ij € E, if x(ij) < 1, then x(ij) = 0 and thus 4,5, ¢ M’ . Then, by
construction of M’, we have that i*i; ¢ M’ for any s € {1,...,b(i)}, i;i; € M’,
jiji € M’ and j;jt ¢ M’ for any t € {1,...,b(j)}. These facts, together with
the stability conditions for i*i; and j;j° and the fact that y(i) = p’(¢*) holds by
definition, imply that

y() +0'(65) = p'(@*) + 9/ (15) 2 W' (%) = wlig) = w(iziy) = p'(i5) +p'()),

and thus y (i) > p'(i;), and similarly, y(j) > p’(j;), which means that y(i) +y(j) >
P (i) + p'(ji) > w'(i;7:;) = w(ij), where the second inequality is implied by the
stability condition for i;j;. As a consequence, d(ij) = [w(ij) — y(i) —y(j)]l+ =0
holds. This means that dual condition (c’) is binding.

— For every ij € E, if z(ij) > 0, then x(ij) = 1 and thus 7;j; € M" and therefore, by
construction of M’, we have that i%i; € M’ for some s € {1,...,b(?)}, i;i; ¢ M’,
jiji ¢ M’ and j;5' € M’ for some t € {1,...,b(j)}. These facts, together with
the stability conditions for i;i; and j;j; and the fact that y(i) = p’(i*) holds by
definition, imply that

y(@) +p'(65) = ' () + p' (i) = w'(i%;) = w(if) = wliziz) < p'(iz) +p'(65),
and thus y(7) < p'(i;), and similarly, y(j) < p’(4;), which means that y(i) +y(j)
P'(i5)+p'(ji) = w'(iz5;) = w(ij); as a consequence, d(ij) = [w(ij) —y(i) —y(j)]+

w(ij) — y(i) — y(j) holds. This means that dual condition (a’) is binding.

I IA

Hence z is an integral optimal solution of Primal-(G, b, w), as required.

(<) Let x be an integral optimal solution for Primal-(G, b, w) and let (y,d) be an
optimal solution of Dual-(G, b, w). From x and (y, d) we create a stable solution (M’, p’)
for (G',1,w’) as follows.

As x is an integral optimal solution, x is a characteristic function of some maximum
weight b-matching M by Lemma 5. Let M’ be a maximum weight matching in G’
reduced from M. For every i € N, let p/(i®) = y(i) for each s € {1,...,b(¢)}. For each
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ij ¢ M we define p/(i;) = y(i) and p'(i;) =
£(i,7) > 0 and £(j,1) > 0 with £(i, ) + £(7,7)
and p'(i;) = w(ij) — y(7).

We will first show that (M’,p’) is a solution for (G’,1,w’), that is, p’(¢') + p' (') =
w'(i'j') for every i'j' € M’. Suppose ij € M. Then i*i; € M’ for some s = 1,...,b(4)
and j'j; € M’ for some t = 1,...,b(j). By symmetry, we only need to consider the
edge i%i;. We find that p'(i )+p (zj) =y(i) +w(ij) —y(i) = w(ij) = w'(i%i;). We also
have i;j; € M’ and find that
i)+ 960 = )+ 6G.3) + ) + €0) = y(0) + ) + i) = w(i) = w0,
where the one-but-last equality follows from the fact that dual condition (a’) is binding
for ij € M, as z(ij) =1 > 0.

Now suppose ij ¢ M. Then iji; € M" and j;j; € M’'. By symmetry we only need
to consider the edge 7;i;. We find that p’(i;) + p'(i;) = w(ij) — y(i) + y(i) = w(ij) =
w(i;i;). Hence, p'(i")+p'(j') = w'('j’) for every i'j' € M’, which means that (M’,p’)
is a solution for (G',1,w").

Now we show that (M’, p') is stable, that is, we show that p'(i") + p'(j") > w'(i'j")
for every i'j’ € E'\ M. First suppose ij € M. Then i;i; € E'\ M’ and p’ (i;)+p' (i) =

w(ij) — y(i) + y(i) = w(ij) = w'(iji;), as required. We also have j;j; € E' \ M’ and
can show that the stability condition is satisfied for j;j; in the same way.

Now suppose ij € E\ M. Then i;j; € E'\M’. As z(ij) = 0 < 1, dual condition (c’)
is binding for ij, so d(ij) = 0. Consequently, we deduce that

P'(i5) + 9/ (Gi) = y(i) + y(i) = y(i) + (i) + d(ij) > w(ij) = w'(izj:),
where the last inequality follows from the fact that (y, d) is a solution of Dual-(G, b, w).
We also have i*i; ¢ E'\ M’ for s = 1,...,b(i) and j'j; ¢ '\ M’ for t = 1,...,b(j).
By symmetry it suffices to consider an edge i*i; for some s € {1,...,b(i)}. Then we
obtain p'(i%) + p'(i;) = y(i) + w(ij) — y(i) = w(ij) = w'(i%i;). We conclude that the
stability condition is satisfied for every i’j* € E’\ M'. This completes our proof. O

w(ij) — y(i). For each ij € M we choose
= d(ij) and define p'(i;) = y(i) + £(4, )

The following corollary is obtained directly from the proof of Theorem 4. It gives
a full description of the set of stable solutions of every instance of SFP that is reduced
from some instance of SRP. In particular, this explains why this set may contain
stable solutions that cannot be reduced from stable solutions for (G, b, w) (recall that
we gave an explicit example of such a stable solution in the paragraph after the proof
of Theorem 3).

Corollary 1. Let (G',1,w") be an instance of SRP reduced from an instance (G, b,w)
of SFP that has a stable solution. Then (G',1,w’) has a stable solution (M',p") if and
only if Dual-(G,b,w) has an optimal solution (y,d) with y(i) = p'(i®) for everyi € N
and s € {1,...,b(4)} (and d(ij) = [w(ij) — y(i) — y(j)]+ for everyij € E).

Proof. Let (G',1,w’) be an instance of SRP reduced from an instance (G, b, w) of SFP
that has a stable solution.

(=) Suppose that (G’,1,w’) has a stable solution (M’,p"). Then Dual-(G, b, w) has
an optimal solution (y,d) with y(i) = p’(i®) for every i € N and s € {1,...,b(i)} and
d(ij) = [w(ij) — y(i) — y(j)]+ for every ij € E due to equations (2) and (3) in the
proof of Theorem 4.

(<) Suppose that Dual-(G, b, w) has an optimal solution (y,d) with y(i) = p’(i®) for
every i € N and s € {1,...,b(i)}. Recall that the equalities d(ij) = [w(ij) — y(i) —
y(j)]+ (ij € E) follow directly from the optimality of (y,d). As (G, b, w) has a stable
solution, Theorem 4 tells us that Primal-(G, b, w) has an integer optimal solution z.
In the proof of Theorem 4 we created a stable solution (M’,p’) from z and (y,d). O
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We finish Section 3.1 by summarizing our main results in the following corollary
(the 1 < 2 proof follows directly from Theorem 3 (i), whereas 2 < 3 follows directly
from Theorem 4).

Corollary 2. Let (G,b,w) be an instance of SFP and (G',1,w’) be the instance of
SRP reduced from (G,b,w). The following statements are equivalent:

1. (G,b,w) has a stable solution.
2. (G',1,w) has a stable solution.
3. Primal-(G,b,w) has an integral optimal solution.

3.2 Solving SFP efficiently

We first show how to solve SFP on an instance (G,b,w) by using the results from
Section 3.1. We construct the instance (G’,1,w’) of SRP. This takes O(n?) time as
we may assume without loss of generality that b(i) < n for all ¢ € N and thus
IN'| = 3,en 0(i) +4m = O(n?) and |E'| < 3.\ b(i)n + 3m < n® + 3m = O(n?).
We then use the aforementioned algorithm of Biré et al. [6] to compute in O(n'm’ +
n/?logn’) = O(n®) time a stable solution for (G’, 1, w’) or else conclude that (G', 1, w")
has no stable solution. In the first case we can modify the stable solution into a stable
solution for (G,b,w) in O(n?®) time, as described in the proof of Theorem 4. In the
second case, Theorem 4 tells us that (G, b, w) has no stable solution. The total running
time is O(n%). Below we present an algorithm that solves SFP in O(n?mlog(n?/m))
time.

A half-b-matching in a graph G = (N, E) with an integer vertex capacity function
b and an edge weighting w is an edge mapping f that maps each edge e to a value
in {0, 3,1}, such that > ., f(e) < b(i) for each i € N. The weight of f is w(f) =
Seep w(e)f(e).

Let (G,b,w) be an instance of SFP. We define its duplicated instance (G, b, ) of
MPA as follows. We replace each player i of G by two players 3" and i" in G with the
same capacities, that is, we set b(i’) = b(i"") = b(i). Moreover, we replace each edge ij
by two edges ¢’ and i” j" with half-weights, that is, we set w(i';"”) = w(i"j") = %w(zg)

In a previous paper [6], three of us proved the following statement for instances
of SRP only. By using the technique of instance duplication, we now generalize it for
instances of SFP by using similar arguments.

Theorem 5. An instance (G,b,w) of SFP admits a stable solution if and only if the
mazximum weight of a b-matching in G is equal to the mazimum weight of a half-b-
matching in G.

Proof. Suppose that (G, b, ) is the duplicated MPA instance of (G, b, w). From Theo-
rem 2 we know that (G, b, @) admits a stable solution (M, p), where M is a maximum
weight b-matching in G.

Let # be the characteristic function of M. Let (9, OZ) denote a dual optimal solution,
which has the same objective function value as & by Theorem 4. We define a half-b-
matching f for (G,b,w) by setting f(ij) = W for each ij € E(G). We
observe that

w(f)= Y wlifl) = ) a(@j"a'5") +a"j)a("s) = w().
ijEE(G) ijEE(Q)

Therefore f is a feasible solution for Primal-(G,b, w) with the same value as &. We

create a feasible dual solution (y, d) for Dual-(G, b, w) from (g, d) with the same objec-
tive function value, namely @ (%), as follows. Let y(i) = §(¢') + §(¢"") for every player
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i of G and let d(ij) = d(i'j") + d(i"j') for every edge ij in E(G). Let us verify that
(y,d) is a feasible dual solution, i.e. that for every edge ij € F(G) we have

y(@) +y(j) +d(ij) = 9" +9(") + (d(@5") + d(i"5")

(9(7
d(i'5")) + @G") + §(") + d(i”5"))
)

Therefore f is a feasible solution for Primal-(G, b, w) and (y,d) is a feasible solution
for Dual-(G, b, w) with the same value, namely (&), so by the Weak Duality theorem
both f and (y,d) are optimal solutions. Hence we get that f is indeed a maximum
weight half-b-matching with total weight equal to the primal-dual optimum for both
(G,b,w) and (G, b, ). It is now readily seen that (G, b, w) has a stable solution if and
only if the maximum weight of a b-matching is equal to the maximum weight of a
half-b-matching of (G, b, w). O

We observe that the maximum weight of a b-matching can be computed in time
O(n?mlog(n?/m)), as described in Lemma 2. The maximum weight of a half-b-matching
can be computed in the same time, since the maximum weight of a half-b-matching
n (G,b,w) is the same as the maximum weight of a b-matching in the duplicated
instance (é, I;, w), as explained in the proof of Theorem 5. This leads to the following
result.

Theorem 6. SFP can be solved in O(n*mlog(n?/m)) time.

3.3 Generalizing Lemma 1 and Theorem 2 to SFP

We will now completely generalize Lemma 1 from SRP to SFP. In this way we will
also extend corresponding statements in Theorem 2 from MPA to SFP (see also Sec-
tion 4.1). Note that there exist instances of SRP (for instance, take a triangle) and
thus of SFP with no stable solution. Hence, it is not possible to give a full generaliza-
tion of Theorem 2, as the statement that each instance of MPA has a stable solution
cannot be generalized. For proving our result we need one additional lemma.

Lemma 6. Let (G,b,w) be an instance of SFP that has a stable solution (M, p), and
let (G',1,w") be the instance of SRP reduced from (G,b,w). Let (M',p’) be a solution
for (G',1,w') reduced from (M,p). Then for every mazimum weight b-matching M
of G, the pair (M,ﬁ), where

= (i, 5) = 9'(i3) and p(j,i) = p/(j;) forij € M
= Bi,5) = 9(j. i) = 0 for ij € E\ M,

is a stable solution for (G,b,w). Moreover, p is equivalent to p.

Proof. Let (G,b,w) be an instance of SFP that has a stable solution (M,p). Let
(G',1,w’) be the instance of SRP reduced from (G,b,w). Moreover, let (M’,p’) be
a solution for (G’,1,w’) reduced from (M,p). Now let M be a maximum weight b-
matching of G, and let p be the pay-off vector defined by p(3, j) = p'(¢;) and ﬁ(j, i) =

P (i) for ij € M and p(i, j) = p(j, i) = 0 for ij € E\M We must prove that (M, p) is
a stable solution for (G, b, w). Consider a matching M’ of G’ that is reduced from M.
By Lemma 4 (i), we find that M’ is a maximum weight matching of G’. As (M’,p')
is a stable solution of (G’,1,w’) by Theorem 3 (iii), we may apply Lemma 1 to find
that (M’,p') is a stable solution for (G, 1,w’) as well (recall that we view p/ as a total
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payoff vector defined on N”). By Theorem 3 (i) we find that (M, p) is a stable solution
for (G,b,w). We are left to prove that p and p are equivalent, that is, we show the
following four conditions:

— up(i) = up(i) for every i € N,

— pi,4) = p(i, ) and p(j,i) = p(j,4) for every ij € M N M, A

— p(%,7) = up(d) = up(9) and p(4,1) = up(y) = up(y) for every ij € M \ M, and
— (4, 7) = up(i) = up(é) and p(4,1) = up(j) = up(j) for every ij € M\ M.

First suppose that ij € M N M. Then p(i,7) = p'(ij) = p(i,j). Now suppose that
ij € M\M Then ij € E\ M. By definition, this means that i;i; € M’. As (M’,p') is
a solution for (G',1,w’), we find that p/(i;) 4+ p'(i;) = w'(i;i;). As ij € M and M’ is
reduced from M, we also find by definition that i%i; € M’ for some s € {1,...,b(i)}.
As (M’,p’) is a solution for (G’,1,w’), this means that p’(i*) + p/(i;) = w(ij). We
conclude that p(i,5) = p'(i;) = p'(i°) = up(4), where the last equality follows from
the definition of p/(i*). The same arguments show that for ij € M \ M we have
p(i,7) =p'(i;) = p'(3°) = up(i). Also, for every i € N we deduce that

up(i) = min p(i, k)

ike N
= min p’(ix)
ikeM
=min{ min p'(ix), min p'(ix)}
ike MM ike M\M

. oy .
> min { min p/(ix), lnin (ix)}
=min{ min p(i,k), min p'(s
{ikeMp( )7ik€1\}I\Mp ( k)}
=min {u,(i), min p'(ix)}
ik€N\M

= min {uy (i), up(i) }
= up(i),

where the one-but-last equality uses the fact that p'(iy,) = u, (i) for every ik € M\ M.
If u, (i) = 0, then the facts that p(4, j) = p(i, 7) for every ij € MNM and (i, 7) = up(3)
for every ij € M\ M imply that u, (i) = up(i) = 0. I u, (i) > 0, then us (i) > u,(i) > 0.
Hence, i is saturated by M, which implies that up(i) = up(i) as well. Consequently,
for ij € M\ M we find that p(i,j) = u,(i) = up(i). Hence, for all i € N, we find
that u,(i) = minj.jep p(i,j) = minj jer p(i,7) = up(i). We conclude that p and p
are indeed equivalent. This completes the proof of the lemma. a

We are now ready to present the generalization of Lemma 1 from SRP to SFP and
appropriate parts of Theorem 2 from MPA to SFP.

Theorem 7. Let (G,b,w) be an instance of SFP. If (M,p) is a stable solution for
(G,b,w), then M is a mazimum weight b-matching and p' is a core allocation of the
corresponding multiple partners matching game. Moreover, for every other mazimum
weight b-matching M of G there exists an equivalent payoff vector p of p that is com-
patible with M.

Proof. The first statement follows immediately from Lemma 3. The second statement
follows immediately from Lemma 6. ad
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4 Connecting MPA with SMP

In this section we show how Theorem 3 readily implies the three main results of
Sotomayor for MPA in [39], [40] and [41], respectively. Essentially what we do in each
of our three alternative proofs is reducing MPA to SMP, that is, to the one-to-one case,
which then enables us to apply classical results for SMP. These alternative proofs are
therefore not just simpler than the originals, but also shed light on the connection
between MPA and SMP.

Sotomayor obtained her results for MPA in the context of economic markets. Con-
sider a two-sided market, consisting of two disjoint groups, namely a group I of sellers
and a group J of buyers (I and J are also called the buyer and seller side of the
market, respectively). The set E consists of pairs (4,j) with ¢ € I and j € J that may
go in business with each other. Hence, we can define a bipartite graph G = (I U J, E)
where I and J are the two partition classes. Each seller ¢ € I has b(4) identical objects
(and hence can sell at most b(i) objects). Each buyer j € J may purchase at most
one object from each seller and can buy at most b(j) objects in total. So, the vector b
can be seen as a vertex capacity vector. For each (i,j) € E, we denote the gain of a
transaction between seller ¢ and buyer j by w(ij). This yields an instance (G, b, w) of
MPA.

4.1 The Existence of a Stable Solution

First we provide an alternative proof for Theorem 2, which we restate below.

Theorem 2 ([39]). Every instance (G,b,w) of MPA has a stable solution, which
can be found in polynomial time. If (M, p) is a stable solution then M is a mazimum
weight b-matching and pt is a core allocation of the corresponding multiple partners
assignment game. Moreover, for every other mazimum weight b-matching M of G
there exists an equivalent payoff vector p of p that is compatible with M.

Proof. Combining Theorems 1 and 3 immediately implies the existence of a stable
solution for every instance of MPA. The other parts of the theorem are covered by
Theorem 6 (the polynomial-time result on finding a stable solution) and Theorem 7
(the remaining part). O

4.2 The Lattice Structure of Stable Solutions

A complete lattice is a partially ordered set in which every subset has a supremum (ob-
tained via join operations) and an infimum (obtained via meet operations). Sotomayor
[40] proved the following result on the lattice structure of the payoff vectors of stable
solutions of an instance of MPA, for which we give a simple alternative proof. Here, a
stable solution (M, p) of an instance (G, b, w) is optimal for a set S if there is no stable

solution (M',p") with 37, ..c pp'(i,7) > > 5ep p(i, j) for some i € S.

Theorem 8 (Sotomayor [40]). The payoff vectors of stable solutions of an instance
of MPA form a complete lattice with unique optimal outcomes for each side of the
market.

Proof. Shapley and Shubik [37] proved that the payoff vectors of stable solutions of
an instance of SMP form a complete lattice with unique optimal outcomes for each
side of the market. They defined the meet and joint operations for two payoff vectors
p and ¢ by setting [pV q](i) = min{p(4), ¢(¢)} and [p A ¢](i) = max{p(i), q(?)} for every
i €1, and [pVq|(j) = max{p(j), q(j)} and [p A q](i) = min{p(j), ¢(j)} for every j € J.
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We combine the result of Shapley and Shubik with Theorem 3 after making the
following additional remarks. By Theorem 3 (ii) there is a one-to-one correspondence
between the stable solutions for an instance (G, b, w) of SFP and the payoffs of some of
the players in its reduced instance (G’, 1, w’) of SRP. Namely, a pair (M, p) is a stable
solution for (G, b, w) if and only if there exists a stable solution (M’,p’) for (G',1,w")
with p'(¢;) = p(4,7) and p'(j;) = p(j, 1) for every ij € M.

We define meet and joint operations for the set of stable payoff vectors for (G, b, w).
Let p and ¢ be two payoff vectors of two stable solutions for (G, b, w) and let p’ and
¢ be the payoff vectors of the reduced stable solutions for (G, 1, w’), respectively. For
each edge ij € M, where i € I and j € J, let

min{p(4, ), q(7, j)} = min{p'(i;),q'(i;)} = [p' V ¢'](4;),
max{p(i, ), q(i, )} = max{p'(i;), ¢ (i;)} = [’ A ¢'](i5),
= max{p(j, 1), q(j, 1)} = max{p'(ji),d'(5:)} = [P’ V ¢'1(Ji)s
= min{p(j, ), q(4,%9)} = min{p'(j:),¢'(5:)} = [p" A ¢'] (i)

\
S)
<

)
.

J
J

J,?

(4,7)
(4,7)
(4:)
(4:4)

|
S
>
=

We need to show that V and A are well defined operators on the set of stable payoff
vectors for (G,b,w). Let us consider operation V (operation A can be treated in the
same way). By Theorem 3 (ii) we can transform p and ¢ to p’ and ¢, respectively,
where p’ and ¢’ are stable payoffs for (G’,1,w’). Then we create p’ V ¢’ as Shapley and
Shubik defined, which is a stable payoff vector for (G’, 1,w’). Finally we construct pVgq
as defined above for (G, b, w). This is a payoff vector of a stable solution for (G, b, w)
by Theorem 3 (ii).

Let S’ C N’ be the set of players of form ¢; and j; in G’. Shapley and Shubik [37]
proved that the payoff vectors of the stable solutions for (G’,1,w’) form a lattice,
therefore the restrictions of the stable payoff vectors on S’ also form a lattice. This
lattice is equivalent to the lattice of the payoff vectors of the stable solutions for
(G,b,w), as we explained above. This also implies the existence of unique optimal
outcomes for each side of the market for (G, b, w). ad

4.3 Competitive Equilibrium Outcomes

In economic theory, competitive equilibrium outcomes in MPA form a well studied so-
lution concept. For instance they are used in multi-unit auction mechanisms (see, for
example, [32]). Course allocation, where students bid for courses with virtual money, is
another interesting application; such a system has been recently introduced at Whar-
ton University [10]. In order to explain competitive equilibrium outcomes, we first need
to extend our terminology.

Let (G, b,w) be an instance of MPA. Recall that G = (IUJ, E) is a bipartite graph
with partition classes I (the set of sellers) and J (the set of buyers). Each player i is
endowed with b(7) identical, player-specific goods. Let ¢(i®) denote the price of the sth
item of seller ¢ € I. This yields a price vector q. Recall that every buyer and seller can
only make one transaction of a single item between them and that they may only do
so if they are connected by an edge. For ij € E, the weight w(ij) expresses the mutual
benefit when seller ¢ and buyer j make such a transaction: if 7 buys the sth item of ¢
then the payoff for i is p(i, j, s) = ¢q(i®) and the payoff for j is p(4,4, s) = w(ij) — q(i%).
This leads to a vector p, which is called the payoff vector with respect to q.

For a buyer j € J, a bundle B(j) is a set of items that can be bought by j and
that satisfies the following conditions:

(i) B(j) contains at most one item of every seller;
(ii) B(j) contains at most b(j) items.
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For a bundle B(j) and a price vector ¢, the total payoff for j is the sum of the payoffs
p(J,i,s) over all items in B(j). The demand set D,(j) of buyer j is the set of all
bundles of B(j) that maximize the total payoff for j over all bundles of j.

Let B = (B(1),...,B(]J|)) be a vector, where B(j) is a bundle for buyer j for
j=1,...,]J|, and let ¢ be a price vector. Then (B, q) is called a competitive equilibrium
outcome for (G,b,w) if the following three conditions hold:

(i) for every buyer j € J, B(j) € D,(j) holds;
(ii) every unsold copy of an item has zero price, that is, ¢(i®) = 0 if the sth item of
buyer i is not in some B(j);
(iii) the sets B(1),...,B(|J|) are pairwise disjoint.

Note that this definition implies that for every competitive equilibrium outcome (B, q),
we must have that q(i®) = q(i*) for every i, s,t, that is, prices of (identical) items of
each seller must be the same: if two items of the same seller would have different prices,
that is, if for some i, 5, s, ¢, q(i%) > q(i*), then in particular, q(i*) > 0, so i® must be
sold due to condition (ii). However, if j buys the sth item of 4, that is, i* € B(j),
then B(j) ¢ Dy(j) violating condition (i). Hence (B, ¢) would not be a competitive
equilibrium outcome for (G, b, w).

A competitive equilibrium outcome (B, ¢) for an instance (G, b, w) of MPA is read-
ily seen to correspond to a stable solution (M, p), where p is the payoff vector with
respect to g, where p(i,j) = p(i, k) for every i € I and j,k € J, and p(i,j) = 0 if
1 is unsaturated in M. Note that we could have defined the competitive equilibrium
outcomes simply as stable solutions where for every player on one side of the market
her payoffs are identical in every pair she is involved in and equal to zero if she is
unsaturated. However, we decided to deduce this property from the general definition
of competitive equilibrium outcomes, just as Sotomayor did in [41], to explain why
this well-known notion can be characterized by this simple property for MPA.

The main result of Sotomayor [41] is the following theorem, for which we give a
simple alternative proof.

Theorem 9 (Sotomayor [41]). The set of competitive equilibrium outcomes of an
instance of MPA forms a complete lattice with unique optimal outcomes for each side
of the market. The competitive equilibrium outcomes are stable solutions. Moreover, the
buyer-optimal stable solution is equivalent to the buyer-optimal competitive equilibrium
outcome.

Proof. Again we reduce an instance (G, b, w) of MPA to an instance (G’, 1,w") of SMP,
as described in Theorem 3. For any stable solution (M, p) of (G,b,w) let (M’,p') be
the reduced stable solution for (G’,1,w’). Now we can create another stable solution
(M',p") for (G',1,w"), where for every ij € M we set p'(i;) = up(i) < p'(i;) = p(i,J)
and p'(j;) = wij — up(i) > p(J, %) and keep the other payoffs the same. Since we only
modified the redistribution between i; and j; (that is, j; is now getting all the potential
surplus in this pair), the only potential blocking pair for p’ is the pair {i;,7;}. However,
this pair cannot be blocking since §'(i;) = p/(i;) = wij—u,(i), so p'(i;)+p' (i;) = w(ij).

Let (M, p) be the solution for (G, b, w) from which (M’,p’) is reduced. Here, every
seller i receives identical payoffs from each of her buyers, that is, for every ij € M
we have p(Z,j) = u,(i). Therefore this solution is a competitive equilibrium outcome
(M,q), where the price of the items of each seller ¢ is ¢(i) = u,(i) (and the corre-
sponding bundles B(j) are given by the items matched to j in M). Moreover, the
price vectors of the set of competitive equilibrium outcomes form a lattice, which is a
sublattice of the lattice of the payoff vectors of the stable solutions. This is because
the meet and joint operations (as defined in the proof of Theorem 8) result in price
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vectors of competitive equilibrium outcomes when applied to price vectors of compet-
itive equilibrium outcomes (indeed, if all copies of an item have identical prices with
respect to two given stable payoffs p and p, then this also holds for their meet and
join).

Finally, we show that the buyer-optimal stable solution is equivalent to the buyer-
optimal competitive equilibrium outcome. Let (M,p) be a buyer-optimal solution
(where p is uniquely determined). The above construction yields, via p’ and p, a
stable solution (M, p), which is a competitive equilibrium. By construction, we have
P (i,7) = up(i) < p(i,5). However, since p was buyer optimal, a strict inequality is
impossible. Hence p = p must hold. a

5 Core Properties

To get started we recall that the core of a multiple partners matching game may be
empty, as we could take for instance a triangle on three vertices and set b = 1 and
w = 1. Below we show that this may also be the case for b # 1 by presenting the
following example, which shows that the core of a multiple partners matching game
may be empty even if b = « for an arbitrary constant o > 2.

Ezample 5. Let a > 2. We start by taking a cycle on three vertices s1, s3 and s3. For i =
1,...,3, we add a—1 pendant (degree 1) vertices t},...,t% —1 to s;; see also Figure 7.
We set b= o and w = 1. Then v(N) = 3(a—1) +1 = 3a — 2. We may assume without
loss of generality that p(t]) =0 fori=1,2,3and j = 1,...,a—1. Then, by symmetry,
p(si) =a— % for i = 1,2, 3. Take the coalition S = {s1,s2,%1,... ,t?fl,té, ... ,tg‘*l}.
It holds that p(S) = 2 — 3 < 2a— 1 = v(S) and thus the core of this game is empty.

Fig. 7. The graph from Example 5 for a = 5.

To increase our insight into the core of a multiple partners matching game, we now
show that every core allocation z of a multiple partners matchings game equals the
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total payoff vector p’ of a suitable payoff vector p, which we can find in polynomial
time. More precisely, we may even fix an arbitrary maximum weight b-matching M™ to
obtain suitable payoffs p(4, j) from the edges of M*. For proving this, we first present a
small lemma which basically states that a corresponding system of equations (without
any non-negativity constraints) is solvable. For a matching M of a graph G = (N, E),
we let N (M) denote the subset of vertices of G incident with at least one edge of M.

Lemma 7. Let (N,v) be a multiple partners matching game on some triple (G, b, w).
Let M* be a mazimum weight b-matching of G, and let x € RN be a vector satisfying
(N (M) = w(M)) for every connected component M} of M*. Then it is possible
to find in polynomial time a vector p with (not necessarily positive) entries p(i,j) such
that

p(i, J) + p(j, i) = w(ij) for allij € M*

p(i,7) =p(4,4) =0 for allij € E\M*

p'(i) = 3 .ep p(i,j) = (i) for alli € N.

Proof. Suppose M* contains a cycle C. We do as follows. We pick an edge 15 € C
and define p(i, j) = p(j,i) = Lw(ij). Then we decrease z(i) and z(j) by the same
amount fw(ij). We remove the edge ij and decrease b(i) and b(j) by one each. In this
way, M*\{ij} is a maximum weight matching of the reduced instance. We repeat this
operation on another cycle that contains only edges of M*\{ij} until such cycles no
longer exist. As each time we apply the operation we reduce M* by at least one edge,
this procedure terminates in polynomial time.

From the above we may assume that M™* induces a forest. If M* induces a tree, we
do as follows. Fix a leaf i of the forest and let i € N(M*) be matched by ij € M*. Set
p(i,3) = (i) and p(j,i) := w(ij) — 2(i). We set 2(j) := 2(j) — p(j,) = 2(j) + (i) —
w(ij) and perform the same operation on a leaf of M* \ {ij} until M* has no more
edges. If M* induces a forest, we consider each connected component of M separately.
Each time we apply the operation we reduce M* by at least one edge. Hence this
procedure, and thus our whole algorithm, runs in polynomial time. a

Our first theorem in this section can be obtained by applying Lemma 7 to core
allocations x.

Theorem 10. Let (N, v) be a multiple partners matching game on some triple (G, b, w).
For every mazimum weight b-matching M* of G and every core allocation x of (N,v),
we can find in polynomial time a payoff vector p compatible with M*, such that x = pt.

Proof. The core constraints ensure that x satisfies the requirements x(N(M})) =
w(Mj) for every component M, of M*. Hence we may apply Lemma 7 to obtain in
polynomial time a vector p with (not necessarily positive) entries p(i, j) such that

p(i,4) + p(J,1) = w(ij) for all ij € M*
p(i,j) =p(4,4) =0 for all ij € E\M*
p'(i) == 3 .5emP(i, j) = (i) for alli € N.

If p > 0 then we are done. Suppose not. Pick an arbitrary edge ij € M* with p(i,j) < 0.
Let
={ij | ij € M* and p(4,7) > 0}.

Note that ij € A, since p(j,i) = w(ij) —p(i,j) > w(ij) > 0. We claim that there exists
a directed path of arcs in A that starts in j and that ends in 4. For contradiction,
suppose that such a directed path does not exist. Let S C N denote the set of vertices
that can be reached from j along arcs in A. Thus i ¢ S, j € S, and p(k,£) < 0 for
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all k ¢ S,¢ € S. Note that for k =i and £ = j we get a strict inequality. Hence, for
S := N\S we conclude that

z(S) = Zkgs z(k)
= Zkes > eneer Pk, L)
=2 kes(Presreen Pk L) + X igsreer Pk, L))
< kgs 2egsihecr Pk, €)
= w(Mg),

where M is the restriction of M* to edges with both end-vertices in S (recall that
p(i,7) = p(j,i) = 0if ij € E\ M*). This strict inequality contradicts our assumption
that x is a core allocation of G.

Due to the above claim we can find (in polynomial time) a directed path P of
arcs in A that starts in j and that ends in ¢. Together with arc ij € A this gives us a
directed cycle C' C A such that for each arc ij € C we can increase p(i, j) and decrease
p(J,1) by € = min;jec p(j,7) > 0. This reduces the minimal total amount of negative
payoffs of p. We repeat this operation until p > 0. Each time we do this, we reduce at
least one payoff p(j,i) to zero. Hence, our algorithm runs in polynomial time. O

Theorem 7 tells us that if (M,p) is a stable solution for an instance (G,b,w) of
SFP, then p' is a core allocation of the corresponding multiple partners matching
game. This is in line with corresponding results for the other models and thus shows
that the notion of stability is well defined with respect to the core definition. However,
Theorem 10 seems to suggest that core allocations may also correspond to solutions
that are not stable. Indeed the following result shows that this may be the case even
if the corresponding instance of SF'P has no stable solutions.

Theorem 11. There exist multiple partners matching games with a non-empty core
but for which the corresponding instance of SFP has no stable solutions.

Proof. Consider the following example. Take a diamond, that is, a cycle on three
vertices s1, 82, S3 to which we add a fourth vertex u with edges sou and szu. We set
b(s;) =2fori=1,2,3 and b(u) = 1, and w = 1. Then Theorem 5 tells us that a stable
solution does not exist, since the maximum weight of a b-matching is 3, whilst the
maximum weight of a half-b-matching is 3% (for the latter, take f(s1s2) = f(s153) =1
and f(s2s3) = f(sou) = f(ssu) = 3). However, the total payoff vector p' defined by
pl(s;) = 1for i = 1,...,3 and p‘(u) = 0, which corresponds to, say, the b-matching
M = {5189, 8153, 8283} with payoffs p(s1,s2) = 1, p(s2,s3) = 1 and p(s3,s1) = 1 and
zero payoffs for the other edges is in the core. a

Due to Theorem 11, the analysis of the core cannot be reduced to the case in which
we have unit vertex capacities (in contrast to our results in Section 3). We distinguish
between the cases b < 2 (which includes the known case of matching games, where
b=1)and b=3.

5.1 The Case b < 2

We analyze the case b(i) < 2 for i = 1,...,n as follows. Note that a player ¢ with
b(i) = 0 necessarily gets 0 payoff in any core allocation, so the problem reduces trivially
to G[N\{i}]. For this reason we assume b(i) > 1 for all ¢ € N in the following. For
b < 2 we can provide a positive answer to problem P3, which implies that testing
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core membership can be done in polynomial time. Recall that a positive answer to P3
implies the existence of a polynomial-time algorithm that either finds that the core is
empty, or else obtains a core allocation. As mentioned in Section 1, our algorithm uses
an algorithm that solves the tramp steamer problem (which we formally define below)
as a subproblem.

Let G = (N, E) be a graph with an edge weighting p : E — R, called the profit
function and an edge weighting w : E — R called the cost function. Let C = (N¢, E¢)
be a cycle of G. The profit-to-cost ratio for a cycle C' is % where we write p(C) =
p(Fe) and w(C) = w(E¢). The tramp steamer problem is that of finding a cycle C
with maximum profit-to-cost ratio. This problem is well-known to be polynomial-time
solvable both for directed and undirected graphs (see [27], or [31] for a treatment of
more general “fractional optimization” problems).

Lemma 8. The tramp steamer problem can be solved in polynomial time.
We are now ready to prove the following result.

Theorem 12. The problem of deciding whether an allocation p is in the core of a
multiple partners matching game can be solved in polynomial time if b < 2. Moreover,
if p is not in the core, then a coalition S with p(S) < v(S) can be found in polynomial
time as well.

Proof. Let (N,v) be a multiple partners matching game defined on a triple (G, b, w),
where b(7) < 2 for all i € N. Given S C N, a maximum weight b-matching in G[S] is
composed of cycles and paths. Hence the core can be alternatively described by the
following (slightly smaller) set of constraints:

p(C) > w(C), for all cycles C € C
p(P) > w(P), for all paths P € P 4)
p(N) = v(N).

Here, C stands for the set of cycles C C F in G with b(i) = 2 for all ¢ € V(C).
Similarly, P stands for the set of paths P with b(i) = 2 for all inner points on P.

Given p € RY, we can check in polynomial time whether p(N) = v(N) holds by
computing a maximum weight b-matching in GG, which can be done in polynomial time
by Lemma 2. Thus we are left with the inequalities for cycles and paths in (4).

We deal with the cycles first. Let No := {i € N : b(i) = 2} and G2 := G[Ng].
In the induced graph Ga = (Na, Es), we “discharge” the given allocations p(7) to the
edges by setting p(i,j) := (p(¢) + p(j))/2 for every edge ij in G5. This defines an edge
weighting p : F5 — R such that the core constraints for cycles are equivalent to

max w(®)
cec p(C)

< 1

where the maximum is taken over all cycles in GG3. Hence we obtained an instance of
the tramp steamer problem, which is polynomial-time solvable by Lemma 8. Note that
by solving the above minimization problem we either find that all cycle constraints in
(4) are satisfied or we end up with a particular cycle C corresponding to a violated core
inequality. (The latter is of particular importance if we intend to use the “membership
oracle” as a subroutine for the ellipsoid method.)

In what follows, we thus assume that all cycle constraints in (4) are satisfied by the
given vector p € RV and turn to the path constraints. We process these separately for
all possible endpoints ig, jo € N (with ig # jo) and all possible lengths k =1,...,n — 1.
Let Py (ig,jo) € P denote the set of ig — jo-paths of length k in G. We construct a
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corresponding auxiliary graph Gg/(ig, jo), a subgraph of G x Pyy1, the product of G
with a path of length k. To this end, let N2(1), . ékil) be k — 1 copies of Ny. The
vertex set of Gy (ig,jo) is then {ig,jo} U Nl(l) u..u Nz(k_l). We denote the copy of

i € Ny in NQ(T) by i("). The edges of G (ig, jo) and their weights @ can then be defined
as
0jM  forigj € B with weight w(ioj) := p(io) + p(5)/2 — w(io))
ir=15() for ij € B with weight @w(ij) := (p(i) + p(5))/2 — w(ij
i*=Djo  for ijo € E  with weight w(ijo) := p(i)/2 + p(jo) — w(ijo).

We claim that p(P) > w(P) holds for all P € P if and only if the (w.r.t. @) shortest
io — jo—path in Gg(ip, jo) has weight > 0 for all iy # jo and & = 1,..,n — 1. Then
what is left to do, in order to verify whether p(P) > w(P) holds for all P € P, is to
solve O(n?) instances of the shortest path problem, each of which have size O(n?), by
using the well-known Bellman-Ford algorithm [4]; as we show below, if this yields a
shortest path with weight < 0 we have immediately found a coalition corresponding
to a violated core inequality.

First suppose some P € P has p(P) < w(P). Let ig and j, denote its endpoints
and let k denote its length. Then P € Py(ig, jo) corresponds to an ig — jo-path P in
G (io, jo) of weight @w(P) < 0. Now we will show that p(P) > w(P) for all P € P
implies w(P) > 0 for all 49 — jo-paths P in any G4(io, jo). Indeed, an ig — jo-path P
visiting players io,igl), ...,i,(cl:l),jo corresponds to a ig — jo path P C E in G plus
possibly a number of cycles C1,...,Cs C E. Furthermore, by definition of w, we have
0(P) = p(P) — w(P) + X3, p(Cs) — w(Cy) > p(P) — w(P), as we assume that p(C) >
w(C) holds for all cycles. Hence, indeed, w(P) > 0, as claimed. O

5.2 The Case b =3

To complement Theorem 12 we will prove that the case b = 3 is co-NP-complete even
for multiple partners assignment games. In order to do this we reduce from the CUBIC
SUBGRAPH problem, which is that of testing whether a graph has a 3-regular subgraph,
that is, a subgraph in which every vertex has degree 3. Plesnik [34] proved that CUBIC
SUBGRAPH is NP-complete even for planar bipartite graphs of maximum degree 4.

Theorem 13. The problem of deciding whether an allocation is in the core of a mul-
tiple partners assignment game is co-NP-complete if b=3 and w = 1.

Proof. The problem is readily seen to be in co-NP: given a “certificate” coalition S
we can efficiently verify that a given allocation p is not in the core by checking that
v(S) > p(S) holds; the latter can be done in polynomial time due to Lemma 2. To
prove co-NP-hardness we reduce from the CUBIC SUBGRAPH problem restricted to
bipartite graphs. Recall that this problem is NP-complete [34].

Let G = (N, E) be a bipartite graph that is an instance of CUBIC SUBGRAPH. Let
n = |N|. For each vertex u € N we add a set of five new vertices ay, by, Cu, Zu, Yu,
so in total we add 5n extra vertices to G. We also add every edge between a vertex
in {ay, by, c,} and a vertex in {u, zy, ¥y}, so in total we add 9n extra edges to G. We
call the resulting graph G* = (N*, E*) (see also Figure 8). Note that each 6-tuple
{@u, by, Cu, U, Ty, Yy } induces a complete bipartite graph K53 in G* (and that u is a
cut vertex of G* that separates {ay, by, Cy, Tu,Yu} and N \ {u}). Moreover, G* is a
bipartite graph as desired.

Let (N*,v) be the multiple partners assignment game defined on (G*,3,1), and
let p be the vector, where we set, for every u € U, p(u) = 3 — % and p(i) = 3 + %
for every i € {ay, by, Cu,Tu, Yy} Then p is an allocation, as v(N*) = 9n = p(N*),
where the first equality follows by taking a b-matching that consists of all nine edges
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by Ju

Fig. 8. An example of the graph G constructed in the proof of Theorem 13.

in Gl{ay, by, cu,u, Ty, Yy }] (so, 9n edges in total). We are left to prove that G has a
cubic subgraph if and only if p does not belong to the core of (N*,v).

First suppose that G has a 3-regular subgraph H = (Ng, Fg). Then the coalition
Np C N* will not be satisfied: indeed, v(Ny) = 3|Ng| > 3|Ny| — L|Ng| = p(Ng),
so p does not belong to the core of (N*,v).

Now suppose that G has no 3-regular subgraph. For contradiction, assume there
exists a coalition S C N*, such that p(S) < v(S). We choose S such that p(S) — v(5)
is minimum, and moreover, we assume that S is a coalition of smallest size over all
such coalitions.

First consider the case that S only contains vertices of N. Then, as G has no
3-regular subgraph, neither does G[S], implying that v(S) < 2|S| — 1. We use this
inequality to find that p(S) = 2|S| — 1|S| > 2[S| — 1 > v(S), a contradiction with
our assumption that p(S) < v(S). Hence S contains at least one vertex from a set
{au, by, Cuy Ty Yo } for some u € N. Let T, = SN{ay, by, Cus Tu, Yu }, SO we assume that
|T| > 1. If [Ty, | < 4, then

PS\T) ~u(S\E) < (8)~0(8) - (1] (3 + 5 ) +IBGIT U {ul)] < p(8) - o(5),

contradicting our choice of S. Now suppose that |T,| = 5. If u ¢ S, then

P(S\Tu) — v(S\ T0) < p(S) — v(8) 5 (2 n ;n) 16 < p(8) — o(S),

contradiction our choice of S again. If u € S, then



another contradiction with our choice of S. Hence we conclude that a coalition S with
p(S) < v(S) does not exist. In other words, p belongs to the core of (N*,v). This
completes the proof of Theorem 13. a

6 Future Work

We finish our paper with some directions for future research. Our reduction from SFP
to SRP might be used to generalize more known results from SRP to SFP. For instance,
can we generalize the path to stability result of Bir6 et al. [5] for SRP to be valid for
SFP as well?

P1 P2 P3

assignment games yes P P

matching games P P P
mp assignment games| yes P Pifb <2

co-NP-cif b=3
mp matching games [P if b < 2|P if b <2 Pifb<2
7ifb=3|7if b=3|co-NP-cif b=3

Table 2. The four cooperative game models and their status with respect to problems P1
(testing core non-emptiness), P2 (finding a core allocation) and P3 (verifying core member-
ship). Here “yes” means that every instance of the problem under consideration is a yes-
instance, whereas “P” means polynomial time and “co-NP-c¢” means being co-NP-complete.
As before, “mp” stands for “multiple partners”. Note that the rows for assignment games and
matching games were known already (see Section 1) but can be generated from the rows for
the other two models. Also the first two entries in the row for multiple partners assignment
games were known already (Theorem 2). Except the two open cases indicated by a “?”, all
other results follow from Theorems 12 and 13, which are proven in this paper.

In contrast to multiple partners assignment games, we do not know the complexity
of testing core non-emptiness (problem P1) and finding a core allocation (problem P2)
for multiple partners matching games (G, b, w) when b = 3. We pose these two problems
as open problems (see also Table 2). As we showed in Theorem 12 we can decide in
polynomial-time whether the core of a multiple partners matching is nonempty if b < 2.
This immediately raises the question what to do if we find that the core is non-empty.
One approach, which was recently considered for the case b = 1, is that of verifying
whether the core can become nonempty after a small modification of the graph via
adding or deleting some vertices or edges [1,8,23] or via a fractionally increase of the
edge weights [13].

Theorem 11 states that there exist multiple partners matching games with a non-
empty core but for which the corresponding instance of SFP has no stable solutions. It
would be interesting to detect necessary and sufficient conditions on multiple partners
matching games with a non-empty core, such that the corresponding instance of SFP
has a stable solution. Another direction is to consider whether it is possible to obtain
axiomatic characterizations of the core of multiple partners assignment games, or even
for (multiple partners) matching games, similar to those that exist in the literature
for assignment games (see, for instance, [36,42]).

Another major open problem is that of determining the complexity of computing
the so-called nucleolus of a matching game (N, v). So far only partial results have
been obtained in this direction, namely polynomial-time algorithms for assignment
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games [38] and for matching games with unit edge weights [24] or, more generally,
with edge weights that can be expressed as the sum of positive weights on the incident
vertices of the graph G = (N, E) [33], or even more generally, with arbitrary edge
weights as long as a certain condition on the least core of a subgraph (with vertex
weights) of G is satisfied [16]. Can these results be generalized for b < 27?

Aziz and de Keijzer [2] showed that the Shapley value of a matching game can be
computed in polynomial time for graphs of maximum degree 2, and for graphs that
have a small modular decomposition into cliques or cocliques. Recently, Bousquet [9]
extended these results by proving that the Shapley value of a matching game can be
computed in polynomial time for trees. Hence, another research direction would be to
consider the Shapley value for multiple partners matching games restricted to trees,
or even to trees of small maximum degree.

Chalkiadakis et al. [12] defined cooperative games with overlapping coalitions,
where players can be involved in coalitions with different intensities, leading to three
alternative core definitions. It would be interesting to study the problem of finding
a stable solutions and problems P1-P3 in these settings. To illustrate this, suppose
that the set of soccer teams from the example at the start of Section 1 consists of
international teams. Then it seems realistic that the home team needs to spend fewer
days for playing the game than the visiting team, which must travel from another
country. Hence, every team now has a number of days for playing friendly games in-
stead of an upper limit (target) on the number of such games. As another example
of two-player coalitions that require different intensities, consider a PhD student, who
can be expected to spend significantly more time per week on her PhD project per
than her supervisor.

References

1. A. Ahmadian, H. Hosseinzadeh, and L. Sanita, Stabilizing network bargaining games by
blocking players, Proc. IPCO 2016, LNCS 9682 (2016) 164-177.

2. H. Aziz and B. de Keijzer, Shapley meets Shapley, Proc. STACS 2014, LIPIcs 25 (2014)
99-111.

3. M. Baiou and M. Balinski, Many-to-many matching: stable polyandrous polygamy (or
polygamous polyandry, Discrete Applied Mathematics 101 (2000) 1-12.

4. R. Bellman, On a routing problem, Quarterly of Applied Mathematics 16 (1958) 87-90.

5. P. Bir6, M. Bombhoff, P.A. Golovach, W. Kern and D. Paulusma, Solutions for the Stable
Roommates Problem with Payments, Theoretical Computer Science 540-541 (2014) 53-61.

6. P.Biré, W. Kern and D. Paulusma, Computing solutions for matching games, International
Journal of Game Theory 41 (2012) 75-90.

7. P. Bir6, W. Kern, D. Paulusma and P. Wojuteczky, The stable fixtures problem with
payments, Proc. WG 2015, LNCS 9224 (2015) 49-63.

8. A. Bock, K. Chandrasekaran, J. Kénemann, B. Peis, and L. Sanitd, Finding small stabi-
lizers for unstable graphs, Mathematical Programming 154 (2015) 173-196.

9. N. Bousquet, The Shapley value of matching games on trees, Manuscript.

10. E. Budish and J. Kessler, Changing the course allocation mechanism at Wharton. Work-
ing paper (2014)

11. K. Cechldrovd and T. Fleiner, On a generalization of the stable roommates problem,
ACM Transaction on Algorithms 1 (2005) 143-156.

12. G. Chalkiadakis, E. Elkind, E. Markakis, M. Polurkov, and N.R. Jennings, Cooperative
Games with Overlapping Coalitions, Journal of Artificial Intelligence Research 39 (2010)
179-216.

13. K. Chandrasekaran, C. Gottschalk, J. Kénemann, B. Peis, D. Schmand and A. Wierz,
Additive stabilizers for unstable graphs, Manuscript, arXiv:1608.06797.

14. X. Deng, T. Ibaraki, and H. Nagamochi, Algorithmic aspects of the core of combinatorial
optimization games. Mathematics of Operations Research 24 (1999) 751-766.

32



15. K. Eriksson and J. Karlander, Stable outcomes of the roommate game with transferable
utility, International Journal of Game Theory 29 (2001) 555-569.

16. L. Farczadi, Matchings and Games on Networks, PhD-Thesis, University of Waterloo,
Ontario, Canada, 2015.

17. D. Gale and L.S. Shapley, College Admissions and the Stability of Marriage, American
Mathematical Monthly 69 (1962) 9-15.
Theory of NP-Completeness, Freeman, San Francisco, 1979.

18. M. Grotschel, L. Lovdsz and A. Schrijver, The ellipsoid method and its consequences in
combinatorial optimization, Combinatorica 1 (1981) 169-197 [corrigendum: Combinatorica
4 (1984), 291-295].

19. M. Grotschel, L. Lovasz and A. Schrijver, Geometric Algorithms and Combinatorial
Optimization (Second ed.), Springer-Verlag, Berlin, 1993.

20. D. Gusfield and R.W. Irving, The Stable Marriage Problem: Structure and Algorithms,
MIT Press, 1989.

21. R.W. Irving, An efficient algorithm for the stable roommates problem, Journal of Algo-
rithms 6 (1985) 577-595.

22. R.W. Irving and S. Scott, The stable fixtures problem - a many-to-many extension of
stable roommates, Discrete Applied Mathematics 155 (2007) 2118-2129.

23. T. Ito, N. Kakimura, N. Kamiyama, Y. Kobayashi, and Y. Okamoto, Efficient stabiliza-
tion of cooperative matching games. Proc. AAMAS 2016 (2016) 41-49.

24. W. Kern and D. Paulusma, Matching games: the least core and the nucleolus, Mathe-
matics of Operations Research 28 (2003) 294-308.

25. W. Kern and D. Paulusma, The new FIFA rules are hard: complexity aspects of sport
competitions, Discrete Applied Mathematics 108 (2001) 317-323.

26. L.G. Khachiyan, A polynomial algorithm in linear programming, Soviet Mathematics
Doklady 20 (1979) 191-194.

27. E. Lawler, Combinatorial Optimization Courier Dover Publ., 1976.

28. T.C. Koopmans and M. Beckmann, Assignment problems and the location of economic
activities, Econometrica 25 (1957) 53-76.

29. A.N. Letchford, G. Reinelt and D.O. Theis, Odd minimum cut sets and b-matchings
revisited, SIAM Journal of Discrete Mathematics 22 (2008) 1480-1487.

30. D. Manlove, Algorithmics of Matching Under Preferences Series on Theoretical Computer
Science vol. 2, World Scientific, 2013.

31. N. Megiddo, Combinatorial Optimization with rational objective functions, Math. of OR
4 (1979) 414-424.

32. P.R. Milgrom: Putting Auction Theory to Work: The Simultaneous Ascending Auction,
Journal of Political Economy 108 (2000) 245-272

33. D. Paulusma, Complexity Aspects of Cooperative Games, PhD-Thesis, University of
Twente, Enschede, the Netherlands, 2001.

34. J. Plesnik, A Note on the Complexity of Finding Regular Subgraphs, Discrete Mathe-
matics 49 (1984) 161-167.

35. A.E. Roth and M. Sotomayor, Two-Sided Matching: A Study in Game-Theoretic Mod-
eling and Analysis, Cambridge University Press, 1990.

36. H. Sasaki, Consistency and monotonicity in assignment problems, International Journal
of Game Theory 24 (1995) 373-397.

37. L.S. Shapley and M. Shubik, The assignment game I: the core, International Journal of
Game Theory 1 (1972) 111-130.

38. T. Solymosi, T.E.S. Raghavan, Assignment games with stable core, Int. J. Game Theory
30 (2001) 177-185.

39. M. Sotomayor, The multiple partners game, In Majumdar M. (ed) Equilibrium and dy-
namics: essays in honor of David Gale. Macmillan Press Ltd, New York, 1992.

40. M. Sotomayor, The lattice structure of the set of outcomes of the multiple partners
assignment game, International Journal of Game Theory 28 (1999) 567-583.

41. M. Sotomayor, Connecting the cooperative and competitive structures of the multiple-
partners assignment game, Journal of Economic Theory 134 (2007) 155-174.

42. M. Toda, Axiomatization of the core of assignment games, Games and Economic Behavior
53 (2005) 248-261.

33



43. W.T. Tutte, A short proof of the factor factor theorem for finite graphs, Canadian Journal
of Mathematics 6 (1954) 347-352.

34



