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Abstract

Existence of von Neumann—Morgenstern solutions (stable sets) is proved for any
assignment game. For each optimal matching, a stable set is defined as the union
of the core of the game and the core of the subgames that are compatible with this
matching. All these stable sets exclude third-party payments and form a lattice with
respect to the same partial order usually defined on the core.
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1 Introduction

Von Neumann and Morgenstern (1944) introduced a main solution concept
for cooperative games with transferable utility. Their solution is based on
a dominance relation between imputations, that is allocations of the worth
of the grand coalition. One imputation dominates another if there exists a
coalition such that each of its members gets more in the first imputation
than in the second one, and this payoff is feasible for this coalition since it
does not exceed the worth it can obtain by its own. With this definition, a
von Neumann-Morgenstern solution (a stable set) V' is a set of imputations
satisfying (i) internal stability, no two imputations in the set dominate one

Email addresses: mnunez@ub.edu (Marina Nunez), crafels@ub.edu (Carles
Rafels).
I The authors acknowledge the support of the Barcelona GSE Research Network
and of the Government of Catalonia, and of Ministerio de Ciencia y Tecnologia and
FEDER, under grant EC0O2008-02344/ECON.


marina
Cuadro de texto
   November, 2009


another, and (ii) external stability, every imputation outside V' is dominated
by some imputation in V. These two conditions can be put together by saying
that V' is a stable set if it is the set of imputations not dominated by any
element in V.

Nevertheless, the core and not the stable sets has become the most commonly
used set-solution concept applied to TU cooperative games. The reason may
be that while the core of a cooperative game can be easily defined by a set
of linear inequalities, what has prevented the theory of the stable sets from
being more successful is that it is so difficult to work with. Aumann (1985)
wrote that “finding stable sets involves a new tour de force of mathematical
reasoning for each game or class of games that is considered. And because
stable sets do not always exist, you cannot even be sure that you are looking
for something that is there”. The first examples of a game with no stable
set were provided by Lucas (1968, 1969). And some of these examples are in
fact related to market situations. We will show in this paper that bilateral
assignment markets do not present this drawback.

The core was also initially defined by means of the above dominance relation
(Gillies, 1959). Provided it is nonempty, the core is the set of undominated
imputations. Thus, when we choose the core as a set-solution concept we
exclude from the solution an imputation that is dominated by some other
imputation, although this other imputation may also be out of the core. In
that case, the argument for excluding the first imputation from our solution
is rather weak. Of course, this drawback is saved if the core is a stable set,
since then the core coincides with the set of imputations undominated by any
other core imputation. But, except for some particular classes of games, for
instance convex games, the core is not a stable set.

The aim of this paper is to prove the existence of von Neumann-Morgenstern
solutions for the class of assignment games. Assignment games were introduced
by Shapley and Shubik (1972) as a cooperative model for two-sided markets.
In this market each seller wants to sell one unit of an indivisible good, and
each buyer wants to buy at most one unit. Units are non-homogeneous and
thus buyers may value differently the units of the different sellers. From these
valuations, and the reservation prices of the sellers, an assignment matrix is
deduced which represents the profit that each mixed-pair can attain by the
trade of the object between the members of the pair. Then, the worth of the
grand coalition is the total profit that can be obtained by optimally matching
buyers to sellers, and the worth of any other coalition is similarly obtained,
just restricting to the corresponding submatrix.

In their paper “The Assignment Game I: The Core”, Shapley and Shubik
prove that the core of the assignment game is nonempty. Moreover, together
with efficiency, only coalitional rationality for mixed-pair coalitions is needed



to define the core of the assignment game. As a consequence of that, although
the core definition allows side payments among all the participants, it turns
out that in the core of the assignment games transfers of money are only
made between optimally matched agents and thus third-party payments are
excluded. Then, the core is a lattice with respect to a defined partial ordering
on the set of imputations, and there are two special core elements: the buyers-
optimal core allocation, where each buyer gets her maximum core payoff and
each seller his minimum one, and the sellers-optimal core allocation where the
situation is reversed.

At the end of their paper, Shapley and Shubik point out that the core does
not recognize the bargaining power of all the agents, and a simple example of
this weakness of the core is provided by the glove market. A glove market is
an assignment game where units are homogeneous and agents on each side are
symmetric and thus the assignment matrix is a constant matrix. In any core
allocation all the profit is given to the short side of the market. For instance
in a glove market with one seller and two buyers, the unique core allocation
gives all the profit to the seller, while buyers get zero. Thus, the core does not
take into account the fact that the seller needs the cooperation of at least one
buyer to make any profit.

In 1959, Shapley describes most of the von Neumann—Morgenstern stable sets
of a symmetric market game (glove market). There exist stable sets where
only extra players on the large side of the market get zero, all matched pairs
share the profit in the same way and third-party payments are excluded. But
there also exist (infinitely many) stable sets where agents on the large side of
the market cooperate to get their bargaining power recognized by means of
side-payments. Again, the core gives no hint of this.

It is said that Shapley and Shubik planned to work on a second paper about the
assignment game, probably focused on the stable sets. At the end of Shapley
and Shubik (1972) the authors write: “It may not be possible to realize the
bargaining potentials described above within a given institutional form. When
we are conducting a general analysis of the abstract model, as here, it behooves
to us to explore and correlate a number of different solution concepts. This
we hope to do in subsequent papers.”

Although this second paper never appeared, they probably worked on the
subject since in Shubik (1984), and also in some personal notes of Shapley, a set
of imputations is proposed as a stable set for the assignment game. However,
this claim is not accompanied by a complete proof. As far as we know, proving
the existence of von Neumann—Morgenstern stable sets for the assignment
game is still an open problem (see for instance Solymosi and Raghavan, 2001),
and this is what we aim to close with the present paper.



The set defined by Shubik consists of the union of the core of the assignment
market and the core of some selected submarkets that are compatible with an
optimal matching that has been fixed beforehand. Although our definition of
compatible subgame slightly differs from that of Shubik, the set we prove to
be a von Neumann and Morgenstern stable set is the same that he proposes.

In 2001, Solymosi and Raghavan characterized those assignment games with
a stable core. They proved that the core of an assignment game is a stable set
if and only if the assignment matrix has a dominant diagonal (each diagonal
entry is a row and column maximum). When the matrix did not satisfy this
property, it still remained to see what imputations should be added to the
core in order to obtain a stable set.

In Nunez and Rafels (2009) we show how to relate, to any assignment game,
another one (the related exact assignment game) with a dominant diagonal
matrix and a core that is a translation of the core of the initial game. Thus,
the related exact assignment game has a stable core, and this will be used in
this paper to dominate the imputations outside the core but still inside the
limits of the core bounds. The strategy to dominate the imputations outside
these limits will be totally different, but also makes use of other techniques
developed in the recent literature on assignment games.

Any payoff vector in the stable set we construct can be achieved without any
side payments other than the direct payments from each buyer to her assigned
seller. Thus, as it happens with the core, third-party payments are excluded.
The lattice structure is another property that the core shares with the stable
set.

In the last years, and for different cooperative settings, attention has turned to
von Neumann and Morgenstern stable sets. For instance, Ehlers (2007) gives a
characterization of stable sets in one-to-one matching problems (the marriage
problem). In this setting, as far as we know, the existence of a stable set is
still an open problem.

In Section 2 the basic definitions regarding cooperative games and assignment
games are given. For a given optimal matching u, the p-compatible subgames
and their properties are introduced in Section 3. In Section 4, and for each
optimal matching g, the union of the core of the assignment market and
the cores of the p-compatible subgames is proved to be a von Neumann and
Morgenstern stable set. To conclude this section, we prove the lattice property
of the stable set and remark that this stable set is the only one that excludes
third party payments.



2 Cooperative games and the assignment game

In a cooperative game with transferable utility (a game), a finite set of agents
N must share the profit of cooperation, v(N) € R, by agreeing in a pay-
off vector x, where z; stands for the payoff to agent ¢+ € N. To reach an
agreement, what each coalition S C N can attain by itself, v(S) € R (with
v(() = 0), can be taken into account. The set of all coalitions of N is de-
noted by 2V . Thus, the game is defined by the pair (N,v) formed by the set
of players and the characteristic function.

If (N,v) is a game and S C N, the subgame (5, vs) is the game with player
set S and characteristic function vg(7T") = v(T) for all T C S. Then we will
denote by x5 the restriction of the payoff vector z € RY to the agents in
coalition S and by x_g its restriction to the agents in N\ S. Moreover, |S|
will stand for the cardinality of coalition S'.

An imputation is a payoff vector that is efficient, z(N) = Y,y @i = v(V),
and individually rational, z; > v(i) for all ¢ € N . The set of imputations is
denoted by I(v). The core of the game, is the set of imputations that are coali-
tionally rational, C'(v) = {z € RY | z(N) = v(N), z(S) > v(S), for all S C
N} . A game is ezact if the worth of any coalition is attained at some core
allocation: for all S C N there exists x € C(v) with z(5) = v(S).

An imputation x dominates another imputation y via coalition S, x dom%y,
if 2(5) <wv(S) and x >y, for all k € S. Then, a binary relation is defined
on the set of imputations: given =,y € I(v), we say = dominates y, and
write xdom"y, if it does so via some coalition (we simply write xdomy,
if no confusion arises regarding the game). With this definition, the core,
whenever it is nonempty, is proved to coincide with the set of undominated
imputations. This means that all allocations outside the core are dominated,
although not necessarily dominated by a core allocation.

A subset V' of imputations is a stable set (von Neumann and Morgenstern,
1944) if it is internally stable (for all z,y € I(v), = does not dominate y ) and
externally stable (for all y € I(v)\ V', there exists = € V' such that zdomy).

Since the core is the set of undominated imputations, all the stable sets of a
given game (N,v) contain its core. And when the core is a stable set, then
it is the unique stable set. But existence of stable sets is not guaranteed, as
shown in Lucas (1968, 1969).

The assignment game is a well-known cooperative game introduced by Shapley
and Shubik (1972) from the following market situation. In a two-sided assign-
ment market, the set of agents is partitioned into a finite set of buyers M and
a finite set of sellers M’ since the product on sale in this market comes in



indivisible units and each agent either supplies or demands exactly one unit.
The units need not be alike, so let h;; > 0 be how much buyer 7 valuates
the unit of seller j, and let ¢; > 0 be the reservation price of this seller. The
profit this mixed-pair coalition can attain is a;; = max{0, h;; — ¢;}, and let
us denote by A = (a;;) ¢ j)emxm the assignment matrix.

A matching for the two-sided assignment market (M, M’ A) is a bijection pu
between a subset of M and a subset of M’. We denote by M (M, M') this set
of matchings. An optimal matchingis p € M(M, M') such that 3 e, aij >
> (ij)ew @ij for all other p € M(M,M'). We denote by M (M, M’) the set
of optimal matchings for the market (M, M’ A). If (i,5) € p we say that 4
and j are matched by p and we also write j = u(i) and i = p='(j). If for
some buyer ¢ € M there is no j € M’ such that (i,7) € p we say that 7 is

unmatched by p (and similarly for sellers).

Given S C M and T'C M', we denote by M(S,T) and M%(S,T) the set
of matchings and optimal matchings of the submarket (S,T, Ajgxr) defined
by the subset S of buyers, the subset T of sellers and the restriction of A
to SXxT.If S=0 or T =0, then the only possible matching is y =0 and
by convention 3 jyepaij = 0.

The cooperative model for the assignment market is defined by the set of play-
ers N = MUM' and the characteristic function w4 (SUT) = max{>" j)e, i |
we M(MNS, M'NT)}. Shapley and Shubik prove that an assignment game
(M U M’ wy) always has a non-empty core. Moreover, fixed any optimal
matching p € M (M, M), a non-negative payoff vector (u,v) € RY¥ x R
is in the core if and only if w; +v; > a;; forall (i,j) € M x M, u;+v; = a;j
for all (i,7) € p, and all agents unmatched by u get a null payoff. This means
that only coalitional rationality for mixed-pair coalitions is necessary to define
the core of this game, and thus the core can be obtained from the assignment
matrix, without needing to compute the whole characteristic function?.

The core of the assignment game (M UM’ wy) is a lattice with respect to the
partial order defined by (u,v) <ps (v/,v") if and only if w; < u} for all i € M
(and also with the dual order defined by comparing the sellers’ payoffs). The
maximum element in this lattice is the buyers-optimal core allocation (T, v?)
and the minimum element is the sellers-optimal core allocation (u”, 7).

It is known from Demange (1982) and Leonard (1983) that the maximum core
payoff of an agent in the core of the assignment game is his or her marginal
contribution, that is,

2 Often in the literature, the core elements of an assignment game are called stable
allocations and the constraints w; +v; > a;; are referred to as pairwise stability
conditions. In this paper we will avoid this denominations, not to be confused with
von Neumann and Morgenstern stability.



T =wa(MUM) —ws(M\ {i}) U M), forallie M, (1)
T =wa(M U M) —wa(M U (M'\ {j})), for all j € M. (2)

Solymosi and Raghavan (2001) characterize some properties of the core of the
assignment game in terms of the assignment matrix. Among these properties
we point out stability of the core and exactness of the game.

An assignment game (M U M’ w,) with as many buyers as sellers has a
dominant diagonal® if and only if, for all p € M*(M,M'), and all i € M
assigned by w0, a;u) > ay for all k€ M’ and a;,4) > agu for all ke M.
It is straightforward to see that having a dominant diagonal is equivalent to
y{‘ =0 for all # € M and yj-‘ = 0 for all j € M’'. It turns out that an
assignment game has a stable core if and only if it has a dominant diagonal.
Notice that, given an assignment game where the sides of the market have
a different size, once its assignment matrix has been made square by adding
dummy agents to the short side of the market, it does not generally have a
dominant diagonal and consequently its core is not stable.

An assignment game (MUM’ w4) with as many buyers as sellers has a doubly
dominant diagonal if and only if, for all € M% (M, M'), all (i,j) € M x M’
and all k € M assigned by p, we have a;; + arur)y = Gipr) + arj - Then,
Solymosi and Raghavan (2001) prove that an assignment game is exact if and
only if it has a dominant diagonal and a doubly dominant diagonal.

The alone property of having a doubly dominant diagonal characterizes those
assignment games that are buyer-seller exact, that is, that satisfy exactness
for mixed-pair coalitions: for all (¢,j) € M x M’ there exists (u,v) € C(wa)
such that u; +v; = a;; . In Nuniez and Rafels (2002) it is shown that given an
assignment game (M UM’ w,), there exists another (and unique) assignment
game (MUM’ war) that is buyer-seller exact and has its same core, C'(w4) =
C(war) . This game is defined by a;; = ming, v)ec(w,) wi + v;, for all (i,7) €
M x M’ but, when there are as many buyers as sellers, it can also be obtained
only in terms of the matrix entries: aj; = max{a,;, @;;} where

Qi = max Q; +a +---4ap;—a — e — Q. 3
K ki,..es kreM\{i,p,*l(j)}{ Zu(kl) klu(kQ) r) kl”(kl) k)rﬂ(k‘r)}’( )
dif ferent

and g is an optimal matching that does not leave any agent unassigned.

Moreover, to any given assignment game we can associate an exact assignment

3 The name is justified by the fact that, when the optimal matching is placed on
the diagonal of the matrix, the assignment game has a dominant diagonal if and
only if every diagonal entry is a row and column maxima.



game with a translated core (Nunez and Rafels, 2009). This related exact as-
signment game is (M U M’ wae) where, for all (i,j) € M x M’
A_ A

gy = gy — Uy — U5, (4)

and it satisfies C(wa) = {(u?,v*)} + C(wae). Notice that, since (M U
M’ wae) is exact, it has a dominant diagonal, and thus the core of this game
is stable. The stability of C'(w4e) will be used to dominate some of the allo-
cations in the proof of the external stability of our stable set.

Finally, before proposing a stable set for the assignment game, we must analyze
some particularities of the dominance relation when applied to these games.
It is straightforward to see that, in an assignment game, only mixed-pair
coalitions are to be taken into account for domination. That is, if x,y € I(wa),
we have xdomy, if and only if x domy via some coalition S = {i,j} where
i€ M and j € M', that is to say, z; > y;, ; > y; and z; +y; < a;;.

3 The compatible subgames

We are interested in those imputations where, as it happens to the core, trans-
fers of money are only made between optimally matched agents and thus
third-party payments are excluded. Given an assignment game (M UM’ w,)
and once fixed an optimal matching u € M* (M, M’), the p-principal section
B*(wy) is defined by, given (u,v) € RY x RM" | (u,v) € B*(w,) if and only
if u; +v; =a;; for all (i,7) € p, while unmatched agents are paid zero.

Notice that, the p-principal section is in between the core and the imputation
set: C(wa) € B*(wya) C I(wy). The stable set we are going to introduce is
included in the p-principal section, once fixed an optimal p. So, in fact, we
are obtaining one stable set for each optimal matching of the market.

Remark: The domination between imputations in the p-principal section is
preserved if we make the market square by adding dummy agents on the short
side. Assume |M| < |M’| and define M D M with |M| = |M’| and A
by a; = ai; if (i,7) € M x M' and a; = 0 if (i,5) € (M \ M) x M'.
Take p € M%(M,M') and any [ € MZ(M, M") such that the restriction
of i to M x M’ coincides with p. Then (u,v) € B*(w,) if and only if
(i1,v) € BMw}), where 4; = u; forall i € M and @; =0 forall i € M\ M.
We have that, for all (u,v), (v/,v") € B¥(wa), (u,v)dom®™4(u',v") if and only
if (@, v)dom™a(a',v').

We are now in disposition of defining the compatible subgames, which were
already introduced in Shubik (1984).



Definition 1 Let (M U M’ ,wy) be an assignment game, u € M* (M, M)
andlet I C M and J C M. The subgame ((M\I)U(M\J))
is a p-compatible subgame of (M U M' wa) if and only if

) wA\(]\/I\I)x(]\/I\J))

wA((M\[)U(M/\J))—F Z Qi) + Z Qp=1(5)5 :wA(MUM/).(5)
i assig;géd by u j assigjyggd by u

Notice that taking I = J = @ the game (M U M’ ,wa) can be looked at
as a p-compatible subgame. Notice also that taking I = M and J =0 (or
J=M" and I =) we always have a p-compatible subgame that is the null
game.

In the sequel, and to simplify notation, we will write wy , , for the charac-
teristic function of the subgame with player set (M \ 1)U (M’ \ J). To say
that (M \I)U(M'\ J),wa_,,,) is a p-compatible subgame is equivalent
to saying that the restriction of p to (M \ I) x (M"\ J) is still optimal
for the resulting submarket and moreover I N p~'(J) C {i € M | aju) =
0} (or equivalently u(l)NJ <€ {j € M' | a,14); = 0}). As a result,
when (M \I)U (M'\ J),wa_,,,) is a p-compatible subgame, all agents
in (M\I)Nnp ' (J) or (M'\ J)Np(I) are unassigned by fij(an 1)) -

All this means that any payoff vector (w,v) in the p-principal section of the
compatible subgame® can be lifted to a payoff vector (@, ) in the u-principal
section of the initial market, only by paying t; = a;,@) toall i € INp~'(M'),
U; = a,-1¢5); toall j € JNu(M), and zero to all agents in 7 UJ not assigned
by . In other words, B*(w4_,,,) can be seen as a facet of B*(wy,) .

The next example illustrates the definition of a compatible subgame. The
assignment matrix is taken from Shapley and Shubik (1972), where a picture
of the core of this game is provided.

Example 2 Let M = {1,2,3} be the set of buyers, M’ = {1’,2',3'} be the
set of sellers, and the assignment matrix be

r 23
1 5|82
2 71916
3 2130

4 Throughout the paper, and with some abuse of notation, when referring to the
) (M\I)x (M\J)-Principal section of the p-compatible subgame ((M \ I) U (M’ \
J),wa_,,,) we will simply write B*(wa_,,)



The only optimal matching is u = {(1,2/),(2,3'),(3,1')} and all the non-
trivial p-compatible subgames w4 _,,, are the ones defined by the following
pairs (I, J):

[=1{2},J=0 |1I=0,J={"
[=1{23}, J=0 | I=0, J={1,2}
I'={2}, J={1"}

To obtain a p-compatible subgame, usually / and J cannot be simultane-
ously non-empty. The reason is that if agents of both sides of the market are
removed (and these are not unassigned agents), then their optimal partners
by p tend to become matched in the submarket and this in general contra-
dicts that the restriction of p is an optimal matching of the submarket. There
are, nevertheless, exceptions that occur either when the market is not square
and one of the removed agents is an unassigned agent on the large side of the
market, or also when ¢ € INp (M), j e JNu(M) and a,—1(5),6) = 0.
This is what happens in this example, where I = {2} and J = {1’} define a
p-compatible subgame, since a,-1(1y,(2) = asy = 0.

Notice that while the core of (M U M’ ,wy,) lies in RM x RM" | the core of
any of its compatible subgames (M \ I)U (M \ J),w4_, ,) lies in a lower
dimensional space. However, any core allocation of a p-compatible subgame
can be extended to a payoff vector in the p-principal section of the initial
game. Let us denote by CA’(wAJUJ) this extended core,

(U—Ia U—J) € C(wAfluJ) )
Clwa_,,,) =1 (u,v) € BMwy) |u; = a;uy for all i+ € I assigned by p, (6)
vj = a,-1(j); for all j € J assigned by pu.

Taking (6) into account, the reader will easily check that

R u; = a;,;) for all ¢ € I assigned by p and
Clwa o) 2 4 (u,v) € Cluwy) o
vj = a,-1(j); for all j € J assigned by pu

In order to compare the above Definition 1 with Shubik’s definition of compat-
ible subgame, we need to assume for a moment that (MUM’ w,) has as many
buyers as sellers and p € M*% (M, M') does not leave agents unassigned. Then
the extended core of a p-compatible subgame ((M \ 1) U (M'\ J),wa_,,,)

10



turns out to coincide with the core of another game (M U M’,vg) defined by

0(S) =wa(SNQ)+ Y e + D, aui1();, forall S CMUDM (8)

ieSNI jesnJ

with Q@ = (M \ 1)U (M"\ J). This game (M U M’ vg), satistying vo(M U
M') = wa(M U M'), is what Shubik (1984) names a compatible subgame,
although it is not strictly speaking a subgame of (M U M’ wy), since it is
defined over the same set of agents, and in general it is no more an assignment
game. Trivially, if for some @@ € M U M’', (M UM’ vg) is compatible d la
Shubik, then (M \1)U(M'\J),wa_,,,), where I C M and J C M’ satisfy
Q= (M\I)U(M'\J),is a pu-compatible subgame according to Definition 1.

This aforementioned core coincidence is stated in the next proposition, to-
gether with a relationship between the extended core of the compatible sub-
game and the core of the initial market that strengthes that of equation (7).

Proposition 3 Let (MUM' wy) be an assignment game with as many buy-
ers as sellers and p € M*%(M,M") such that p(M) = M'". Let I C M and
J C M be such that (M\I)U(M'\J),wa_,,,) is a p-compatible subgame.
Then

(1) C(wa_,,,) = C(vg) where vg, with Q = (M\ I)U (M'\ J), is defined
as in (8).
(2) If (MUM' wa) has a dominant diagonal, then

. Ui = i) for alli € I and
Clwa ) =1 (u,v) € Cluwy) " }

vj = ay,-1(5y; forall j € J

PROOF. 1) We first prove the inclusion C(vg) C CA’(wAf(IUJ)) . Take (u,v) €
C(vg) and recall the definition of vg in (8). For all j* € J, if we take
S=MUM \{j}) we get (u,v)(5) = vg(S) =wal(M\ 1)U (M \J))+
Yiel Ginti) + Xjen iy a1y = WAMUM') —ay1 e = Sjemn oy Gu1Gs »
where the second equality follows from the p-compatibility of the subgame
(MN\I)U(M'\J),wa_, ,)- Together with efficiency of (u,v), this implies
Ve < a1+ - Since we also have v > vo({7*}) = au-1(j=);+, we get
Vjr = Qy-1(5+y5+ - Similarly we get uq = a;«,+) for all i* € 1.

Moreover, taking S = {i,j} with ¢ € I and j ¢ J, we have u; +v; >
UQ({Z>]}) - wA({Z>]}) = Qjj - Since

Youit Y v =vg(MUM') = wa(M\D) UM\ )+ aii)+ Y au-14y

ieM JEM’ el jeJ

and u; = a,;) for all © € I and v; = a,-15); for all j € J, we have

11



that >cang i + Xjemngv; = wa((M \ I) U (M"\ J)) and together with
w;+v; > ay; forall (4,5) e puN (M \ 1) x (M"\ J), implies u; +v; = a;; for
all (4,j) e puN(M\I)x (M'\J) and w; =v; =0 for all ¢ or j that are
unassigned by <y - Therefore, (u_r,v_y) € C(wa_,,) and, since
(u,v) € B*(wy4) also holds, we obtain (u,v) € CA’(wAf(IUJ)).

To prove the converse inclusion, take (u,v) € C(w4_,,,) and notice first that,
by (6) and (8), (u,v)(M UM') =vo(M UM'). Also, for all ST M UM,

(wo)(S)= D wit+ X v= > wt d owt D vt D v

ieSNM jesnm’ i€SN(M\I) iesnI FESN(M/\J) jesnJg

>wa(S\(TUT))+ Y awm + Y api); = ve(S)

iesSnI jesnJg
and thus (u,v) € C(vg) -

2) One inclusion has already been stated in (7). Assume now that (M U
M’ ;w4) has a dominant diagonal and let us prove the converse inclusion. We
only need to see that if (u,v) € Cl(wa_,,,), then (u,v) € C(w,). Notice
first that from (u,v) € C(w4_,,,) we already have by definition that (u,v) €
B”(UJA) .

If (i,7) & p, then we consider three cases. If i € M\ I and j € M'\ J,
then from (u_j,v_;) € C(wa_,,,) we get w; +v; > a;;. If j € J, then
v; = a,-1¢;); and, taking into account that (M U M’,w,) has a dominant
diagonal, we get u; +v; > v; = a,-1(;); = a;; for all © € M. Similarly, if
i € I we have that u; +v; > u; = a4y > a; forall j€ M'. O

Solymosi and Raghavan (2001) prove that the core of an assignment game
is a von Neumann and Morgenstern stable set if and only if the assignment
game has a dominant diagonal. When this is not the case, we wonder which
imputations must be added to the core to obtain a stable set. We prove in the
next section that what we must add are the extended cores of the compatible
subgames, for some fixed p € MY (M, M’). Notice now that, by the above
proposition, when the assignment game has a dominant diagonal, the extended
cores of all the compatible subgames are already included in the core of the
initial market, and thus we are not really adding any new imputation to the
set of core imputations.

The next proposition provides a sufficient condition for a subgame to be u-
compatible. When only one agent is removed, this condition is also necessary.

Proposition 4 Let (MUM' wa) be an assignment game and p € M (M, M') .
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(1) If I C M and J C M’ are such that there exists (z,y) € C(wa) with
T = Qi) for all i € I assigned by p and y; = a,-1¢); for all j € J
assigned by p , then (M\I)U(M'\J),wa_,,,) is a p-compatible subgame
Of (M U M/,UJA) .

(2) If i € M s assigned by 1, the subgame (M \ {i*}) UM wa_.,) is
p-compatible if and only if Th = Qe gy (5+) -

(3) If j* € M' is assigned by p, the subgame (M UM\ {j*}),wa_.,) is
u-compatible if and only if Ef; = Qy-1(jv) e -

PROOF. 1) Since (z,y) € C(wa) and z; = a;,(;) for all ¢ € I assigned by
p, we have that y; = 0 for all j € p(I). Similarly, from y; = a,-1(;); for all
j € J assigned by pu, we get z; = 0 for all i € u=*(J). Moreover, z; = 0
and y; =0 for any ¢ € M or j € M’ unmatched by g . Then,

> a;= Y mi+ >y Zwa((M\I)U(M'\J))

(63) €1 (ar\T) > (M7\ ) i€M\I JEMNJ

which implies that 32 ey i, %5 = wa((M\I)U(M'\J)). Moreover,
if i e INp'(J) (and similarly if j € J N up(l)), we have z; = a;,; and
Yu(i) = Qin() - Since (x,y) € C(wa), T + Yuu) = 2Gip6) = Qiue) implies that
aips) = 0. As a consequence, (M \ 1)U (M'\ J),wa_,,,) is a p-compatible
subgame.

2) We only need to prove the “only if” implication since the other one is a
particular case of part 1). So assume that ((M \ {i"}) U M',wa_.,) isa u-
compatible subgame and p(i*) exists. Then, by Definition 1, wa(M UM') =
wa((M\ {i*}) U M) + a;-,i+) , and, as a consequence, taking into account
expression (1),

Qi) = Wa(M U M) —wa(M\ {i*}) U M) =T .

Finally, part 3) is proved analogously. O

An immediate consequence is that for a given assignment game (M UM’ w,)
and a fixed optimal matching u, a proper p-compatible subgame always exists.

Corollary 5 Let (MUM' w,) be an assignment game and pn € M (M, M') .

(1) If |M| < |M'| and M = pu=*(M'), there exists i* € M such that Tl =
Qi (3% -

(2) If |M| < |M'|, there exists O # I C M such that (M \ 1)U M  jwa_,)
15 a p-compatible subgame.

(3) If |M'| < |M| and M' = u(M), there exists j* € M' such that T}, =

=1 ()5 -
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(4) If |M'| < |M], there exists O # J C M’ such that (MU (M'\ J),wa_,)
15 a p-compatible subgame.

PROOF. To prove statement 1) notice that if UZ-A < @iy for all i € M,
then v > 0 for all j € (M) and then the payoff vector (u/,v') € RM x RM
defined by u} = w/' +¢ forall i € M, vj = v} —¢ for all j € u(M) and
v; =0 forall j € M"\ u(M) is in C(wys) for ¢ > 0 small enough. This
contradicts % being the maximum core payoff of buyer i. All this means

that there exists i* € M such that w4 = Qi pu(i+) -

Let us now prove statement 2). If M = p~'(M), then by 1) and part 2)
of Proposition 4 we have that, taking I = {i*} with T = @y, (M \
INU M wy_,) is a p-compatible subgame. Otherwise, that is if there exists
1 € M unmatched by pu, then it follows straightforwardly from Definition 1
that taking I = {i} the subgame ((M \ I)U M’ ,w,_,) is p-compatible. O

In general, it is not true that a p-compatible subgame of a p-compatible
subgame is in its turn a p-compatible subgame of the initial game, unless we
impose some additional condition. For instance, in Example 2, ((M \ {2})U
(M'\{3'}),wa_,,,) is a p-compatible subgame of ((M\{2})UM’,wa )
but not of (M UM’ wy).

Remark 6 Let (M UM’ wa) be an assignment game, p € M* (M, M') and
(M\L)U(M'\J1),wa_, , ) a p-compatible subgame of (MUM',wa), where
L CM and J; C M. Let it also be I, C M\ 1, and J5 C M’'\ J; such that
p(I)NJy C{je M | a1, =0} and IyNp ' (J1) C{i e M | ayu =0},
and take Iy = L ULy and Jo = Ji U Jy. If (M \ L) U(M'\ J2),wa_,, ;)
is a p-compatible ® subgame of (M \ L)U (M'\ Jy),wa_, ,, ), then ((M\
L)U(M'\ Jz),wa_,,,,,) is a p-compatible subgame of (M UM’ wa).

To see that, let us first write py = p N (M \ 1) x (M"\ J1). Then, wa((M \
L) UM\ J2)) + Eiennu-1 () Ginti) + Ljesmu Gu=1(); = wa((M\ Iz) U
(M'\ J2)) + iernu-1 () Gint) + 2jessnun W) T Siennu—1 () GinG) T
2 jennu(M) Au1(j)j = wA(((M\Il)\[é)U((M/\Jl)\Jé))+ZieI;rm;1(M’\Jl) Qipy (i) F
Y jennum(M\I) Gt () + Diehnu-1 () GipG) + Xjennpan) Gty = wa((M\
Il)U(M/\Jl))+2iehmml(M’) aiu(i)_l_zjehﬁu(M) Au=1(5)j = wa(MUM') , where
the first equality follows from the definition of 1) and Ji, and the assumptions
W1 N5 C (G € M | ayrgyy — 0} and T30 (1) € {i € M | ay = 0}
the third equality follows from the fact that (M \ I2) U (M'\ Jo),wa_,,, ) is

® With some abuse of notation, when saying that ((M \ Io) U (M'\ J3), WA 15,)
is a p-compatible subgame of ((M \ I1) U (M'\ J1),wa_, ,, ), Wwe mean that it is
& W)(M\I)x(M"\J;)-compatible subgame of ((M \ I1) U (M’ \ J1),wa_; ;).
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a p-compatible subgame of (M \ I,)U(M'\ J1),wa_, , ), and the forth one
from the p-compatibility of (M \ L) U (M"\ Ji),wa_, ,, ) -
Now that the existence of p-compatible subgames is guaranteed, we must
analyze the relative position of the cores of a game and those p-compatible
subgames where only agents of one side of the market have been removed.
When passing from (M \ I) UM wa_,) to (M UM ws), a new set of
buyers enters the market and thus, by the type-monotonicity of the sellers-
optimal core allocation (and also of the buyers-optimal core allocation), none
of the already existing buyers can be better off, and none of the sellers can be
worse off (Roth and Sotomayor, 1990):

Q:‘*I Z@f and ﬂf’f Zﬂ? forall i€ M\ T, 9)
gf*’ < y;.‘ and @}4’] < @f for all j € M. (10)

Similarly, if J C M’ then

w7 <ud and w7 <udforalli € M, (11)
gf” > yf and E}LJ > 63»4 forall j € M'\ J. (12)

The following statement can be deduced as a consequence of a more general
result in Mo (1988) but we include a simpler proof for our particular frame-
work. What this proposition shows is that the cores of a game and some of its
pu-compatible subgames are connected in a particular way, and this fact will
be used in the proof of Lemma 15.

Proposition 7 Let (MUM',wa) be an assignment game and p € M*(M, M') .

(1) If I C M and ' = a;,u for all i € I, then the payoff vector (u,v),
where u; = gf’f forie M\, u; = a,u foraliel and v; = @]A’I
for j € M, belongs to C(wa) .

(2) If J C M’ and 53-4 = a,-1(j); forall j € J, then the payoff vector (u,v),
where u; = ﬂ?"] forie M, v =a,-1); for j€J and v; = y?"’ for
je M\ J, belongs to C(wy).

PROOF. We prove part 1) since 2) is proved analogously. Since ' = a;,(;
for all 4 € I (notice that by assumption all agents in I are assigned by pu ),
we have from Proposition 4 that (M \ I) U M',w,s_,) is a p-compatible
subgame of (M U M’ ,w,) and, by (6) and (7), (a?;,v?) € C(wa_,). As a
consequence, since (u~7,74-1) is the sellers-optimal core allocation of the

subgame ((M \ I) UM’ wy_,), it holds E}LI > vt forall j e M.
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Let us now check that (u,v) € C(wy4). From (u?-1,74-1) € Clwa_,) we
have w; +v; > ay; if (i,7) € (M \I) x M, u; + vy = aiuy if (4,7) €
wN (M\I)x M. Also, from the p-compatibility of (M \ 1)U M’ wyu_,)
we have v; = @?’I = 0 for all j € pu(/) and thus, since w; = a;,() for all
i €I, weget u; +vuu) = aue forall i € I. Moreover, if ¢ € M\ I or
Jj € M’ are unassigned by p, they are also unassigned by pjannxm and
thus u; = v; = 0. Finally, for i € I and j € M’ we have

_A_ _
Ui—‘—Uj:aw(i)—‘—Uj IZU?—FQ?ZGU. O

There is one more property of the set of p-compatible subgames that will be
crucial to prove the stability of the set proposed in the next section: under the
assumption that a;; > 0 forall (4, j) € p,if (M\I))U(M'\J1),wa_, ,, ) and
(MN\I)U(M'\ Jz),wa_,,,, ), with I} D Iy and J; D Jy, are p-compatible
subgames of (M UM’ w,), then the subgame ((M\ 1)U (M'\ Jo),wa_, ;)
is also p-compatible for (M U M’ wy) .

The proof of this rather technical result has been consigned to the Appendix
(see Lemma 14). We are now prepared to prove the existence of stable sets for
the assignment game.

4 The stable set in the p-principal section

Since a core allocation cannot be dominated by any imputation, a stable set
must always contain the core. From Solymosi and Raghavan (2001) we know
that the core of an assignment game forms a stable set if and only if the
assignment matrix has a dominant diagonal. Since the core is always internally
stable, when the matrix has not a dominant diagonal the core is not externally
stable. In this case we must add some imputations to the core in such a way
that the new set preserves the internal stability and at the same time the
additional imputations are enough to guarantee external stability.

For a fixed optimal matching p of a given assignment game (M U M’ wy,),
Shubik (1984) suggests to join to the core of the game the extended cores of
all its p-compatible subgames, in order to obtain a stable set. If

Ch={(I,J)e2M x 2™ | (M \ 1)U (M'\ J),wa_,,,) is a u-compatible subgame}(13)
then consider

V“(wA) = U é(wAfluJ)' (14>
(I,J)ech
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Notice first that taking I = J = 0, C(ws_,,,) = C(ws) and thus the set
VH#(wy4) contains the core of the initial game. Moreover, by definition, V#(w4)
is included in the p-principal section. Before proving the stability of V#(wy)
let us illustrate this set by means of an example.

Example 8 Let it be the assignment market with set of buyers M = {1,2},
set of sellers M’ = {1,2,3'} and defined by the matrix

23
1 6|21
2 4131

Notice first that there exists only one optimal matching and it is p = {(1,1"),(2,2")}.
Thus, vy = 0 in each core allocation and Figure 8 represents in dark grey
the projection of C'(w,4) to the space of the buyers’ payoffs. Since there are
agents with positive minimum core payoff, (u,v) = (1,1;1,0,0), this core
is not a stable set. But there are several p-compatible subgames, those ob-
tained by removing all the agents in one (and only one) of the following
sets: Kl = {2}, K2 = {1,2}, Kg = {3/}, K4 = {2/,3/}, K5 = {1/,3/},
K¢ ={1,2/,3'} and K7; ={2,3'}. The extended core of the compatible sub-
game ((M\K1)UM',wa_, ) is the segment with extreme points (2, 3;4,0,0)
and (6,3;0,0,0), while the extended core of (M U(M"\ K3),wa_,, ) adds to
C(wa) the area shadowed in light grey. The extended cores of the remaining
pi-compatible subgames are included in C(wy_ ) U Clwa_ «,) and thus the
union of all these cores is the set V#(w,) that is a stable set for the initial
assignment market.

U2

uw=(2,3) 7= (53) a=(6,3)

(0,0) (151

Fig. 1.

As also mentioned in Shubik (1984), it is straightforward to see that, given
an assignment game (M U M’ w,), a payoff vector (u,v) in the p-principal
section belongs to V#(w,) if and only if for every pair (7,7) € p=(M")xu(M)
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one of the following holds:

(1) u; +v; > ag,
(’LZ) U; = aw(i) or (15>

(#41) vj = ay-1(j); -

The internal stability of the set V#(w,) is proved in Shubik (1984). What
is in fact proved is that V#(w,) is undominated by any imputation in the
p-principal section. We include it here for the sake of comprehensiveness.

Proposition 9 (Shubik, 1984) Let (M U M’ wy4) be an assignment game
and € M*(M,M"). The set V*(wy) is internally stable.

PROOF. Take (u,v), (v',v") € V#(wa) and assume (u’,v")dom, (u, v) for
some (i,7) € M x M'. Then ,u; < uj, v; < vj and wu +vj < a;;. It must
be that i € pu=*(M) because if i ¢ p=*(M) then from (u',v") € B*(w,)
we get u, = 0, which contradicts w; < w}. A similar argument shows that
J € (M) . Again from (u',v") € B*(w4) we obtain u; < a6y, v; < au-13);
and w; + vj < a;5, in contradiction with (u,v) € V#(wa) by (15). O

The external stability of V#(w,) will be proved in several steps. Notice first
that the two extreme imputations (a,0), where a; = a;,;) forall i € p='(M’)
and a; = 0 if ¢ € M\ p~*(M'), and (0,a), where a; = a,-1(;; for all
j € pu(M) and a; = 0 if j € M\ (M), must belong to any stable set
contained in a principal section. The reason is that such an imputation will
never be dominated by another imputation (u,v) € B*(wy4) since this would
imply wu; > ;) for some i € M, or v; > a,-1(;); for some j € M’. Next
proposition proves that in fact this two points are connected through a curve
in V#(wya). Moreover, the imputations in this curve suffice to dominate all
the imputations outside the p-principal section.

Proposition 10 Let (M UM’ wy4) be an assignment game with |M| = |M’|
and p € M3 (M, M') that does not leave agents unassigned. Then,

(1) There exists a connected piecewise linear curve L in V*(wa) passing
through (a,0) and (0,a).

(2) For all (u,v) € I(wa) \ B*(wa) there ezists (u',v") € L such that
(v, v") dom™A (u, v) .

Part 2) of the above proposition is proved in Shubik (1984), based on part 1)
that is also stated there but without a proof. For the sake of comprehensiveness
we include the complete proof of Proposition 10 in the Appendix.
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In order to continue proving the external stability of V*#(w,), and since
C(wa) € VH(wy), we begin by analyzing which imputations are dominated
by some core allocation. To this end we define the subset RM(wy4) of the
p-principal section which is comprised inside the core bounds: given an as-
signment game (M U M’ wy) and p € M%5(M, M),

R*(wy) = {(u,v) € BMwy) | ul <wu; <u forallie M}, (16)

Consequently, for all (u,v) € R*(wa) we also have v < v; < v for all

jeM .

Notice that,
C(UJA) g R“(wA) Q BM(UJA) g [(’LUA).

We find out that the only imputations in V#(w,) that are inside the core
bounds are the core imputations, and that these imputations dominate any
imputation in R*(wa,) .

Proposition 11 Let (MUM',w4) be an assignment game and p € M (M, M’) .

(1) VF(wa) N R¥(wa) = Clwa) .
(2) For all (u,v) € R*(wa) \ C(wa), there ezxists (u',v") € C(wa) such that

(u',v") dom™A (u,v) .

PROOF. 1) By (14) and (16), C(wa) € V#*(wa)NR*(wy) . To prove the con-
verse inclusion, take (u,v) € VH#(wy) N R*(wy4) and assume (u,v) & C(wa) .
Since (u,v) belongs to the p-principal section B*(w,4) it must be that
w; +v; < a;; for some (i,7) € M x M'. Then, since (u,v) € V#(wy) there
exists a p-compatible subgame ((M \ 1)U (M'\ J),wa_,,,) such (u,v) €
C(wa_,,,). Then, either i € [ or j € J. Assume without loss of generality
that ¢ € 1. If i is matched by p, by (6) we have u; = a;,;) and thus, from
(u,v) € RM(wa), u; =" and together with v < v; leads to the contradic-
tion w: +y§‘ < aj; . On the other hand, if ¢ is not matched by s, and taking
into account that (u,v) € B*(w,), we also obtain u; = u and reach the
same contradiction.

2) We may assume without loss of generality that A is a square matrix (see
page 8), and that p does not leave agents unassigned.® Let (M U M’ w4e)
be the related exact assignment game. Remember also from (4) that af; =
ai; — ut — Q;‘ forall i € M, j € M'. Since pu is also an optimal matching for
6 Once A is square, if p does leave agents i € M and j € M’ unassigned,

it must be that a;; = 0. Then we consider p = p U {(i,j)} and notice that
B*(ws) = B¥ (w4) and thus R*(wa) = R* (wy).
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(M, M', A¢) and for (M, M’ A"), and C(wa) = {(u?,v*)} + C(wae), given
(u,v) € R*(w4) \ Clwa), we have (u—u?,v—2v4) € B“(wAe) \ C(wae) .

Since (M U M’ we) has a dominant diagonal, by Solymosi and Raghavan
(2001), there exists (u/,v") € C(wae), and there exists (i*,j*) € M x M’
such that (u/,v') dom{., (u — u, v —v?).

This means that

/ A
ui* > U/Z* - QZ’* 9

v;-* > Vjr — yﬁ , and (17)

!/ / e
Uje + Vg < Qg -

Let us now define

(@,0) = (u, ') + (u*,2"). (18)

Notice that (@,0) € C(wa) = C(war) and, by (17),

U = Upe + s > uge, U5 =V + 08 > v and (19)
Upe + Vjx = U + V) + ug +UA<a A+ ougt +v*:a’“

i*j* 9

which implies (@, 0) dom{2;. (u,v) .

We must prove that (u,v) is also dominated by a core allocation in terms of
the game w, instead of wys-. From (3), we have that either a... = a -,
and we are done, or

Upr 0 S Qe = Qrp(in) T Qinpain) T+ Qe = irp(in) ~ izutiz) ="~ Biralir)
for some iy, iy, ...,i, € M\ {i*, u*(j*)} and different.

In this case, since (@,0) € B*(wa), U, + Vu@) = @auy) for 1€ {1,2,...,r}
and we obtain

'lNLZ'* + ﬁj* + ﬁil + ’lNJu(il) +--+ ﬁir + ’lNJu(ir) < Qi*pu(iq) + Ay u(in) + -+ Qg 5% .
Together with (@,v) € C'(wa), this implies
Ui + Vp(in) = Qirp(in) »

Ui, + Vp(iyy 1) = Bigp(iys), for all L€ {1,2,...,r =1},

Us, + Vjx = Qg+ -

20



o If U,i1) > V(i) » and since Uz > ug- , we are done because (&, 0) domy ;)1 (u,v) -
o If Uy3i,) = Vugin) = ﬁf}(il) , then, since (%,?) and (u?,7*) belong to C(w,),

A~ A A
Wir < Uix = Qi) — Upin) = Tirplin) — Vpiy) S U -

But then, by (19), us < @+ = uft contradicts (u,v) € RF(wa).

o If {]u(h) = Up(iy) < @Z‘(il) , define

(i) = Upp) T € forall @ € M such that v, < ﬁﬁ(i) ,

=u; and v y = U,y for all @ € M such that v, = Eﬁ(i) )

Notice that, for ¢ > 0 small enough (u®,v°) € C(wa). Indeed, if 7,4 <
Eﬁ(i), we have @; > u > 0 and thus, for € small enough, u$ > 0. Also,
ui = 4; > 0 for all 4 € M such that 9,6 = Ty, , v5 > 0 for all j € M’
and uj + vy, = @iy for all i € M If (i,5) € M x M’ (i,7) € p, is such
that either v, < ﬁ;‘(i) and 0; < U4 or T, = ﬁ;‘(i) and o; = 0%, it holds
uf+v§» = U +0; > ag . If 0, :FZ‘(Z.) and v; < 63-4, then u;i:—l—v;‘- > U +U; >
Vi Y

thus, for € > 0 small enough we can guarantee uj + v; > a;;. The reason is
that if ﬁz + ﬁj = Qyj5 , then

a;; . Finally, if 9, < Eﬁ‘(i) and 0; = 74, we prove that ; + 0; > a;; and

A~ _ A A
u; S U =a; — 05 =a;; —U; <

where the last inequality follows from (u?,74) € C(w,4). Thus @; = uf', but
this implies v, = ﬁﬁ(i) , in contradiction with the assumption. Moreover, for
€ > 0 small enough we can take (u,v%) € C(wa) satistying vy ) > Uy,) =
Upiy) and, by (19), also ug. > u;«, and therefore (u®,v%) dom{ ,; \y (u,v).

o If U,3,) < Uua,), then, since both (#,?) and (u,v) are in the p-principal
section, we get w;, > u;, , and we repeat the argument above with the mixed
pair {iy, u(i2)} . Either we find that there exists (u/,v") € C(w4) such that
(u',v') dom¥) ;. (u,v) for some [ € {1,2,...,r—1} or wereach u; > u;,
and, since 0= > v« and 4;, +0;+ = a;,j+ , we obtain (a,?) domy;? ;4 (u,v). O

The final (and most dificult) step is to prove that all imputations not in
VH(wy4) that are in the p-principal section but outside the limits of the core
bounds, are also dominated by elements of V#(wy) .

Theorem 12 Let (MUM' wy) be an assignment game and € M (M, M’)
an optimal matching. Then VF(wa) is a von Neumann-Morgenstern stable
set.
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PROOF. We first consider the case where there are as many buyers as sellers
and moreover a;; > 0 for all (i,7) € p.

The internal stability of the set V*#(wy) is proved in Proposition 9 following
Shubik (1984). As for the external stability, Proposition 10, also based in
Shubik (1984), shows that for all (u,v) € I(wa)\B*(w4) there exists (u',v") €
V#(wy) such that (u',v") dom™4(u,v).

In Proposition 11 we show how to dominate the imputations in RF(wg4) \
VH#(wy) , but it remains to prove that any imputation not in V#(wy) that is
in the p-principal section but outside the limits of the core bounds, is also
dominated by an element of V#(w,). This proof is rather large and technical,
and it is consigned to the Appendix.

We now consider the general case, that is when either a;,; = 0 for some
i € M or there exist unmatched agents. In this case, let it be I' = {i € M |
aipy = 0} and J' = p(I’), and define I = I'U {i € M | i unmatched by pu},
and also J = J'U{j € M’ | j unmatched by u} . With some abuse of notation
we also denote by g the restriction of p to (M \ I) x (M’ \ J). Then, if we
consider the submarket ((M \ 1)U (M'\ J),wa) where A" = Ajunnyx )
we have just proved that V' = VF(wa) = Uir,s)ect, Clwar_,,s) is a stable
set of (M \I)U(M'\ J), wa). Notice also that

Bu(wA) — (u U) GRM % RMI (u_[,’U_J) - BM(’U}A/)’
u; =0 forallie I, v; =0 forall j € J

We now claim that the set

N(u—r,vo_y) €V’
V=< (u,v) € RM x RM (-1, 0-1)
u; =0 forallie I, v;=0 forall j € J

is a stable set for the initial market (M UM’ w,). To prove the internal stabil-

ity of V', notice that if (u,v), (u/,v") € V' are such that (u,v)domy?,(u',v'),

for some (i,7) € MxM'  then i & I and j & J, and thus (u_I,U_J)dom%"‘j'}(u’_I,v’_J)
contradicts internal stability of V’.

To prove the external stability of V', take (u,v) € I(wa)\V and consider two
different cases. Take first (u,v) € I(wa) \ B*(w4). Then it is immediate to
see that if L’ is a connected piecewise linear curve from (a_;,0) to (0,a_)
included in V', then L = {(u,v) € R™M x RM" | (u_j,v_;) € L', u; =
Oforalli € I,v; = Oforall j € J} is a connected piecewise linear curve
from (a,0) to (0,a) and contained in V. The existence of L’ guarantees
the existence of L and thus, as in Proposition 10, we obtain that there exists
(u',v") € L such that (u',v")dom™4(u,v).
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Secondly, if (u,v) € B*(w4)\V , then (u_;,v_;) € B*(wa)\V’ and by the ex-

ternal stability of V'’ there exists (v’ ;,v" ;) € V' such that (u’_l,v’_J)domE"“j'}(u_I,v_J).
As a consequence, the payoff vector (z,y) € V defined by (z_;,y_;) =

(u v ;), z; = 0 forall ¢« € I and y; = 0 for all j € J, satisfies

(2, y)dom{; (u,v) , and this finishes the proof of the stability of V.

Finally we show that not only the assignment game (M U M’ ,w,) has a
stable set V' but also that V' = V*(wa) = U(r,s)ect C(wa_,,e), as claimed
by the theorem. Notice first that, by Definition 1 and the definition of the
sets I and J, (M \I)U (M \ J),wa_,,,) is a p-compatible subgame of
(M UM’ wy) . Moreover, by Remark 6, any p-compatible subgame of ((M \
UM\ J),wa_,,,) is also a p-compatible subgame of (M U M’ wy).
This implies V' C V#(w,). Now, if there existed (u,v) € V#(wy) \ V', then
the external stability of V' would imply the existence of (u/,v") € V' such
that (u/,v")dom"™4(u,v), but this would contradict the internal stability of
V#(wy) , which has been established in Proposition 9. O

An important consequence of the above proof is that given an assignment mar-
ket and an optimal matching g , if there exist unassigned agents or matched
pairs with null profit, then all these agents can be removed and the stable
set associated to the corresponding submatrix provides an stable set of the
initial game that moreover coincides with the union of the extended cores of
the u-compatible subgames of the initial market (see for instance Example 8).

As a final application, we now obtain a stable set for the assignment game
proposed in Shapley and Shubik (1972), already recalled in our Example 2:

~ N

V“(U)A) = C(wA)UCA'(wAi{Q})UCA'(UJA%ZB})Ué(wAi{l,})UC(wAi{l,Q,})UC(wAi{Q’l,}) .

Figure 2 illustrates this stable set.




The parallelepiped [0, 8] x [0, 6] %[0, 2] is the projection of the principal section
B*(w,4) to the space of the buyers’ payoff. To obtain the sellers’ payoffs,
remember that p = {(1,2'),(2,3),(3,1)}, and u;+v,6) = iy forall i € M
and (u,v) € B*(w,) . Inside this parallelepiped we represent the core C'(wa)
in dark grey, with buyers-optimal core allocation (@,v) = (5,6,1;1,3,0) and
sellers-optimal core allocation (u,?) = (3,5,0;2,5,1). The shadowed area in
the face us = ag3 = 6 is the extended core of one p-compatible subgame,

~

C(wa_ {2}) ; and the shadowed area in the face v; = az; = 2 (or equivalently
uz = 0) is the extended core of another p-compatible subgame, C(w,4 . 1,}) )
Finally, the segment from (5,6,2;0,3,0) to (8,6,2;0,0,0) is C(wa_,,,,), while
the segment from (0,4,0;2,8,2) to (0,0,0;2,8,6) is C'(wa_

C(U)Af{m,}) - é(wAf{l,}) :

{1,2,}) . In this example,

Let us now consider the usual partial order in the pu-principal section. Given
(u,v), (u,v") € B¥(wa), we say (u,v) <p (v,v") if and only if u; < u for
all i € M and v; > v} for all j € M’ and then define

uf = max{u;,u,} and wu,; = min{u;, u.}, forallie M, 20)
v; = max{v;,vj} and v,; = min{v;,v;}, forall j € M’.

It is known from Shapley and Shubik (1972) that if (u,v) and (u/,v’) are
core allocations, then the payoff vectors (u*,v,) and (u.,v*) also belong to
the core, and this is why C(w,) is a lattice. Theorem 13 states that this is
also true regarding the stable set.

Theorem 13 Let (MUM' wya) be an assignment game and p € M (M, M') .
If (u,v), (', v") € VH(wa), then (u*,v.) € VF(wa) and (u,,v*) € VF(wy).

PROOF. We will prove that (u*,v.) € V#(wy), since (uy,v*) € V¥ (wy) is
proved analogously and thus left to the reader.

If (u,v), (v ,v") € V¥(wy), there exist I, [y € M and Jy, J» € M’ such
that ((M\ L) U (M'\ J1),wa_y,,) and (M L)U(M'\ Jo),wa_y,,,,) are
p-compatible subgames of (M UM, wa), (u,v) € C(wa_,,, ) and (u',v) €

C(wA712UJ2> :

Let us see that (u*,v,) belongs to B*(wya) (this follows straightforwardly
from (u,v), (v/,v") € B*(w,)) and moreover satisfies one of the conditions in
(15).
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Let us now take (,7) € u=' (M) x u(M) . From (6), for all ¢ € I; Ul assigned

by v, we have u; = max{u;, uj} = a;, , and for all j € J; N J, assigned by

p, it holds v; = v; = ay,-13;); and thus v,; = min{v;, vi} = a,-1(); -

So let us assume that i ¢ Iy U I, and j &€ J; N Jy. This means that i & I,
i ¢ Iy and either j & J; or j & Jy. Inthe first case (i,7) € (M\1;)x(M'\J;),
and in the second case (i,7) € (M \ I3) x (M"\ J3). We will prove that in the
first case u; +v; > a;; holds (the proof in the second case is similar and left
to the reader). If Uyj = U5, then uj +v,; > u; +v; > a;; , where the inequality
follows from (u,v) € CA’(wAlel). If vy« = v; < v, we can guarantee that
J & Jo and then uj + v.; > uj +vj > a;;, where the inequality follows from
(ulv U/) S C(wA712UJ2> - o

Notice that the buyers-optimal and the sellers-optimal allocations of V#(wy)
as a lattice are always (a,0) and (0,a).

Let us finally remark that the stable set V#(w,4) is the only one contained
in the p-principal section, and thus, the only one that excludes third-party
payments (according to g ). The reason is that, by the proof of Proposition
9, the elements in V*#(w,) cannot be dominated by any imputation in the
p-principal section. Therefore, V#(w,4) must be included in any stable set
V' contained in B*(w,). But then, by the external stability of V#(w,), the
elements in V' \ V#(w,) would be dominated by elements in V#(w,4) in con-
tradiction with the internal stability of V. This fact was already mentioned
in Shubik (1984).

A Appendix

Lemma 14 Let (MUM' wya) be an assignment game, € M*(M,M') and
Qg5 > 0 fO’F all (’L,j) cun. [f ([1,J1) c CZ and (IQ,JQ) € Ci, with ]1 2 ]2
and Jy 2 Jo, then (I, J2) € CY .

PROOF. Let us assume that (M \ 1)) U (M'\ J3)),wa_, ) is not a
p-compatible subgame. From (Iy,.J;) € C4 and ([, J;) € C4, and taking
into account by assumption that {i € M | a;,4) = 0} = 0, we have [; N
pwH(J) =0 and LNnp (Jy) = 0. Now, since I} N~ () C Iy N t(Jy),
we obtain I; N pu~'(Jy) = 0. Thus, (I, o) € C! means that there exists
we MM\ I, M\ Js) such that

Z A5 > Z Aij -

(i,5)ew (63 €1 (M\Iy ) % (M7 N\ T)
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Notice that if for all (i,j) € p/ we had that (i,5) € (M \ p=(J2)) x
(M’ \ u(Iy)), then the matching obtained by the union of p’ with the sets
{(i,p(2)) | i € 1} and {(p=1(4),7) | 7 € Jo} would contradict that p is an
optimal matching for the market (M, M', A), since 3 iyew @ij +Xier, Giugy +
2ojeds Qu=(3)j > (i) Emy s ryy (s sy Qi T 2mien Qip() T jess Gu1()j = (i g)en s »
where the last equality follows from I; N pu=(Jy) = 0.

Thus, there exists (7,7) € ' such that either j = /(i) € u(ly) or ¢ =
pHG) € p ()

Let us denote by pi the restriction of u to (M \ I;) x (M'\ Ji), and by
fo the restriction of pu to (M \ I) x (M’ \ Jy). Notice that, by the pu-
compatibility of ((M \ Iy) U (M’ \ Ji),wa_,, ), p1 leaves unmatched the
agents in p~'(J))N(M\ ;) and also of p(I;)N(M’\ J;). The same happens
with e and the sets p='(Jo) N (M \ 1) and p(ly) N (M’ \ Jz). Notice also
that

p1 © B\ x (M) S p2 © 1. (A1)
The two following subsets of players are defined:

Ki={ie M\ L | /(i) € p(h)},
Ky={j € M'\ J, | /7'(j) € p”" (J2)}.

and by the above argument, at least one of these sets must be non-empty.

a) If Ky # 0, to each i € K; we associate a chain C(i) of agents in the
following way. Define i; = i, and take also p/(¢1) . If 4; is not matched by 4
or py(i;) is not matched by p', then C(i) = (1/(41),71) . Otherwise, let it be
io € M\ I the unique agent such that p'(iz) = pi(i1) . Construct recursively
the chain”

C(Z> = (:u/(il)7 7;17 /’L,(i2)7 i27 ceey M/(il>7 il7 :u/(il—l-l)a il+17 e nu’,(in>7 Zn)

where for all [ € {1,...,n—1}, 441 is the unique agent in M \ I; such that
W (i11) = p1(iy) , and either i, is unmatched by pq or pq(i,) is unmatched

by 4.

Several properties are satisfied by the chain C(i). First, taking into account
that p1(2;) = p/'(G41) for 1 € {1,2,...,n — 1} and also that ¢, € M \ I for
le{1,2,...,n}, we obtain C(i) Npu(ly) = {p'(i1)}.

7 With some abuse of notation, C(i) will also stand for the set of agents in the
chain.
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Notice secondly that if 4, i, € C(i), then i, # 4;. Assume without loss of
generality that i, =14, and 1 <[ <t.If [ =1, we reach a contradiction since
W(iy) € p(ly) and p'(i) & p(fy). If 1 <1 < t, then /() = p'(4;) implies
p1(i—1) = p1(i—1) and thus 4,1 = 4,1 . The repetition of this argument
leads to 7; = 4;_;y1; and the same argument above leads to a contradiction.
This property guarantees that the defined chains C(i) are always finite.

Moreover, if i, i € K; and i # 4, then C(i) N C(¢') = (). Assume otherwise

that k € C(i)NC(i') , where C(i) = (1 (11), 41, ' (i2), 32, . . ., 1 (3), 3, (' (ig1), - -

/

and C() = (u(i4), i, (i), - 00), i 1By ), )0 2) iy =
and ¢} = 7. We may assume without loss of generality that k =4, =i, with
I <t.If k=14 =14}, then p/(iy) = (/(4}) and thus p'(i}) € u(l) implies
iy =17 and consequently ¢ =i; =i} =4'. Assume now that [ > 1 is minimal
such that 4 = 4, with [ < t. Then, pi(iy_1) = p/'(4) = (i) = p1(i)_y)
implies ¢ =4,_; and contradicts the minimality of [.

Finally, if for some i € K, 4, € C(i)Nu~(J2), then, since p=(Jy) C pu=(Jy)
we have that ¢; is not matched by p; and thus ¢ = i, is the last agent in
the chain.

b) If Ky # () and j € K, recall that, by definition of this set, j € M'\ J,
and p/7'(j) € p=(Js) . Then, for all j € Ky we define the chain C(j) by

C(]) = (Z.la ,U/('l.l), i2a M/(i2)7 s 7Z.l7 M/(il), Z.H-la s 72.717 /J“,(Zn))

where j = p/(i1), pa(iyr) = p/'(4) for all 1 € {1,2,...,n — 1} and either
1/ (i,) is unmatched by po or py'(i/(in)) is unmatched by u'.

Notice first that, since p' is defined on (M \ I;) x (M"\ J2), we have i, €
M\ I and p/'(3;) € M'\ Jy for all I € {1,2,...,n}. As a consequence,
C(H)Nup ' (J) = {1} = {ir}. Indeed, if i,y € u~'(Jp) for some [ €
{1,2,...,n—1},since ijp1 = py (' (i) = = (1’ (i) by (A.1), then p/(3;) €
Jo , which implies a contradiction.

Secondly, if i;, iy € C(j), then 4, # i;, and the proof is analogous to the one
in a).

Also, if j, j' € Ko, j# 7, C(j)NC(j) = 0. To see that, let us denote these
two chains by C(j) = (i1, ' (31), 92, ' (32), - - -, 8, W (31), 91y« -+, 1 (25,)) and
C(3) = (@, ' (3h), 5, (' (45), - - g ' (47) 5 Gy - - -5 0y, p'(47,)) and assume with-
out loss of generality that k = 4, = i} with 1 <[ < ¢t.If [ = 1, then,
i, € pu'(Jy) implies i, = 7} and consequently i; = ¢, implies j = j’
in contradiction with the assumption. Assume [ > 1 is minimal such that
iy =4, with [ <t. Then, ps(i;) = po(i}) and thus p'(i;_1) = p/(é,_;) implies
iy—1 = 1;_, and contradicts the minimality of [.
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Finally, if for some [ € {1,2,...,n} we have 1/(i;) € C(j)Npu(ls), then p'(4;)
is unmatched by ue and thus i; =1, .

c¢) Moreover, if i € K; and j € K, , then either C(i) N C(j) =0 or C(i) C
C(7) . To prove this, let us write

C(@) = (W' (1), iy, o (@), i, 1 (i) s o 1 (1), ),
C(.]) = (7;17 :U’/(il)7 cee 7Z.l7 :U’/(il)a il—l—lv :U’/(il-l-l)? s 7in7 M/(Zn)),

where ¢ = ¢ and /(i) = j. If C(i)NC(j) # 0, then i. = i, for some
re{l,2,...,k} and s € {1,2,...,n}. Then p/(i.) = p'(is) € C(i)NC(j). If
r =k =1 we are done. Otherwise, since 1 <r <k, either r <k or r > 1.

If r <k, take 4,,, and recall by the definition of C(7) in a) that /(i) =
pa(2.) . Now, from (A.1), p'(il,) = pa(i).) = pe(is) and, by the construction
of chain C(j) in b), we obtain i, = i,_; and as a consequence both i/,
and p'(i.,,) = 1 (is—1) belong to C(j). The repetition of the same argument
shows that for » <[ <k, both i, and p'(i}) belong to C(j).

If » > 1, again by the definition of C'(i) we know that puy(i/_;) = 1/(i}), and
by (A1) pe(il_y) = /(i) = p/(is) . This, by the construction of C(j) in b),
implies that i/_; = i541, and thus both 4/ _; and p/(i._,) belong to C(j).
The repetition of this argument guarantees that 4, and p/(i;) belong to C(j)
for all 1 <1 <r. To sum up, we have proved that if C(i) N C(j) # 0, where
i€ K, and j € Ky, then C(i) C C(j).

Let us now define

' = Ukex, C(k),
C = Ukex; C(k) where Kj ={ke K; |C(k)nC’" =0}.

Let us now point out that the sets {(i,7) e ' |i € C}, {(i,5) e /| j € C'}
and {(i,7) € ¢/ | i & C and j ¢ C'} form a partition of p/ C (M \ I;) X
(M'"\ Js) . The reason is that if j € C", then j € C(k) for some k € K,. But
then, by the definition of the chains, p/~!(j) also belongs to C(k) C C’ and
consequently, by the definition of K|, p/~(j) € C.

Similarly, the sets {(i,j) € B (M I ) x (M\ J2) lieC}, {(i,j) € JU(MN\ I ) % (M7\ J2) |
Jj € C'} and {(4,7) € wonnyxmng) | @ € Cand j ¢ C'} form a partition
of o< - If j € €, that is to say, j € C(k) for some k € K,
then whenever j is matched by panrn)xnm) € pe it follows that either
py'(j) € C(k) € €', and thus p~'(j) € C, or py'(j) is not matched by
¢/ . But in that last case juy'(j) ¢ C, since each buyer in a chain C(k'), for
k' € K1, is preceded by his or her partner by .
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Then, since

Z a;j = Z a;j + Z a;; + Z Q;j

(i,5)en’ (i,4)En’ (i.5)ep’ (i,5)€n’
ieC jec’ igC, j¢C!

> ) ij =
(GI)ER (A1) x (M7 T)
= ) ij + > @ij + > Qij-
(”>€“\<M\Il)x(M’\fz) BDER (M\I7)x (M/\ ) (BDER (M\I7)x (M/\ T)
ieC jec’ igC, jec’

one of the following cases must hold.

e There exists k € K; with C(k) C C and such that Y e a;j > Zw)eﬂ a;j .

i€C (k) C(k)
Then we define

po=A{0p@) i€ Ck)yU{(i,m@)) | ie M\ (LUCK)}

and we check that this is a matching in M(M \ I, M’ \ J;). First we prove
that f is included in (M \ 1) x (M'\ J1) . Notice indeed that by definition of
s pi(i) € M'\ Jy. Also, if i € C(k) then p/(i) € C(k) and thus there exists
py (/' (i), which implies /(i) € M’ \ Jy , except if u'(i) = p/(k). But then
(' (i) € p(l1) and by the p-compatibility of ((M \ Ii) U (M’ \ J1),wa_, ;)
we have p(L)NJy € {j € M' | a,1(); = 0} and this set is empty by
assumption. It now remains to prove that f is a matching. To see that, notice
that if ¢ € C'(k) and p/(i) = pi(¢'), then ¢ € C(k).

Thus we get that > ; e Qg > > (ij)em Gij » which contradicts that ((M \
L) UM\ Ji),wa_, ,, ) is a p-compatible subgame of (M UM’ wa).

e There exists k € Ky such that > ew aij > Z(m@ a;; . Then we define
C(k)

JEC(k)

i={0G),0) 17 € ChYU{(uz (), 5) | j € M\ (2 UC(k))}

and check that it is a matching in M(M \ I, M’ \ Jy). Notice first that
g C (M\ I) x (M'\ Jo). Indeed, for all j € M"\ (Jo UC(k)) that is
assigned by g, puy'(j) € M\ I by definition of uy and, by definition of
W, WG e M\ I, € M\ I, for all j € C(k). Also, each j € C(k) N M’
is matched by p', and thus j € M’ \ J,. Let us now see that i is really a
matching. It is enough to prove that if j € C'(k) N M’ then it does not hold
pHG) =y (') for some j' € M\ (JUC(K)). Indeed, if 1/~(j) = pz " (5')
for some j' € M\ (J, UC(k)), let us write i = p/~*(j) and notice that from
j € C(k)NM', we deduce i = p/~'(j) € C(k). Now, if i = p/~!(j) is matched
by pa, then (i) = pa(p/='(4)) = 4/ also belongs to C(k), in contradiction
with j' € M"\ (JL,UC(k)).
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Once proved that fi € M(M\Iy, M'\J2) we get that 3 ieq i > Y j)eus Gij
contradicts that ((M \ Iy) U (M"\ Jo),wa_, ,, ) is a p-compatible subgame
of (MUM' wy).

e Otherwise,

Z Qij > Z Qjj - (A2>

(i.g)en’ IR (M7 ) x (M J.
igC, jgc! FAGYS RN

In this case, we define

f={0p' (@) [i¢ LHUC and p'(i) ¢ J,UC"}
U{(i,u(2)) | i € LUC or u(i) € JLUC'}

and will prove that g7 € M(M,M’). Let us write A = {(¢,1/(7)) | i & [, U
C, @) g Jul'}, B={(i,u(i))|ie 1 UC or u(i) € J,UC'} and prove
that if (¢, () € B, then neither (i,p'(i)) € A nor (i, u(i)) € A for any
i" € M\ (I; UC). We distinguish two cases: i € I; UC or u(i) € J,UC".

If (i,u(2)) € B with i € I; UC', then it is immediate that (i, /(7)) € A. On
the other hand, if (¢, u(i)) € A for some ' € M\ ([UC), then (i) = p/(7').
Now, if ¢ € C, then pu(i) = /(i) implies i/ € C in contradiction with
(i',u(i)) € A. Otherwise, @ € I, but then u(i) = /(') € p(ly) implies
i" € Ky C C and also contradicts (¢, u(i)) € A.

If (4,u(i)) € B with u(i) € J,UC’, then it is immediate that (', u(i)) & A
for any ¢ € M\ (I; UC) such that p/(i') = p(i). On the other hand, if
(1,1 (7)) € A, from p(i) € JobUC" we get that either (i) € C' or u(i) € Js.
In the first case, that is u(i) € C”, by the definition of the chains in C”,
w(i) = p' (i) for some ¢/ € M\ I;. As a consequence we have i = p~'(1/(i))
where /(i) is matched by p and thus by ps and, moreover, u='(u'(7)) is
matched by 4, since we are assuming (7, u'(i)) € A. All this, by the definition
of C" (in fact of the chains C(k) for k € K5 ) implies that ¢ € C' and thus
W' (i) € C", in contradiction with (i, /(7)) € A. In the second case, that is,
(i) € Jo, i = pt(p(i)) € p'(J2) and, since i = p'~*(1/(i)), we obtain
W (i) e M'\ Jp and p'~'(y/(i)) € p~'(J2) which implies p/(i) € Ky C C', in
contradiction with (i, /(7)) € A.

Once proved that g€ M(M,M'), we have

o= D at D ay

(i,4)€R (i,j)€A (i,j)eB
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> Z aij + Z Z Qi s

(i,5) € (1,5)En (4,5)ep
igI 1 UC, jgJouC! i€l UC or jeJoul’

where the inequality follows from (A.2), and this contradicts p € M*(M,M'). O

Proor or PrRoOPOSITION 10

1) Recall we are assuming that |M| = |M’| and p does not leave agents
unmatched. If (@4, v?) = (a,0) and (u?,74) = (0,a), then L is the segment
between (T4, v?) and (u?,74) , which we denote by L = [(@?,v?), (u?,74)],
and we have L C C(wy) C VF*(wa,) .

Assume now that (u?,71) = (0,a) but (@t v?) # (a,0). By part 1) of
Corollary 5 we know that the subset I; C M such that I, = {i € M | u =
@iy(i) } 18 non-empty and, by and part 1) of Proposition 4, ((M\I;)UM' w4 _, )
is a p-compatible subgame of (MUM' wy) . Let (_A i p-11) be the buyers-

optimal core allocation of this subgame and let (7~ ,yA*h )¢ be its extension
to B*(wa):
a, " ifke M\ I,
(@1, 015 = ag if k€ 1,
v if ke M.

Consider now the piecewise linear curve

L' =", oY), @, v ul@! o), @ -n, ot ).
Notice that [(u?, 74), (@?, v*)] C C(wa) and, since ' = a;,(), for all i € I,

trivially by (6) and( ) we have (74,v4) € CA’(wAfjl) and thus [( A ), (@0, pA-n)e) C
C(wAfll) .

Then, A
! - C(UJA) UC(waIl) - V“(U)A).

and, if (@4-1,v4-1)¢ = (a,0), we are done.

Assume there exists a chain Iy =0 c I, C I, C --- C I, € M such that,
forall k€ {1,2,...,r}, (M \ L) UM’ wa ) is a p-compatible subgame

f((M\I—1)UM',wa_, ), and thus, by Remark 6, also of (M UM’ wy).
Then

= [(QA>®A)> (ﬂA>yA)] U [(ﬂA>yA)> (ﬂAiI%yAiIl )e] U
U (st @t ] € Vi

[\
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If (@t~ vA-1)¢ = (a,0) we are done. Otherwise, let it be I = {i € M\ I, |
ai-Ir = aiuiy} and notice that again by Corollary 5 and Proposition 4, I
is nonempty and, if we write I..; = I, U I, we have that (M \ I,41) U
M’ wa_, ) is a p-compatible subgame of ((M \ [,) UM’ ,w4_, ) and thus,
by Remark 6, also of (M U M’ w,). Then, the piecewise linear curve

L= Lru @t pt)e, @i, pt e )

is contained in V*#(wy) . Since the inclusion between the sets I is strict, the
procedure will finish in a finite number s of steps and then we get a piecewise
linear curve L* C V#(wy) from (0,a) to (a,0).

Notice that if (u?, 74

,7%) # (0, a) we would analogously obtain a piecewise linear
curve from (u?,74) t

o (0,a), and contained in V*(wy) .

2) Let it be (u,v) € I(wa) \ B*(wa4) . This implies that there exists (i,j) € p
such that u; +v; < a;; and, as a consequence, 0 < u; < a;; — v;. By the
construction of the curve L in part 1), we can find (v/,v") € L such that u; <
u, < a;; — vj . Then, not only u; > u; but also, since (u',v") € L C B*(wy),
we have u;+v; = a;; and then v; = a;;—u; > v;. Thus, (v, v') dom, (u, v).
O

Before proving the Theorem 12 we need to prove the following statement.

Lemma 15 Let (M UM’ wya) be an assignment game, u € M*(M,M') and
(u,v) € B*(wy) .

(1) Let I C M and JCJ Cc M, (J'\J)Nnu(l)C{je M |a,), =0},
such that (M \ 1)U (M'\ J),wa_,,,) is a p-compatible subgame of
(M UM wa). If v =07 = a,-105; for all j € J'\J and there
exists j* € M'\ J such that yﬁ”“" < < yﬁ”“‘ﬂ , then there exists
(", v") € C(wa_,,,) such that (v, v")dom™(u,v) .

(2) Let JCM and ICI'CM, (I'\I)Nnp'(J)C{ieM|ayw =0},
such that (M \ 1)U (M’ \ J),wa_,,,) is a p-compatible subgame of
(M UM wa). If uy = @™ = @iy for all i € I'\ I and there

. . A
exists i* € M\ I' such that Qﬁ’”] < up < w7 then there exists

i*

(u",v") € Clwa_,,,) such that (u”,v")dom™ (u,v).

PROOF. We prove part 1), since 2) is proved analogously. By Proposition 4,
(MN\NT)U(M'\J"),wa_, ,) is a p-compatible subgame of ((M \ 1)U (M"\
J),wa_,,,),and, since (J'\ J)Nu(l) C{je M |a,1); =0}, by Remark
6, also of the initial game (M UM’ wy,).

Consider the oriented tight graph G* = G(w#-1v’, vA-107") defined by the set

32



of nodes (M \ I)U (M'"\ J') and the arcs ¢ — j whenever (i,7) € u and
j — i whenever UZ-A’IU‘]' +uv; ™" = ay but (i,7) & p. Since yﬁ?w"' > 0,
following p. 213 of Roth and Sotomayor (1990) we know there exists a path
= (j*, 45, 75,45, ...,k (5F)) in G ending either at ¥ € M \ I unmatched
by IY(M\I)x (M7\J") OT at Jjre M’ \ J' with ngw‘ﬂ =0.

A A A A
If v, 7" =0, from (12) we have vj;.~"* < ;""" and thus we get v;.” " =
A*IUJ’ —A_1us

(]s) ) =u

0 and consequently, since % = pu~ U = Ujs . But then we have

A_rug _A_ug —A_1uJ A_rug
U = Qigjr | — Uz = Qigjr | — U sv _35 1]

where the last inequality follows from the fact that (w4-1v7 vA-1v7) € C(wa_, ).

: o Aroy
This, taking into account that from (12) we have v/r "’ < v "%

e S leads to
s— s—

yg i V= ygf “7"and, repeatedly applying the same argument along the path

A_; A ) L ) )
c*, we would deduce v """ = v~ “7" in contradiction with the assumption.

Then the path ¢* must end at some % € M\ I unmatched by 1)< -

If it were also unmatched by fanrx ), then uA W — .71 =0 and

Z*
followmg the same argument as in the paragraph above we reach again the
IuJg A_pop

contradiction yﬁ = U

As a consequence of all that, the path ¢* ends at some ¢ unmatched by
MM\ (m\J7y , but that is matched by pyannxa gy and so p(it) € J'\ J
and by assumption in part 1) of the lemma, v,s) = @+ . Then, since
(u,v) € B*(wy) we get

Let us now consider the p-compatible subgame ((M\ 1)U (M'\ J),wa_,,,)-
From part 2) of Proposition 7 applied to the game ((M\I)U(M'\J'),wa_, ),
the payoff vector obtained by completing (@-rv7, v*-10) with a,-1(;); for
all j € J'\J, thatis (@-107, 04107 (a,-1(;);)jesn7) , belongs to C’(wAJU‘,)
Let us denote by (u',v") this payoff vector and construct its oriented tight
graph, G(u',v"), now defined by the set of nodes (M \ I)U (M'\ J) and the
arcs i — j whenever (i,j) € p and j — i whenever u; + v} = a; but
(1,7) & w. Notice that all the nodes and arcs of the former graph G* also
belong to G(u/,v") but this new graph may have some additional nodes and
arcs. In particular, ¢* is a path in G(u/,0’).

. . A_ A_ / .
Since, by assumption, v """ < v < v 77" holds, we know there exists

o 3 A_juy - Aoy
(@,0) € C(wa_;,,) such that 05 < v~ let us say 0j- = v """ — e =

v} — ¢ for some e > 0. Take any path in G(u',v') starting at j*, let us say
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c= (5% 41,J1,%2,-..,14, (ji)) , where the parenthesis in the last node indicates
that the path may end either at a buyer or at a seller. Since (a,?) is in
C(wa_,,,) it must be that @;, = u; +€; forsome &, > ¢. Then, v;, = v} —e1,
which implies ;, = uj, + 2 for some e, > £;. By repeatedly applying the
same argument we get that, for all ¢, in this path, there exists ¢, > ¢,_1 >0
such that @, = u; +¢& and v; = v;-l — g;. This implies that v;-l > (0 for all
Ji in the path ¢, and also that, since %;, > 0, there is no 7, in ¢ unmatched
by rannxamay -

Let S be the set of i € M \ I that can be reached from j* in G(u/,v)
and T be the set of j € M’ \ J that can be reached from j*. Notice that
j €T ifand only if u=1(j) € S. Also, if j € T and ¢ € M \ I is such that
u; + v = ag;, then i € S. Define now

u! =l +e, forallie SU{p (")}, u!/ =ul, forallie M\ (TUSU{u"'(5")}),
vi = v —¢, foralljeT, v =, forall je M\ (JUT).

J J’

For € > 0 small enough we claim (and the proof is left to the reader) that
(u",0") € Clwa_,,,), vy < vj. (since v < y;i’“”' = vj. ) and vl 7 Uj;
all j; in the inicial path ¢*.

Recall from (A.3) that u; = 0 and notice that 5 € S and thus w;; =0 < uj. .
If v <wj. ~wearedone, since ujz +vj. = a;;: . Thus, the extension of
(u”,v") by paying a; toall i € INu (M), a,~1(); toall j e JNu(M)
and zero to all agents in I U.J unassigned by s, belongs to C(wa_,,,) C
V#(wy) and dominates (u,v) via coalition {if,j* ;}. Otherwise, we have
v > v;’;:l and consequently w;» =< u” . We then repeat the argument
replacmg Ja_y with 57, and Wlth . In this way we will either get that
(u”,0v") dominates (u_r,v_;) via coalition {i,j ;} for some [ € {2,..., s}
or else we reach u;; < uj: and since vj- < v}l and wl +vj. = up +Uj. = iy
we obtain that the extension of (u”,v”) by paying a;,) toall ¢ € INu~ (M),
au-1¢); toall j € JNp(M) and zero to all agents in I U .J unassigned
by s, belongs to C(wya_,,,) € V*(w,4) and dominates (u,v) via coalition

{i1,j"}. O
PROOF OF THEOREM 12 (CONTINUATION)

PROOF. It remained to see that, under the assumption that pu(M) = M’
and a;; > 0 for all (4,75) € p, any element in B*(wa) \ (R*(wa) UV*(wa))
is also dominated by some element of VF#(wy).
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Take (u,v) € B*(wa)\ (RF(wa)UV#(wy4)) . Let us define the following subsets
of players.

Take first 10 = J0 = 0.

Recursively, for k > 1, define IF C M \ (I(’)“jl Up ' (JE) and JEF € M\
(J5 P Up(IE™Y) in such a way that |IF]| = |J¥| = 1 and there exists (z,y) €

C(wAilg 1%])@71) such that w; = x; = a;,() for @ € I"C and v; = y] = ,-13);

for all j € JF. Then we write If = I¥ U I¥~' and JF = Jb U JE-

By Proposition 4, ((M\ Ig)U(M'\ J5),wa_, ) is a p-compatible subgame
0770
of (MUM’ w,) and by an induction argument, together with Proposition 4
and Remark 6, we obtain that, for all k>0, (M \ I¥)U(M'\ J§), w4 k)
~foYo

is a p-compatible subgame of (M \ I¥") U (M’ \ Ji ™), wa 1 ]kfl) and
kLo

thus of (M UM’ ,wa). Moreover, (u_ps,v_p) € B*(wa_, ). Notice also
0

that, as an immediate consequence of the definition of I} and J§, we have
A k-1 k1 A71k71UJk71

that w, ° % =a,u for i€ IFand 5, ° "0 = a,-1¢j); for j € Jt.

By the finiteness of M and M’ there exists d > 0 such that I¢H x JiH = 0.
Then, I¢ x J¢ is the last subset of the sequence. To simplify notation, in the
sequel we write [y = I and Jy = Jd

Once we have exhausted the possibility of building p-compatible subgames
(related to the payoff vector (u,v)) by removing one agent on each side of the
market, we continue the procedure but now removing several agents of only
one side, let us say the buyers’ side.

Now, let us define
- . _ A -
]1:{Z€M\(]0U,u 1(J0)) |UZ:UZ foto :aw(i)}, [1:]1U]0

and, for all £ > 1

A1, _quJg

fk:{ieM\(Ik_lu,u_( Jo)) | v =1, = Qi) }
and, aslong as I, 20, Iy = [, U I, .
By definition, Io C I; C --- C Ij,_1 C I}, and there exists r+1 > 0 such that

I, = (0, which implies that the sequence® ends at I, . Notice that M\ I, # ()

8 Notice that the sequences of sets, Iol X Jol C Ig X J02 Cc---C Ig X Jg = Iy x Jy and
Ipc I C---CI,—y C I depend on the allocation (u,v) we want to dominate.
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since otherwise we would have (u,v) = (a,0), and, by Proposition 10, (a,0) €
VH#(wy) , in contradiction with (u,v) € B¥(wa) \ (R*(wa) U VH*(wa)) .

By repeatedly applying part 1) of Proposition 4 and Remark 6 we obtain that,
forall k€ {0,1,...,7}, (M\I)U(M'\Jo),wa_, ) isa p-compatible sub-
game of (M UM’ ,w,). Moreover, (u_r,,v-5,) € B*(wa_,,, ) and different
cases are considered.

Case 1: (u_j.,v_y) € R“(“’AJTUJO)'

In this case, since (u,v) € V¥ (w,), it must be the case that (u_;,v_y,) &
C(wa_,,,,,) and thus we can apply Proposition 11 to the game ((M\1,)U(M"\
Jo),wa_,,,,) and obtain there exists (u',v') € C(wa_, , ) that dominates
(u—z,,v-j,) . We then define (u”,v") by u] =} forall i € M\I,, u] = a;,@
for all i € I, v] = v} forall j € M"\ Jy and v} = a,-1(;); forall j € Jy.
Then, (u”,v")dom"4(u,v) and, by (6) and (14), (u”,v") € é’(wAfjr.UJO) C
V“(U}A) .

. . A
Case 2: There exists i* € M \ I, such that w; > ;. frdo,

Since (u-r,,v-z) € B*(wa_,, ., ) and u;i > 0 we can guarantee that ¢* is
matched by fianr,)x(mr\p) - Then, the above statement is equivalent to

—IrUJg

0<wvj, < yﬁ) , for jo = u(7). (A.4)
Since ((M\1,)U(M"\Jo),wa_,,.,,) and (M\IG)U(M'\J§),wa . )
0~"0
ke {0,1,...,d}, are p-compatible subgames of (M UM’ w,), by Lemma 14
we obtain that ((M\L,)U(M'\J&), wa . ,.) isalsoa p-compatible subgame
.y

of (MUM' wy), and this for all k € {0,1,...,d}. Moreover, from (12), and
taking into account that JJ =0 and J§ = Jp, it holds

, for all

A 1 A d—1
A_g, ~IruJg —IruJg A_1009
Vs, < Vs, <-.- < Vs, < Vs (A5)
. Affr.ngfl A—IT-UJ(I)“ f
and thus, either v, < vj, < Y, , for some k € {1,2,...,d} or
A,
Ujo < yjo
. Aokt
Case 2.1: There exists k& € {1,2,...,d} such that v, "~ ° < v <
A—ITUJ(I)“
Yjo

Since both ((M\I,,)U(M’\Jg),wAJTUJ(,;) and ((M\I,,)U(M/\J(’f—l)’wAJTUkal)

are p-compatible subgames of (M UM’ w,), we obtain that ((M\ 1)U (M"\
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) is a p-compatible subgame of ((M\1,)U(M'\J5™1), w4

k
Jo )7 wA?JTUJg 7ITUJ§71) ’

To prove this, recall that JF = JF\ J&™ and [J¥| = 1, and write {j'} = J¥.
Notice then that

wA(MUM/):wA((M\I) M/\JO —|— Zaw + Z Ap=1(5)5

1€, ]EJk

= b Qi+ D Ciptiy + Y Qi) =

(6,)EpN(MN\I) x (M'\JE) €lr jeJk
= Z Qij + Qu=1(j1); Z Qip(i) + Z Ap=1(j)j <

(1) Eun(M\L) X (M J4) iel, jesit
Swa(MN\NL)YUM NI+ Dt + D au-105); = wa(M UM').
> w4 T 0 ipa(1) =t (G)i A

i€l jeJ(])c*l

where the inequality holds because p~'(j') & I, ° and thus pN (M \ ) x
(M'\ JE)Y U {(=1(5"),4))} is a matching of (M \ I,) x (M"\ J&71).

As a consequence, wa((M\ L) U (M'\ J§)) + a1 = wa((M\ 1)U (M \

JE71)), which means that ((M \ 1) U (M’ \ J¥), wa ) 1sa p-compatible
1k
subgame of (M \ I,)U (M’ \ J§~'),wa . Ukal) .
gk
- B k—1
Then, since |J§| = 1, Proposition 4 guarantees that Uy R Q13"
A k—1
and by definition of JO we get vy =T, T = = a,-1(;j; - We then are on the

assumptions of Lemma 15 taking I =1, J = Jy F1 and J’ = J¥  and thus ob-

tain that there exists (u”,v") € C'(wy e ,) such that (u”, v”) dom™A(u,v) .

. A,
Case 2.2: 0 <vj, < v, -

We now construct G = G(@A-r,vA-1), the oriented graph related to the
core constrains of the ,u—compatlble subgame ((M\I,) UM',w,_, ) that are
tight at (w1, p4-17): the set of vertices is (M \ I,) U M’ and the arcs are
defined by: i — j if (,7) € p, and j — @ if ﬂ?’“ —l—y?*“ = a;; but
(1,7) & . Since Q}%’” > 0, as proved in page 213 of Roth and Sotomayor
(1990), there exists a path starting at jo and ending either at iy € M \ I,

9 Since I, =, U---ULU - ULUIgU-- UIFu---UIY,if p71(j') € I,
either p~1(j’) € I; and thus by definition j' ¢ Jo, which contradicts j/ € J¥, or
u‘l( e Ik for some k' € {1,...,d}. In this case, if ¥’ > k, then by definition of
1:0/, j ¢ JO ! which contradlcts j' e JEc gk C Jé“/_l If K <k, then u‘l(j’)ﬁ
¥ C !g_l and this contradicts j' € J¥ . Finally, if ¥’ = k, then, by definition of I}
and J}, there exists (z,y) € C(wa w_1) such that x,-1() = a,-1(; and
Yjr = a,-1(jn); » which implies a,-1(;1); = 0, in contradiction with the assumption.

k—1
IO ug
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unmatched by g r)xamr or at js € M’ with yi’” =0. Since pu(M) =M’
the first possibility cannot hold, and thus it must be the case that the path
ends at j, € M’ with Q?S’I" =0. Let ¢ = (jo, 1,71, --,%s,Js) be such a path
and assume without loss of generality that j, is the first j € M’ in the path
such that yf’“ =0.

Since Q?S’I" =0, we have that

_A_ _A_q,.
w; " =a;; and u;, <T@, . (A.6)

ls

Now, several cases are to be considered:

A : A A
o If u;, <;~" we are done, since also v;, < ;" and v, " +T;, " = a5

because jo — i; is an arc in the path c¢. This means that (u?-1r,v=4%)
dominates (u_y,,v) via coalition {i,jo}. We then define (u',v") by

W =1 forall i€ M\ I,

u; = a;,(y forall i e, (A.7)

— A*I'r y
vé-—yj for all j € M'.

N

By (6) and (14), (u,v") € C(wa_,,) € V¥(wa) and moreover (u',v') domy;! ;1 (u,v).

o If w; > ﬂﬁ’“, then, since both (u_;,v) and (@4~ ,v4) belong to

Iy

A_ .
B (wa_, ), v;, < v and we can repeat the above argument, replacing

.. . A_

Jo with jy. If at some step k& € {1,...,5s — 1} we get v;, < v; " and
_A_g. . A | A ‘ .

Wiy <y, [, we are done, since v;, +T, ) = Qi (the arc jxr — ig41

belongs to the tight graph G') and thus we have that (-7, v4-*) dominates
(u_y,,v) via coalition {igi1,jx}. Then, the payoff vector (u',v’), as defined
in (A.7), dominates (u,v) via coalition {iyy1,Jr} -

e Otherwise, for some k € {1,...,s} we have u; > ﬂf}’“ for all [ €
_ALy,

{1,...,k =1} and u;, = @;, . (Recall that by (A.6) we can guarantee

that w;, <@, ).

is

A A
" < a4, , , we first analyze the case where w; = w; "

23]

Since u;, = T =
_A_.  _A_nug

;. j, - In this case, either a;; = w;, = T . which implies

- i ik
that 4, € I,4; '© and contradicts that I. is the last set in the sequence, or

_A_ _A 107 A_ A_1.0
= > "7 But then v, " < v, <y "

Qi = Wipy, = Uy in . and as a

10 Notice that i & u~1(Jy) since otherwise u;, =0 = a;, ji. » in contradiction with
the assumption.
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ottt
consequence there exists ¢ € {1,...,d} such that Uj, o < vj, <V

Then, similarly to Case 2.1, we can apply Lemma 15 taking I = I, J = Ji™*
and J' = J}. To apply the aforementioned lemma, notice first that the same
argument in footnote 9 guarantees that (Ji\ J&™) N (L) = JiN (L) = 0.
Also, it has been proved in page 37 that ((M \ I,) U (M'\ Jg),wAwaé) is

a p-compatible subgame of ((M \ 1)U (M’ \ J§™),wa . ,i—1) and thus by
ot

A t
~10JE

A -
Proposition 4 we obtain 7, T = a, gy, for e JEH\ JG = J§ and, by
A t—1
definition of JO, v =T, ol a,-1(j); - Then, Lemma 15 guarantees that

there exists (u”,v") € C(wa ) such that (u”,v")dom®(u,v).
0

—IruJ

Otherwise, it holds u;, = u <y Letitbe I'={ie M\ I, |u " =
Qg y and I = L, U T, and notice that, by (A.6), is € I’ and thus I' is
non—empty. Since, by Proposition 4, (M \ UM wa_,) is a p-compatible
subgame of ((M\ I,) UM’ wy_, ) it follows from Remark 6 that ((M \ I)U
M’ wy4_,) is a u-compatible subgame of the initial game (M U M’ wy).

Let us denote by G’ the restriction of G' = G(u@”-',v4-1) to the player set
(M \ I) U M’. Notice also that, by the definition of I, ﬂiA’“ < @y for all
i€ M\ I (and consequently yﬁ(’i)’* >0).

Let S be the set of buyers in M \ I that can be reached from j, in G’
(together with * = p~'(jo)), and let T be the set of sellers that can be
reached in G’ from jy. Both S and T are nonempty. Notice that if i € S,
then p(i) € T; and if j € T then pu~'(j) exists and belongs to S. Also, if

1 ¢S and j € T it cannot be that ﬂiA’“ —G—Q;LI”" = a;j .

Define (v ;,v') by u, = W~ +¢ for all i € S W, =" for all i €
M\(1US); vj :yf ""—¢ forall j € T and ] —v “ forall j € M'\T.Itis
easy to check that, for € > 0 small enough, (u_I, ) € C(wa_,). ' Moreover,

all buyer 4; in the chain ¢ remainsin S, for all [ € {1,...,k}, since we have
u‘;; "<, < ayy, forall 1e {1,. k:} and u;, = uA < amk As a
consequence, for ¢ > 0 small enough u;, > u;, for all 1 € {1,2,. — 1}

/ / 3 s / /!
and w; < w; . From w; , >wu; ,and taking into account that (u_I, V') €
. . — . . 1 1
C(wya_,) and also w;,_, + v, = Giy_,j,_ o since (u,v) € B*(wy), we get
/ —Ir — . 1
vj,_, < v} _ . Then, from u; +v]k =Ty, —|—y]k " = aj,j,_, , we obtain

that (u’;,v") dominates (u_ I,v) via coalition {i, jx_1}

' Notice that if j € M’ is not assigned by p1yxm > then j & T', which implies

; = 23-4 r_ Moreover, either j is not assigned by BTy x v and thus v; =
vf =0 or p7!(j) € I' and also v :Q;LI" =0.
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We only have to define (u”,v") by w = wj for all i € M\ I, uj = a;,@
for all i € I and vj = v} for all j € M'. By (6) and (14), we have that
(u”,v") € C(wa_,) € V*(wy4) and moreover (u”,v") domg . (u,v).

If (u_z.,v_y,) is neither in Case 1 nor in Case 2, that is to say, (u_y,,v_s,) &
R wa_, ., ) and u; < ﬂiA*ITUJO for all ¢ € M\ I, , since by (9) we know that
QZ{LIOU"O < Q;LHUJO <0< Q;LI*U"O for all i € M\ I, , we deduce that (u,v)
must be either in Case 3 or Case 4.

Case 3: r > 1 and there exists i* € M \ I, and k € {1,2,...,r} such that

A_r._ugg A_1,u
Ue T < wpe < wge PO

Lemma 15 in the Appendix guarantees that in this case there exists (u”,v") €

~

C(wa_,_ ) such that (u”,v”) dominates (u,v). We only must take I =
I, I' =1, and J = Jy, and recall that by definition of I, = I, A

A
w =1, 0= aipgy forall @€ I\ Ip_y .

Case 4: There exists * € M \ I, such that 0 < u. < w070 .

Since (u,v) € B*(wa) \ (RM(wa) U VH*(wy)), let us define the following se-
quence of sets of players:

- 4 A1 -
Ji={j e M'"\ (JoUuly)) |v; =0; 7" = a,105,}, Ji=J1UJy
and, for all k£ > 1,

- ] _A_1qug,
Je=1{j € M\ (S Up(ly)) | v; =7, " = a1,

J
and, as long as J, # 0, Jp = Je_1 U Ji .

Also by definition, Jy C J; C -+ C Jp_1 C Ji and there exists p > 0 such
that ij = (), which implies that the sequence ends at J,. Moreover, M’ \
Jp, # 0, because otherwise we would have (u,v) = (0,a) and, by Proposition
10, (0,a) € VH*(wy), in contradiction with (u,v) € B*(wa) \ (R*(wa) U
V“(U)A)) .

By repeatedly applying part 1) of Proposition 4 and Remark 6 we obtain that,
for all k € {0,1,...,p}, (M \ L) U (M \ Jy),wa ,, ) is a p-compatible
subgame of (M U M’ wy). Also, (u_g,,v—y,) € B*(wa_,, ) and different
cases are considered.

Case 4.1 (u_zy,v-y,) € R*(wa ., ). Then an argument analogous to that

of Case 1 shows that there exists (u”,v") € é(wAfzoqu) C V#(w,) such that
(u”,0") dom™4(u, v) .
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Case 4.2 There exists j* € M\ J, with v« > E}t . Then an ar-
gument analogous to that of Case 2 shows that there exists I C M and
J C M such that (M \I)U(M'\ J),wa_,,,) is a p-compatible subgame
of (M UM’ wy), and there exists (u”,v") € C(wa_, ,) C V*(w,4) such that
(u” 0" dom™4(u, v) .

Case 4.3 p > 1 and there exists j* € M'\J, and k € {1,2,...,p} such that

A_ryua,_ A_1500,
Y TR <o < U °“* Then an argument analogous to that of Case 3

shows that there exists (u”,v") € é(wAfzowk,l) C V*(w,) that dominates

(u,v).
Case 4.4 There exists j* € M'\ J, such that v;« < Qﬁffowo .

Recall that, by the assumption in Case 4, there also exists i* € M \ I, such
that u; < Qﬁ*“’u‘]o, and as a consequence is matched by pan 10)x (m7\Jo) -

Also from Q?JIOU"O > 0 we deduce that p='(5*) € M\ I,.

Notice first that if p = 0 then uy < gﬁfjou‘]o implies v,y > ﬁﬁ(;f‘))w(’ =

TV where p(i*) € M'\Jo = M'\ J, and we are in the Case 4.2. Similarly,

p(i*)
) . A_roudy - . _A_rqugy _ —A-rug
it 7 =0, then vj < ;. implies -1+ > U=ty = Y1)

pt(5*y e M\ Iy = M\ I,, and we are then in Case 2.

where

Let us then assume that » >0 and p > 0.

Let us now consider the buyer-seller exact representative (see (3)) of ((M \
Io) U(M"\ Jo),wa_y,,,,) - Since (M \ Ip) U (M"\ Jo),wa_, ) is buyer-
seller exact, there exists (x,y) € Cl(wa_, ;) = Clwa_,, ) such that
T + Yj» = Qs , and moreover

A_1qu A_1quJ
Upe < Uy 70 < and vje < vj 070 < yge (A.8)
If aj.;. = apj- we obtain (u”,v")domys,.(u,v), where ui = z; for all

i€ M\ I, uj = aju forall i € Iy, vj = y; for all j € M"\ J and

vi = a,-1(;; for all j € Jy. Notice that (u",v") € CA’(wAflouJo) C VM wy).

If afju # iy, take p' € MH(M\Iy, M'\Jy) defined by 11" = pi(an\10)x (s\ 1)U
o , where fig is any matching in M (=1 (Jy), u(Io)) that does not leave agents
unmatched. Recall that a;; = 0 for any (i,7) € pu~'(Jo) x u(lp) and thus
all matchings are optimal for this submarket. Then, since any (u_j,v_y ) €
B*(wa_,,,,, ) satisfies u; = 0 forall i € u='(Jo) and v; = 0 forall j € p(ly),
we have B“(wAflowo) = B“/(wAJOWO) )

By the definition of (A_zu,)" in (3), there exist iy, ia,...,4s in M\ Iy and
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different such that
Tiz Y jr = Qe jo = Qi (i0) F Qi (i) T+ iy (5) F Qe = Qi (i) =+~ i (i) -

Since (z,y) € C(wa_,,,,,) Wehave z;+yua) = aiywq) forall 1 € {1,2,..., s}
and thus

Tix + Y (i) = Qi* ! (31)
T, + Y (ir1) = Qigp (ir41) > forall [ € {1, 2,...,8— 1}, (A9>

T;, + Yjr = Qjgj -

Step 4.4.1If v,y(i,) < Yw() , since w; < 24+, we define (2/,y') € é’(wAJOuJO)
by xj = z; forall i € M\ Iy, @} = a;, forall i € Iy, y; =y; forall j €
M'\Jy, y; = ay,—1(); forall j € Jy, and obtain that (', y') dom@f,w(il)}(u,v),
and this would finish the proof.

Step 4.4.2 If v,y;,) > Ywa,) » then u;, < x;; and we go to 4.4.1 replacing *
with 41 and p/(i7) with p'(iz) . If by repeting this procedure we do not finish,
it is because at some iteration we reach one of the two following steps (4.4.3
or 4.4.4).

Step 4.4.3 If vy, > Yy forall 1 € {1,2,...,k — 1}, for some k €
{1,...,s}, and vy = Yuiin) < iy 2, consider J = {j € M'\ (Jy U
w(lo)) | y; = au-1¢);}, and J = J" U Jy. By Proposition 4 and Remark
6, the game ((M \ o) U (M"\ J),wa_,,) is a p-compatible subgame of
(M UM wa), and /(i) belongs to M’ \ J. Moreover, by (6) and (7),
(xvy—J’) < C(waIOuJ) :

Define the oriented graph G = G(z,y) with set of vertices (M \ Io)U(M’\ Jy)
and arcs j — ¢ whenever (i,j) € p and ¢ — j whenever z; +y; =
a;; and (i,7) € p'®. Denote by G’ the restriction of G to the player set
(M\Io)U(M'\J).Let S be the set of buyers i € M\ I, that can be reached
from ¢* in G'. Let T be the set of sellers j € M’ \ J that can be reached
from i* in G’, together with pu(i*) € M’\ J.Both S and T are nonempty.
Moreover, if ¢ € S and j € T', then x; +y; > a;;, since x; +y; = a;; and
1 €S would imply j € T.

Now, two cases are considered.
o If ;u(I))NT = ), then we define the payoff vector (2',y" ) € RM\o x RM\/
12 The assumptions of this step trivially imply that x; >0 for all [ € {1,2,...,k}

and thus, for all 1 € {1,2,...,k}, i € p=(Jo), which implies pu(i;) = p/(i;) .
13 Notice that the arcs in graph G are defined making use of , instead of g’ .
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v,=x;—¢, foralie Sz, =ua;, forallie M\ (SUI);

y;=y;+e, forall jeT;y;=y;, foral je (M \(T'UJ)).

and see that, for € > 0 small enough, (z',y_ ;) € C(wa_,,). Notice first
that z; > 0 for all ¢ € S. By (A.8), z;+ > 0. Moreover, if for some i € S
we have z; = 0 then we know that p(i) € T and y,u) = i), and this
means that p(i) € J' and cannot be a node of graph G’ . This guarantees
that x; > 0 for all ¢ € S and thus, for ¢ > 0 small enough, z;, > 0 for
all i € M\ Iy (and trivially y; > 0 for all j € M"\ J). For ¢ > 0, if
(1,7) € p, either 1 € S and j € T orelse i ¢ S and j ¢ T, and in both
cases ;+y; = ; +y; = a;; . Let us now consider the case (i,j) ¢ u.If i € S
and je€T orig S and j €T, vi+y;=x+y; >a;. lfi¢S and jET,
Ti+y; =2 +yj+e>a;. Andif i €S and j €T, x;+y; > ai; and so, for
e > 0 small enough, x;+y’ = z;—e+y; > a;; . Notice that if i is not matched
by pyanie)x vy then @ & S and thus 2} = x; . Moreover, since i € M \ I
is not matched by g o)< v\, either @ € p=*(Jp) and thus z; = 0, or
p(i) € J' which implies y,) = a;,) and also z; = 0. Finally, if j € M'\ J
is not matched by pan1o)xang) it must be the case that j € w1(lp) and
thus y; = 0. But then, by the assumption u(lp) N7 =0, 7 ¢ T and thus

y; =9 =0.

Notice that, by the assumptions of this step 4.4.3, u(iy;) € M’ \ J for all
l€{1,2,...,k}. Moreover, by (A.9), and taking into account footnote 11, we
have that ¢ = (4%, p(i1), i1, p(2), . . ., i1, 11(ix)) is a path in the graph G'.

For € > 0 small enough, not only (2',y_ ;) € C(wa_, ), but also ;>

Wip_q s y:l(ik) > Yulin) = Ypu(iy) 5 and l’;kfl + yZL(ik) = Tip_y t Yulin) = Gig_1pix) -
Then, the imputation (z”,y”) defined by z! =z} for all i € M \ I, z! =

iy forall i € Iy, yj =y} forall j € M"\ J and y; = a,-1(;); for all
j € J, belongs to Clwa_,,) € V*(wa) and (2", y")domg? 3 (u,v).

Notice that for £ =1 the domination would be through coalition {i*, u(i1)} .
o If u(ly)NT #0, take such a 5/ € u(ly)NT.

From j/ € T, there exists a path in G’ C G from i* to j;, . Let this path be
= (p(i*), i pw(d),d, oo (@), g, .o w(il, 1), 1, 1, j5) . By the definition
of the graph G’, with set of vertices (M \ Ip) U (M’ \ J), we know that
Yu(iy) < @iuqpy for 1€ {1,2,...,m —1}. We are now on the assumptions of

Step 4.4.5, and thus go to 4.4.5.

Step 4.4.4 If vy > ywu) for all 1 € {1,2,...,k — 1}, for some k €
{1,...,s}, and V) = Ywiy) = Gigw () > Steps analogous to 4.4.1 to 4.4.3 are
applied to the opposite end of the sequence i*, (/' (i1), i1, it/ (i), o, . . ., is—1, 1 (is), is, J*
given in (A.9). That is:
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o If u; <z, ,since v« < y;» we define as usual (a:’ y) e Clwa 1ousy) DY
w; = forall i € M\ 1y, o} = ai,q) forall i € Iy, y; = y; forall j € M'\Jp,
y; = a,-1(;); forall j € Jy, and obtam that (2',y")dom? ;.\ (u,v).

o If u;, > x;, , then v,y < yuu,) and we repeat the same argument replacing
Jj* with /(i) and s with is_;. If by repeating this procedure we do not
finish, we will find ourselves in one of the two following situations.

o If u;, > x; forall [ € {t+1,...,s} forsome ¢t > 1, and w;, = x5, < Gi,w(,) ,
similarly to step 4.4.3 we consider the set I' = {i € M \ (Ip U u='(Jp)) |
T, = Qi) y, I =1'Uly, and the p-compatible subgame ((A\ 1)U (M’ \
Jo),wa_y,,,) - Then either we prove the existence of (z',y’) € é’(wAJUJO) C

VH(wa) such that (z',y")domy? . )y (u,v), or we are on the assumptions of
Step 4.4.6.

o If u;, >z, forall [ € {t+1,...,s}, forsome ¢t > 1, and u;, = i, = G5, ,)
remember that we also have v/, ) = Y,v5,) = @i i, - Notice that in this case

) —
A_g,

A_rgugg w oUJy
Te k

U, = Uy, i) and V) = Upin) = Qg (iy) - Moreover, since
(x,y) € (wAdoUJO) , from z;, = yi,) =0 we have a;, ¢, =0.

If 1/ (i) & p(ly) and i, & p='(Jy) we can define Ig+' =
{4/ (i)} , which contradicts that the sequence I} x J! C
I¢ x J¢ = Iy x Jy finishes at I¢ x J¢.

{z’t} and Jdt!

Nl

Otherwise, either p'(ix) € u(Iy) or iy € pu=(Jy). In the first case, taking

into account (A.9), (u/(*), 7%, 1/ (1), 41, .-, ik—_1, ,u’(z'k)) is a path in G, and
the fact that y,u) > vwe) = 0 for l € {1,2,...,k — 1} guarantees that
W (i) = p(iy) forall [ € {1,2,. —1}. We are then on the assumptions of

Step 4.4.5 (with j,, = p'(iy) ) In the second case, that is when i, € u=(Jp),
the path (u/'=1(5*), 5% ds, ' (is), ts—1, ..., it (ig,),4;) is in the assumptions of
Step 4.4.6, since from w;, > x; forall [ € {t+1,...,5} we obtain y,;) >0
forall € {t+1,...,s} and thus p'(i;) = p(i) .

Step 4.4.5 If there exists a path (u(i*),7*, u(i1), 41, - -« @(im-1), im-1, jm) in
the graph G = G(z,y) such that j, € p(ly) and yuu) < ayuE) for all
le€{l,2,...,m—1} we proceed in the following way.

Since j,, € u(ly), jm is not assigned by pia\10)x(mn\Jgo) and we have y; =

o o
7 o9 — (). Now, the fact that (u?-fovo, 74-1vn) € C(wAflouJo) implies

A_ A_
oo o A-Toudo

Fm—1 S ximfl = aimfljm - y.]m = aimfljm - ]m — —ltm-—1
Thus, z; . = u. "% and as a consequence ¥, — o IOU]O . The repe-
’ tm—1 T Fim—1 ’ d yu(mel)  Yplim-1) P
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tition of the same argument leads to

_ﬁ(;lI)OUJO = yu(zl) < azlu Zl fOl" all 1 < l < m — 1

QZLIOUJO =z, >0forall 1<I<m-1, (A.10)
A_19u4 —IgUJ

g* =70 — Tix > 0 and T ())U 0= = Yu(i*) < Qi*pu(5%) -

Since p > 0, recalling the definition in page 40 of the chain of subsets Jy C
J C--- CJpo1 CJy C M from j, € u(ly) we obtain that j,, is unmatched
by o in all the p-compatible subgames ((M \ Io) U (M'\ Ji),wa_, ., ), for
all 1 €{0,1,...,p}. As a consequence,

Yim = Vg =T 0 = =15, 00 =0. (A-11)

Consider the p-compatible subgame ((M \ o) U (M"\ Ji),wa_, ., ) - Recall
that z;» > 0 and notice from the assumptions of this step that x; > 0 for
all 1€ {1,2,...,m—1}. This implies u(i*) & p(ly) and u(i;) & p(ly) for all
le{1,2,...,m—1}. Also, from z; > 0 we get y,u+) = vﬁ(l )UJO < Qe (i)
which implies p(:*) ¢ Ji. Similarly, from y,q,) = v:j(z )OUJO < @@, for 1€
{1,2,...,m — 1} we obtain pu(i1),..., w(im—1) & J1. Finally, j,, & Ji, since
Jm € p(lo) -

By the definition of .J;, and recall that J; = J, U Jo, the restriction of
(u-1097  TA-Tou70) to the space of payoffs of (M \ Io) U (M’\ Jy), that we
denote by (u A*IOUJO @A;IOU"(’) belongs to C(wa_, , )- By, (12) and (11), w
know that ; " < 7 _A 0N for all j € M\ Jy and w0V > gl U
for all ZGM\IO

Let it be K = {i*, 41,42, ...,im-1}.If uf}n fo%o _f}n 10971 then, taking (A.10)
and (A.11) into account, we obtain

AfluJ A_1q0J AIuJ A_1quJ
. ) oUJo | =“t=IgUJg oUJ1 | —A-IgUJy
Qi 1jm = Ty T Yjo = Wy, ) T > U

. . A_p Ly =A-Igun A_rgugy _ A-rgug
which contradicts (u”-%oY/ U5 ) € C'(wA,IOUJl) . Thus, u; =Y

1 —tm—1

_A 0y A-rgugy
and as a consequence also T wlim) = Uplimr) -

By repeatedly applying the same argument we obtain that for all ¢ € K,

_{4710")‘]0 — u?*[QUJl
(i) & J.

We now claim that for all & € {1,2,...,p} and for all i € K, it holds
y;‘LJOuJO _ QAIOUJIC and ,U( ) € Jy .

1

and also ’UA( yoo = vﬁ(z)lo , which, from (A.10), implies
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To prove the claim, assume by induction hypothesis that for 1 < k < p we
A_
have uAiIOU‘]O = u, " where p(i) & Jy_y for all z € K. Then, for all

—1
i K. A IoUJo A 10U —IgUJg A-rgury_y

Ui =T, and from (A.10) we get vw) =T,
Qip(i) Thus w(i) & Jy forall i € K.

- - A
It is known by (11) that wu, f(l)u‘]o > ’f“k . if we had u, f(lJulo > U ISUJk ’
then

A 1, A _ A_
‘ ' 0UJy | — Iou Jo A_rqur, |, =A-rqugy
al'mfl.?m xlm 1 + y.]m —Zm 1 + > U —Zm 1 +0 Jm ’

where the first equality follows from (A.9), the second one by (A.10) and the in-

equality follows from the assumption and (A.11). This contradicts (u-Tov7s, 54-10u7k ) €
A’ _ A

C(wa_y,,,, ) and consequently uA oo — gy, 0% and _f(lifulj)o = vu(lifuf)".

By repeatedly applying the same argument we reach that for all ¢ € K,

A_ A,[ J A, A IgUJ,
holds Uu; fo%o — Uu; 0=k and thus © ()IOUJO = Uu(i)ou ko

Once proved the claim, from u;« < gﬁf“’u‘]o (assumption of Case 4) we obtain
_ A : : :
Vi) > @ﬁ(if)’u‘]o = @u(if‘))w”, with pu(i*) ¢ J,, and we can again reduce to

Case 4.2.

Step 4.4.6 Analogously to the previous step, let us consider the graph H =
H(z,y) with set of vertices (M \ Ip)U(M'\ Jo) and arcs i — j if (i,j) € p
and j — ¢ whenever z; +y; = a;; but (¢,7) & p. Then, if there exists a
path
(G, 5™ n 7 G0 s 1 (Ginet), et )

in the graph H such that i, € p~'(Jo) and z,-1,) < a,-13;,); for all
le{l,2,.. — 1}, we proceed in a way similar to Step 4.4.5 to show that
ﬂ;‘:f Oy = uA*II (- and p~'(5*) & I, . Then, since by the assumptions of Case

A_10J
")

—_A_15uJg
4.4 we have w1+ > [

thus reduce to Case 2.

we obtain Up-1(j+) > U and we can

This finishes the proof of Case 4.4 and of Theorem 12. O
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