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1 Introduction

We study markets with several buyers and only one seller. The seller owns many indi-
visible and potentially different objects on sale. Being heterogeneous, the objects are of
the same type: for instance different houses or different tasks. On the other side of the
market, each buyer has a nonnegative valuation for each object and a desire to acquire
a certain number of objects. This number is known as the capacity of the buyer. We
assume buyers value packages of objects additively. Utility is identified with money and
side-payments are allowed.

This market is a particular case of the one considered in Jaume et al. (2012), where
there are several sellers, each with a set of heterogeneous objects on sale. It is also a
particular case of the package auction of Ausubel and Milgrom (2002), where there is
also only one seller, but buyers may not value packages additively. A related situation,
also with only one seller owning many objects on sale but buyers with unitary demands,
was analyzed in Camina (2006).

Two-sided markets with transferable utility are first considered from the viewpoint
of coalitional games in the assignment game (Shapley and Shubik, 1972). In this model,
there are two disjoint finite sets of agents: a set of sellers, each supplying one unit of an
indivisible good, and a set of buyers, each of them demanding one unit of the good. Each
buyer may valuate differently the object of each seller and, from these valuations, we
summarize in the valuation matrix the potential worth of each buyer-seller partnership.
The worth of an arbitrary coalition of buyers and sellers is the maximum profit that can
be achieved by optimally matching buyers and sellers inside the coalition.

In the assignment game, the core is non-empty and coincides with the set of solutions
of the linear program dual to the optimal assignment problem. As a consequence, the
core coincides with those efficient payoff vectors that satisfy pairwise-stability, that is
to say, no pair of a buyer and a seller would be better off by breaking their optimal
partnership in any optimal matching and being matched together (Shapley and Shubik,
1972). Moreover, the set of competitive equilibria payoff vectors are in one-to-one corre-
spondence with the set of solutions of the dual linear assignment problem (Gale, 1960).
Hence, this is another characterization of the core of the assignment game in terms of
the competitive prices. Even more, the core of the assignment game is a complete lattice
with two particular core elements, one of them optimal for all buyers and the other one
optimal for all sellers.

When the assumptions of the classical assignment model are relaxed, the coincidence
between the core, the set of pairwise-stable outcomes, the set of competitive equilibria
payoff vectors and the set of solutions of the dual optimal assignment problem does not
hold in general. The same happens with the lattice structure of some of these sets.

The first generalization of the classical assignment game considers that each seller
owns several units of different goods and can be matched to as many buyers as allowed
by the seller’s capacity. On the other hand, buyers’ demand is still unitary (Kaneko,
1976). In this many-to-one assignment model (many agents on the buyers’ side can be
matched to a same agent on the sellers’ side), the set of payoff vectors associated to the
competitive equilibria is included in the core, which guarantees the non-emptiness of
the core. Nevertheless, this inclusion may be strict.

Other generalizations of the assignment game are known as many-to-many markets



since both buyers and sellers may have capacities greater than one: the capacity of
a buyer is the number of objects he desires to buy and the capacity of a seller is the
number of identical objects she offers on sale (Thompson, 1980). A matching describes a
set of partnerships between buyers and sellers within their quotes, and allows for multi-
unit trade within a same buyer-seller pair. This two-sided market can be considered to
represent a job market between heterogeneous firms and workers, when the objects on
sale are units of labour as in Sotomayor (2002). Optimal matchings for the many-to-
many assignment market are obtained by solving a linear transportation problem. The
core of this game is always non-empty but it remains an open problem whether in this
setting an optimal core element for each side of the market does exist, although it is
known that a worst core element for each side of the market needs not exist.

A more encompassing many-to-many assignment model is the one with heterogeneous
goods and multi-unit demands of Jaume et al. (2012), where several sellers own several
units of potentially different objects. In these markets, as in the many-to-one markets
of Kaneko (1976), the set of solutions of the dual transportation problem coincides with
the set of competitive equilibrium payoff vectors and it is strictly included in the core.
However, let us point out that the definition of competitive equilibrium in Jaume et
al. (2012) assumes that buyers demand as many copies of their preferred object as
their capacities allow, being the prices given. Compared to that, in a many-to-many
assignment game in which the goods owned by a seller are homogeneous, Sotomayor
(2013) defines competitive equilibria by means of a demand in which buyers maximize
the utility of the packages they can buy given prices and their capacities.!

In the present paper, where we have only one seller with heterogeneous goods and
several buyers with multi-unit demands, we first prove that the corresponding coalitional
function is buyer-submodular. Then, as a consequence of Ausubel and Milgrom (2002),
we deduce: a) an easy description of the core as the non-empty set of efficient payoff
vectors where each buyer gets a non-negative payoff bounded by his marginal contribu-
tion to the whole market; b) the core is endowed with a lattice structure by the partial
order defined from the point of view of buyers, and c) the existence of a core element
that is optimal for each side of the market. Moreover, as in the assignment game, in the
buyers-optimal core allocation each buyer is paid his marginal contribution, the Vickrey
payoff (Vickrey, 1961).

The set of (discriminatory) competitive equilibria of the one-seller assignment game
does not in general coincide neither with the core nor with the set of solutions of the
dual transportation problem.We first prove that the set of payoff vectors associated to
the pairwise-stable outcomes coincides with the set of those associated to the competi-
tive equilibria. Secondly, we give conditions so that the buyers-optimal core allocation
or the seller-optimal core allocation are payoff vectors associated to some competitive
equilibrium. Moreover, we provide conditions on the valuation matrix under which the
set of competitive equilibria payoff vectors coincide with the core.

!Sotomayor (2013) differentiates between the two definitions of competitive equilibrium. In the one
in Jaume et al. (2012) demands are non-discriminatory, since each buyer gets the same utility from all
objects in his demanded sets. The demand in Sotomayor (2013) is discriminatory since in a demanded
package the buyer may obtain different utilities from the different objects that form the package.
Recently, Arribillaga et al. (2013) consider a discriminatory competitive equilibrium in assignment
markets where sellers own heterogeneous objects.



In the literature of assignment markets, it is usual to implement some outstanding
core outcomes by means of the Nash equilibrium of some convenient game in strategic
form. Demange et al. (1986) reach the buyers-optimal core allocation of the one-to-one
assignment game by means of a multi-item auction in which buyers compete for the
objects under certain rules. Likewise, under the assumption of complete information,
Pérez-Castrillo and Sotomayor (2002) implement the sellers-optimal core allocation of
the assignment game by means of a mechanism in which both buyers and sellers play a
strategic role.

For the one-seller assignment market with multi-unit demands, and also under the
assumption of complete information, we propose a mechanism to implement, as the
unique subgame perfect Nash equilibrium outcome, the buyers-optimal core allocation.
This mechanism works as follows. Simultaneously, each buyer declares to the seller a
maximal subset of pairs formed by a package and its price, being each buyer indifferent
among all the pairs in his declaration. In a second step, the seller selects a matching of
buyers to packages of objects that is compatible with the requirements declared by the
buyers. A buyer that gets a package pays the price he announced.

The paper is organized as follows. In the next section, preliminaries are addressed. In
Section 3, we prove the buyers-submodularity property of the coalitional function, and
also characterize convexity. In Section 4, we consider the set of competitive equilibria
and pairwise-stable outcomes, and their relationship with the core. Section 5 is devoted
to the mechanism that implements, as the unique subgame perfect Nash equilibrium
outcome, the buyers-optimal core allocation of one-seller assignment markets. Section
6 concludes.

2 The model and some preliminaries

The one-seller assignment market with multi-unit demands consists of (M, {0},Q, A, r).
The finite set of buyers is M = {1,...,m} and the unique seller is denoted by 0. The
seller owns a finite set () of objects. These objects are indivisible and heterogeneous,
but of a similar type, let us say different houses or different part-time jobs.

Each buyer-object pair (7,j) € M x @ has a potential gain a;; € R,, interpreted
as the valuation of object j by buyer i. The valuation matrix, denoted by A =
(aij) (. j)emxq, captures each potential gain among all buyer-object pairs.

Each buyer ¢ € M can acquire r; € N objects. We say that buyer ¢ has a unitary
demand if r; = 1 and a multi-unit demand if r; > 1. The vector r = (r;);cps € NM
indicates buyers’ capacities. We assume that the seller owns some copies of a dummy
object, as many as the sum of all buyers’ capacities, > ,.,,ri. With some abuse of
notation, each copy of this dummy object is denoted by j, and each buyer values it at
zero. We denote by 2¢ = {R C Q; |R| = r;} the set of allowable packages of objects
for a buyer i € M where |R| denotes the cardinality of the set R. We denote by Ajsxq
the valuation matrix restricted to S x @, where S C M. Besides, let rg be the vector
of capacities restricted to S C M.

A feasible matching p for a market (S, {0}, @, Ajsxq,7|s), between S C M and @,
is a subset of S x @) such that each j € @) belongs to at most one pair and each ¢ € §



belongs to exactly r; pairs. Notice that it is possible to match any buyer with dummy
objects to complete his capacity. We denote by M(S, Q) the set of feasible matchings
between S C M and @, and pu(S) is the set of objects matched by p to all buyers in
S, and when S = {i} we simply write u(i). Moreover, we denote by p~'(j) the buyer
matched to object j € @@ by matching u.

We assume buyers valuate packages of objects additively. That is, if buyer 7 is
assigned a package u(i) C @ by some p € M(M,Q), then his valuation of this package
is Zjew.) ;-

A feasible matching p is optimal for a market (S, {0}, @, Ajsxq,1s) if

Z Q45 > Z Q45 for all ,Ml S M(S, Q) (1)

(i,4)€n (i.g)ew’

We denote by M 4(.S, Q) the set of optimal matchings for this market.

Let us introduce a coalitional game with transferable utility (a game)?. Consider a
one-seller assignment market with multi-unit demands (M, {0}, @, A,r). The one-seller
assignment game related to (M, {0}, @, A,r) is denoted by (M U{0},v4). The worth of
each coalition T C M U {0} is given by

max i (2% if {0 T7
vA(T) = { ueM(B\{o},Q) {Z( Den j} ;f ; F}W %O} =0 or T ={0}.

Now, we define competitive equilibrium for one-seller assignment markets with multi-
unit demands. First, let us introduce some notions. A feasible price vector p = (p;)jeq €
R(jg for (M,{0},Q, A,r) consists of one price for each object, with a price of zero for
each dummy object. For each p € Rg, we denote by D;(p) C 22 the demand set of
buyer 1 at level prices p, that is

Y (a—p;) = Y (aiy—p;) forall R € 22} :

JER JER!

Thus, when a package belongs to the demand set of a buyer at prices p, he weakly
prefers to buy this set than every other package at p. The demand set of any buyer is
never empty, since even at sufficiently high prices, the demand set can be formed by as
many dummy objects as needed.

2A coalitional game with transferable utility is a pair (N,v) where N is a finite set of players and
v is the coalitional function defined on the set 2V formed by all coalitions of N. Thereby, to each
S C N, function v assigns a real value v(S), which is interpreted as the worth generated by the
players in S on their own; furthermore, v(f)) = 0. A payoff vector is z € RY. For every S C N
we write 2(S) = > ,.q i to express the payoff to coalition S, where z(#) = 0. A payoff vector x
satisfies efficiency if x(N) = v(N) and z satisfies individual rationality if x; > v({i}) for all i € N. A
payoff vector = belongs to the imputation set I(v), if it satisfies individual rationality and efficiency.
The core of a game is defined by C(v) = {z € R¥|z(N) = v(N) and z(S) > v(S) for all S C N}.
Finally, a game (N,v) is monotonic if v(S) > v(T) for all T C S C N. A game (N,v) is convez if
v(TU{i}) +v(T) <v(SU{i})+v(S) foral T C S C N\ {i} and all i € N.



Definition 2.1. Let (M, {0}, Q, A, r) be a one-seller assignment market with multi-unit
demands. A pair formed by a feasible price vector p € Rg and a feasible matching
pw € M(M,Q), denoted by (p,p), is a competitive equilibrium if the following two
conditions hold:

C.1 Foralli e M, u(i) € Di(p),
C.2 Forallj e Q\ u(M), p; =0.

If a pair (p, p) is a competitive equilibrium, we say that p is a competitive equilibrium
price vector. In a competitive equilibrium, every buyer maximizes his utility given the
prices for the objects. This notion of competitive equilibrium for buyers with capacities
is considered in Sotomayor (2013) and Arribillaga et al. (2013).

Definition 2.2. Let (M, {0},Q, A, r) be a one-seller assignment market with multi-unit
demands. Given a feasible price vector p € Rg and a feasible matching p € M(M,Q),
the payoff vector associated to (p, i) is (U(p, ), V(p, p)) € RM x R defined as follows:

Ui(p, ) = Z (a;; —p;)  for eachi € M, and
Jen(i)

Vip,n) = ij for the seller.
JjeaQ

The following consequences regarding the set of competitive equilibria follow easily
for one-seller assignment markets with multi-unit demands. We omit the proof since it
can also be derived from results on a more general market in Arribillaga et al. (2013).

R1. The set of competitive equilibria is the cartesian product of the set of competitive
equilibria price vectors and the set of optimal matchings.

R2. The payoff vector (U(p,u),V(p,p)) associated to any competitive equilibrium
(p, ) belongs to the core of the associated game.

R3. The set of competitive equilibria of the market is non-empty.

Notice that the seller plays no role in the definition of the competitive equilibrium.
That is, (p, ) is a competitive equilibrium for the one-seller assignment market with
multi-unit demands (M, {0}, @, A, r) if and only if it is a competitive equilibrium for
the market where each object in () is identified with a different seller. Then, as a con-
sequence of Sotomayor (2007), the set of competitive equilibrium prices is a complete
lattice with the usual order: p > p’ if p; > p for all j € Q. This means that if

p,p € Rg are competitive prices then pV p’ and p Ap’ are also competitive prices, where
(pVp'); =max{p;,p;} and (p A p'); = min{p;,p}} for all j € Q.

To finish this section, let us introduce the buyers-submodular condition as in Ausubel
and Milgrom (2002). This condition means that the marginal contribution of a buyer
to a coalition containing the seller decreases as the coalition grows larger. A game



(M U {0},v) is buyers-submodular if any of the three following equivalent conditions
holds:

(1) o((Tu{o})ufi) —v(TU{0}) = v((SU{0})U{i}) —v(SU{0}) (2)
foral T C S C M\ {i} and all i € M.
(i) o(SU{0}) —o(TUu{0}) > > (v(S U{0}) —o((S\{zh U {0})) (3)
i€S\T
forall T C S C M.
(1ii)  v(S;U{0}) +v(Se U{0}) > v((S1US2) U{0}) 4+ v((S1NS2)U{0}) (4)
for all 51,5y C M.

In Ausubel and Milgrom (2002), it is proved that if a game (M U{0}, v) satisfies the
buyers-submodular condition, the core is easily determined by

C(v) = {(U,V) cRY xR

Ui+ V=vMU{0}), 0<U; < M, foralliEM},

ieM

()
where M? = v(MU{0}) —v((MU{0})\{7}) denotes the marginal contribution of buyer
1 € M to the grand coalition.

3 One-seller assignment game: the core

In order to describe the core of the one-seller assignment game with multi-unit demands,
we first show that it satisfies the buyers-submodularity condition.

Theorem 3.1. Let (M,{0},Q, A,r) be a one-seller assignment market with multi-unit
demands and (MU{0},v4) be its related one-seller assignment game. Then (MU{0},v4)
15 buyers-submodular.

Proof. First, consider the unitary-demands case (r; = 1 for alli € M). Let (M U{0},v4)
be the one-seller assignment game with unitary demands.
We deduce from Theorem 1 in Shapley (1962), that for all i,7" € M and all S C

M\ {i,i'}
va((SU{0}) U {i}) = va(SU{0}) 2 va((SU{0}) U{i,i"}) —va((SU{0}) U{i'}),

and by repeatedly applying this, we obtain that (M U {0}, v4) satisfies condition (7).
Now, consider a one-seller assignment market with multi-unit demands. We prove
that (M U{0},v4) is buyers-submodular, that is

va((TUA0}) U{i}) —va(TU{0}) > wa((SU{0}) U{i}) —va(SU{0}),  (6)

forall 7 C S C M\ {i} and all i € M. Define a related market in which each buyer
i € M is replicated r; times. Denote by i(s) the s-th copy of i (each copy has capacity

one) and by M the new set of buyers formed by replicating all buyers in M. Define the



valuation matrix A = (@i(s)7) (i) jyedixg DY @igs); = aij for all (i,7) € M x Q and all
s € {1,...,r;}. In this way, we obtain (M, {0}, @, g,?}, a one-seller assignment market

with unitary demands. Notice that (M U {0},v4) and (M U {0}, vz) are related:
va(SU{0}) = vz(SU{0}) for all S C M, (7)
where S is formed by replicating all buyers in S. Then, inequality (6) is equivalent to

(T U{0}) U{i(1),...yi(ri)}) — Ug(f~U {0}) R
> vz((SU{0}) U{i(1), ..., i(ri)}) —vz(SUL{0}), (8)

where T, S and i(1),...,i(r;) are obtained by replicating all buyers in 7', S and {i},
respectively. Define Sy = T U {i(1), ...,i(r;)}, So = S and notice that S, U S, = S U
{i(1),...,i(r;)} and S; N S, = T. Since when demands are unitary the game is buyers-
submodular, (M U {0}, v3) satisfies (2), which is equivalent to (4). Then

vi(51U{0}) +0z(52 U{0}) = vz((S1 U S3) U{0}) + vz((51 N S2) U{0}),

and by reordering terms we obtain (8). Therefore (6) holds. Hence (M U {0},v4) is
buyers-submodular. O

From Theorem 3.1, the one-seller assignment game is buyers-submodular, and by
Ausubel and Milgrom (2002), its core is non-empty and can be described as in (5).
That is: the set of nonnegative efficient payoff vectors where each buyer gets a payoff
not exceeding his marginal contribution. Furthermore, the core is a lattice with respect
to the usual order defined on buyers’ payoffs. As a consequence, we can guarantee the
existence of one optimal core allocation for each side of the market. In the buyers-
optimal core allocation (U,V) € RM x R, each buyer gets his marginal contribution,
that is, U; = M/ for all i € M and V. = va(M U {0}) — 3.,y M4, On the other
hand, in the seller-optimal core allocation (U,V) € RM x R, each buyer i € M gets
U, =0and V = v4(M U{0}). Thus, the core of the one-seller assignment game has an
optimal core allocation for each market sector as it happens in the classical assignment
game. This is not known to be true for other many-to-many assignment models (see
e.g. Sotomayor, 2002).

Now, we turn to study what happens if there is a special optimal matching in which
each buyer ¢ € M is matched to his most valued r; objects. In this case, we obtain that
the one-seller assignment game is convex. Equivalently, under the convexity assumption,
the worth of each coalition formed by a group of buyers and the seller, is obtained by
adding what the seller can generate with each of these buyers.

Proposition 3.2. Let (M,{0},Q, A,r) be a one-seller assignment market with multi-
unit demands and (M U {0},v4) be its related one-seller assignment game. Then the
following statements are equivalent:

1. (M U{0},v4) is a convex game,



2. va(SU{0}) = > ,cqva({i,0}) for all S C M.

Proof. First, we prove 1=2. Assume (M U {0},v4) is a convex game, and let S =
{i1,...,is} € M. Notice that

S

va(SU{0}) —va({0}) = Z (UA({il, 11, 03) —va({ig, ...,il_l,O})>

=2

+0a({in,01) — ea({0}) 0
By the convexity of (M U {0},v,4), we obtain

A(SULO) ~uatioh 2 3 (valti. 01 - vatton) (10)
By the buyers-submodularity of (M U {0},v,4) applied to (9), we obtain

a8 U (O] ~ua((0)) < 3 (val.01) = valto)) ). ()

Since v4({0}) = 0, by (10) and (11), we obtain statement 2.
Now, 2=-1. We prove that for all i € M U{0} and all T C S C (M U{0}) \ {¢}

va((T U{i'})) = va(T) < wa(SU{i'}) —valS). (12)

We consider several cases. If 0 ¢ S and ¢ € M, condition (12) is trivially satisfied.
If 0 ¢ S and i = 0, condition (12) is reduced to monotonicity and it is satisfied. If
0 € S\T and 7' € M, condition (12) is also satisfied. Finally, we consider 0 € T" and
i" € M. Take any T'C S C M \ {¢'}, then

oaA(TULY) —vaM) = Y wal{i.0p) = Y va{i,0})

e(TNM)U{i'} €TNM
= > wal{i,0) = > wa({i,0})
ie(SNM)U{'} 1€SNM

= va(S U{i"}) — val),
where first and third equalities come from our assumption. This completes the proof. [J

Notice that the above characterization of convexity for one-seller assignment games
can be expressed by means of the valuation matrix. Indeed, such a game (M U{0},v4)
is convex if for any optimal matching u € M4 (M, Q) and for all i € M

Z Q45 Z ZCLU for all R c 2791

Jen(@) JER
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4 Competitive equilibria, pairwise-stability and the
core

Shapley and Shubik (1972) shows that the set of competitive outcomes coincides with
the core in the classical assignment game. For several generalizations of the classical
assignment game, those outcomes coming from a competitive equilibrium are core ele-
ments (Kaneko 1976; Camina, 2006 and Sotomayor, 2013). However, the coincidence of
the set of competitive equilibria payoff vectors with the core is not preserved in general.

The aim of this section is to analyze under which conditions the core of one-seller
assignment game coincides with the set of competitive equilibria payoff vectors. To this
end, we introduce the notion of pairwise-stability which has been widely studied in other
many-to-many assignment markets (Sotomayor, 1992, 2002, 2007). It also appears in
Sotomayor (2013) with the name of strong stability. This notion of pairwise-stability
focuses on each trade and the profit arising from each individual purchase. Then, market
stability by means of competitive equilibrium and pairwise-stability is analyzed.

Let us first define feasible configuration of profits and feasible outcomes.

Definition 4.1. Let (M, {0},Q, A, r) be a one-seller assignment market with multi-unit
demands. Given a feasible matching p € M(M,Q), a feasible configuration of profits
compatible with y is ((wij) G j)en, (v)jeq) = (u,v) € R X R9, where b= ", ,,7:, such
that:

1. Uyj +Uj = Q4j, Uy Z 0, Uj Z 0 fOT’ all (Z,j) €,

2. v;=01ifj€Q\puM).

We can interpret u;; as the profit of buyer ¢ acquiring object j. Similarly, v; is the
profit for the seller related to object 7. If an object is not sold, then the seller receives
a profit of zero from this object. Notice that w;; is not defined for (7,7) € M x Q \ p.

Definition 4.2. Let (M, {0},Q, A, r) be a one-seller assignment market with multi-unit
demands. A feasible outcome for (M,{0},Q, A,r), denoted by (u,v; ), is formed by a
feasible matching € M(M,Q) and a feasible configuration of profits (u,v) compatible
with p.

In the following, we define the pairwise-stable outcomes.

Definition 4.3. Let (M, {0},Q, A, r) be a one-seller assignment market with multi-unit
demands. A feasible outcome (u,v; p) for (M,{0},Q, A,r), is a pairwise-stable outcome
if for all i € M, wi; + v, > ai for all j € p(i) and all k € Q \ p(i).

A feasible outcome is pairwise-stable if there is no pair formed by a buyer ¢ € M
and an object £ € @ that are not matched together by u but, if they were (maybe
after breaking a previous partnership), then the buyer would be better off and the
seller would receive a higher profit from this object k. Notice that when a feasible
outcome satisfies Definition 4.3, it is stable in strong sense since the agents do not
regret any single partnership. Moreover, if we assume for a moment that each object
were owned by a different seller, Definition 4.3 means that the feasible outcome is not

11



blocked by any buyer-seller pair. Our next proposition asserts that, as it happens
in the classical assignment market, each pairwise-stable outcome is associated with a
competitive equilibrium and vice versa.

Proposition 4.4. Let (M,{0},Q, A,r) be a one-seller assignment market with multi-
unit demands. The feasible outcome (u,v; p) is a pairwise-stable outcome if and only if
(v, ) is a competitive equilibrium.

Proof. We first prove the “if” part. Let (v,u) be a competitive equilibrium. Define
uw € R® by u;; = a;; —v; if j € p(i) for all i € M. We see that (u,v;u) is a pairwise-
stable outcome. Assume on the contrary that (u,v; u) is not pairwise-stable, then there
is some j' € p(i) such that, a;jy — vy < aj — v for some k € @Q \ pu(i). Define
T = (u(i) \{j'}) U{k} € Q. Then

D (ai —v) < (ai; —vy),

JEu(1) JET

which implies u(i) ¢ D;(v) and contradicts the fact that (v, p) is a competitive equilib-
rium. Hence (u,v; p) is a pairwise-stable outcome.

Now, we prove the “only if” part. Given a pairwise-stable outcome (u,v;pu) let us
see that (v, ) is a competitive equilibrium. Stability implies w;; = a;; — v; > @i — Vg
for all j € p(i) and all k € Q \ u(i). We have that for any T € 29, > jenaij —vj) =
> jer(ai; —v;) and then p(i) € D;(v) for each i € M. Besides, by feasibility of (u, v; p),
v; =01if j € @\ p(M). Hence (v, i) is a competitive equilibrium. O

As a consequence of the coincidence stated in Proposition 4.4, we can easily describe
the set of competitive equilibria outcomes by means of a set of finite linear equalities
and inequalities, as shown in Example 4.5.

In the definition of competitive equilibrium, the seller plays no role and buyers
maximize their utility, given the fixed prices for the objects. This is the reason why
this coincidence between competitive equilibrium and pairwise-stability also holds for
many-to-one assignment markets with several sellers where buyers may have different
capacities and each seller only one object on sale. Nevertheless, this coincidence does
not generally hold for many-to-many markets (see, e.g. Sotomayor, 2007).

However, as it is also the case for more general markets, the set of competitive
equilibria payoff vectors of the one-seller assignment game may not coincide with the
core. This is shown in the next example.

Example 4.5. Consider a market with only one seller and two buyers. The seller owns
two objects on sale. Each buyer can acquire one object. For the purposes of this example,
we show no dummy objects. That is, the market (M, {0}, Q, A, r) is given by M = {1, 2},
Q={1,2"} and r = (1,1). The valuation matriz A is the following

2

(o 7)
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where the unique optimal matching is circled. Consider the one-seller assignment game
(M U{0},v4). The core is described by:

Uy +Uy+V =8,
Clva)={ (UV)eR*xR | 0< U, <4,
0< Uy < 3.

Now, we consider the set of competitive equilibria payoff vectors. Take the unique
optimal matching p, where (1) = {2'} and u(2) = {1'}. By Proposition 4.4, we know
that any competitive equilibrium (v, ), and its related stable outcome (u,v; ), satisfy
non-negativeness, the following equalities (by feasibility)

[1] Uio + Vg = 4 [2] U1 + V1 = 4,
and (by pairwise-stability) inequalities

3] wip4+vi>5 [4] un+ve > 2,

(0,0;8)
C(va)
Q <
S 253
U <4 Il
)
nn
/ (47 37 1)
Y \
AN
(8,0;0) (0,8;0)

Figure 1: C(va) 2 CE(A) = PS(A)

Making use of [3] and [2], we get uya — uay > 1. Moreover, from [4] and [1], we get
Uy — U1p > —2. Then, Uy — Uy > 1 and Uy — Uy > —2, where the payoff for buyer 1 is
Uy = uy9 because of his unitary capacity, and similarly for buyer 2.

If CE(A) denotes the set of competitive equilibria payoff vectors and PS(A) denotes
the set of payoff vectors associated to the pairwise-stable outcomes, then we get C(va) 2
CE(A) = PS(A). In Figure 1, we depict them as a subset of the core of the game.

Notice that in this case, the buyers-optimal core allocation (4, 3; 1) does come from a
competitive equilibrium while the seller optimal does not. It is easy to find instances, in
which the buyers-optimal core allocation does not come from a competitive equilibrium.

Example 4.6. Consider a market with only one seller and two buyers. The seller owns
three objects and each buyer can acquire two objects. For the purposes of this example,
we show only one dummy object. Therefore, this market (M,{0},Q, A,r) is given by
M ={1,2}, Q ={1,2,3,jo} and r = (2,2). The valuation matriz A is the following

13



23
1/8 (3 6 o0
2 ( L2 @)’
where the unique optimal matching is circled. Consider the related one-seller assignment
game (M U{0},v4). The buyers-optimal core allocation is (7,5;7). Assume that (p, i)
is a competitive equilibrium such that (U(p,u);V(p,pn)) = (7,5;7). Notice that there
is a unique optimal matching p € Mu(M,Q). Therefore, we have that Uy(p, ) =
ZjEN(l)(alj —p;) =7, and then pa+ps = 2. Notice that azs+ass —ps —ps3 = 1 and since
2>p; >0 forj € {2,3'}, then ag; —p; > 0 for some j € {2',3'}. This contradicts that
(p, i) is a competitive equilibrium because jo € pu(2) and azy — py = 0.

Since the set of competitive equilibria payoff vectors may be strictly included in
the core, we want to analyze when these two sets coincide. As a first step to study
under which conditions all core allocations are competitive, we characterize the fact
that the seller-optimal core allocation is a payoff vector associated to some competitive
equilibrium. To this end, let us first define the set of desirable objects, @%. We say that
an object is desirable if at least one buyer valuates it positively

Q4 ={j € Q| a; >0 for some i € M}.

The conditions for the one-seller optimal core allocation to be a competitive equilibrium
payoff vector require that each object sold is acquired by the buyer who valuates it the
most and that all desirable objects are sold.

Lemma 4.7. Let (M,{0},Q, A,r) be a one-seller assignment market with multi-unit
demands. The seller-optimal core allocation is a competitive equilibrium payoff vector if
and only if there is an optimal matching p € Ma(M, Q) and the following two conditions
are satisfied:

(a) For all j € p(M) and alli € M\ {p'(j)}, aij < a3,

(b) Q% C p(M).

Proof. We first prove the ‘if” part. Assume that € M4(M, Q) satisfies conditions (a)
and (b). Define p; = a,,-1(;); for all j € u(M) and p; = 0 for all j € @\ p(M). We show
that (i) € D;(p) for all ¢ € M. Take any i € M and consider any R € 29. Since p
satisfies (a) and (b), and by definition of p,

Dlai—p)= Y (a—amp)+ Y, (ag=0<0= ) (a;—py),

JER JERNu(M) JER\p(M) JER®)

and thus p(i) € D;(p) for all ¢ € M. Besides, by definition of p, we get p; = 0 for each
Jj € Q\ u(M). Notice that (U(p, u), V(p, 1)) is the seller-optimal core allocation.

Now, we prove the ‘only if’ part. Assume that (p, ) is a competitive equilibrium
and (U(p, ), V(p,p)) is the seller-optimal core allocation. By Rl in page 7, we have
that p € Ma(M, Q). Moreover, in the seller-optimal core allocation the seller’s payoff
is equal to vs (M U {0}).

We claim that

p; = a,-1(j; for all j € p(M). (13)
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If p; > a,-1(;); for some j € p(M), then for all R € D,-1¢;(p) we have j ¢ R, and as a
consequence (p, i) is not a competitive equilibrium. On the other hand, if p; < a,-1(;);
for some j € p(M) then ., p; < va(MU{0}) and the seller-optimal core allocation is
not the payoff vector of (p, ). Taking (13) into account, we shall prove that p satisfies
(a). Assume on the contrary that there is some i € M such that a;; > a,-1(;); for
some j € Q with i € M\ {u"'(j)}. Let R € 22 be the package formed by object j
and copies of the dummy object, i.e., R = {4, 78,42,...,50°""}. Since > ierlai; —pj) >
0 = > jcum (@i — p;), we obtain that u(i) ¢ D;(p) in contradiction with (p, 1) being
a competitive equilibrium. Then pu satisfies (a). In order to show (b), assume on the
contrary that, there is some j € Q% \ u(M). By definition of competitive equilibrium,
the price of this object is p; = 0. Since j € (7%, there is some 7 € M such that
a;; > 0. This implies that u(i) ¢ Di(p) because > . p(ai; — pj) > >2jc (@ — pj)
where R = {j, 5,52, ..., jo' '} and R € 2¢. This contradicts (p, y1) being a competitive
equilibrium. Hence, u satisfies (b). O

Notice that Condition (a) on Lemma 4.7 is not satisfied in Example 4.5, while in
Example 4.6 is satisfied.

The following theorem is the main result of this section. We characterize the co-
incidence between the set of competitive equilibria payoff vectors and the core of the
one-seller assignment game.

Theorem 4.8. Let (M, {0},Q, A, r) be the one-seller assignment market with multi-unit
demands and (M U{0},v4) be its associated one-seller assignment game. Then the core
of (M U{0},va) coincides with the set of competitive equilibria payoff vectors if and
only if there is an optimal matching p € Ma(M, Q) which satisfies the following three
conditions:

(a) For all j € p(M) and alli € M\ {p'(j)}, aij < a0,

(b) Q% € p(M),

(¢) Mi* <3 i (ai]’ - tel}‘lﬁ?{ci}{atj}) for alli e M.
Proof. We first prove the ‘if’ part. Assume that some p € My(M, Q) satisfies (a),
(b) and (c). We show that any (U, V) € C(v4) is the payoff vector of some competitive
equilibrium. By conditions (a) and (c), for each i € M, we can find some () jeps) € R™
such that a;; > a;; > maxennyp{ay} for all j € p(i) and M;* = 37, o (ai; — ay).
Take any (U,V) € C(vys) and define b; = M;* — U; for all i € M. Since for all i € M
we have M* > U; > 0 then M;* > b; > 0.

Let us define p € R? by

Q1); — Cum1(5) for all j € (M) and M™, . >0,
T 1(./; 2 by or all 7 € (M) and M2
Jp— rQ
Pi= Y aumy; for all j € p(M) and M, =0,
0 for all j € @\ u(M).

(14)

Notice that p is a feasible price vector. Therefore, we show that (i) € D;(p) for all

i € M. It is sufficient to see that a;; —p; > a;, — py, for all j € p(i) and all k € Q \ p(7).
To this end, let us see that for all ¢ € M and all j € u(i) it holds a;; — p; > 0 while
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agx —pr < 0 for all k € @\ p(i). On one hand, take i € M such that M4 > 0. Then
aij — pj = Qi — ij — Tl = (ai; — ai) (1 — be;A) > 0 for all j € u(i). Now, take
i € M such that M* = 0. Then ajj —Pj = Q;j — azj =0 for all j € u(i). On the other
hand, take k € p(M) such that M %, ), > 0. Then for any i € M \ {1 (k)}, we have

a, —1 —Q, —1 (kK
(k)k (k)k
£ UAl £ bu—l(k) S 0 because a,,l(k)k Z ozuﬂ(k)k Z Ak -
n (k)

Now, take k € p(M) such that M2, ), = 0. Then for any i € M \ {1 (k)}, we have
ik — P = Qi — A1y < 0 because of assumption (a). Finally, consider k € @\ u(M).
Then for any ¢ € M, a; — pr = 0 because of (b). Thus u(i) € D;(p) for all i € M.
Moreover, by definition of p, p; = 0 for all j € @ \ u(M). Hence, (p, 1) is a competitive
equilibrium. Then, the payoffs are

@ — o,
Ulp,p) = Y (a5 —ps) = D (%’ — Qijj — sz)
)

Qi — Pk = Qi — Qp-1(k)k —

jen() jep( !
b;
- Z (ai —az'j)(l MUA> M = b = U,
JEn(@)

for all ¢ € M such that M;* > 0, where the last equality comes from ). et (aij — ) =
M;*. Take now any i € M such that M;* = 0. From the definition of p; in (14), we

3
have

Ui(p,p) = Y (e —p;) = D (4 —ai) =0 =1,

JEu(?) JEen(?)

since (U(p, p), V(p, ) € C(vy) for any competitive equilibrium (p, i), by efficiency the
seller’s payoff is V(p. 1) = va(MU{0}) — sy Ui(ps 1) = 0a(MU{0}) = Xy Ui = V.
This completes the proof of the “if” part.

Now, we prove the ‘only if’ part. Assume that the core and the set of payoff vectors
associated to the competitive equilibria coincide. By Lemma 4.7, conditions (a) and
(b) hold for some optimal matching. Then, we only have to prove (c¢). Assume on
the contrary that for each p € Ms(M,Q), there is some buyer ¢/ € M such that
Mt > 32 an(ar; — maxean y{as;}). Recall the description of the core in (5) and
consider (U,V) € C(vas) with Uy = Mj* for the buyer ¢ and U; = 0 for all i €
M \ {i'}. By assumption, there is a competitive equilibrium (p, x) such that (U, V) is
its payoff vector. Take this competitive equilibrium price vector p and the matching
p € My(M,Q) such that Mj;* > deu y(ai; — maxteM\{i/}{atj}). Then (p,pu) is
a competitive equilibrium (recall R1 in page 7). Therefore p; = a,-1(;); for all j €

p(MALY) and 320 i Pj = D e, @ — My We obtain 3. i @i =32 5c i P =
My > Z]EN(Z (air; — maxzean #3{aij}). As a consequence, Z]ew max;ep\ (i1} { @i} >
Z senti) p; which implies that there is some ¢ € M \ {i'} such that a;; > p; for some
g € u(i"). We have that p(i) ¢ D;(p) because a;, —pr, = 0 < a;; —p; for all k € p(i) and
J & p(i). This contradicts that (p, u) is a competitive equilibrium. Hence condition (c)
holds. [

[,

Notice that as a consequence of the proof of Theorem 4.8, if an assignment market
satisfies (a), (b) and (c) for some p € M4(M,Q), it also does for any p' € M4(M, Q).
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Our next example shows that when a core element is a competitive equilibrium payoff
vector, then the associated equilibrium prices may be not unique.

Example 4.9. Consider a market with only one seller and two buyers. The seller
owns four objects on sale. Fach buyer can acquire two objects. For the purposes of this
example, we do not show dummy objects. That is, the market (M,{0},Q, A,r) is given
by M ={1,2}, Q ={1,2",3,4'} andr = (2,2). The valuation matriz A is the following

2 3 4
1/@ @ 0 o
200 0 B ®)
where the unique optimal matching is circled. Consider the game (M U {0},v4) and
notice that M{* = 4 and My* = 6. Take (U, V) = (3,4;3) € C(va). Since conditions
(a), (b) and (c¢) of Theorem 4.8 are salisfied, we can define a competitive equilibrium
(p, 1) associated to (U, V') following the proof of the theorem. Since M;* =3 . ) @i

fOTGlliEM, ble{}A—UlzlandeZM;}A—UQIQ, letpj:ﬁ1205
JjeEr(1 J

for j=1.2" and p; = ZL -2 =1 for j =3,4". Therefore with p = (0.5,0.5,1,1)

jEn(2) 22
the pair (p,p) is a competitive equilibrium and its associated payoff vector is (U, V).

Take now p’ = (1,0, 1.5,0.5) and notice that (p', ) is also a competitive equilibrium and
(U, pw),V(p,p) = (3,4;3). Besides, take p” = (0,1,0.5,1.5) and (p”,p) is also a
competitive equilibrium with (U(p", p), V(p', 1)) = (3,4;3).

Notwithstanding, if the buyers-optimal core allocation comes from a competitive
equilibrium then the prices are uniquely determined. Assume on the contrary that there
exist two competitive equilibrium prices p and p’ (p # p’) such that their associated pay-
off vector is the buyers-optimal core allocation. Since p # p’, let us assume w.l.o.g. that
there is some j € @ such that p; > p;. This implies that, for any u € Ma(M,Q),
object j € (i) for some i € M, because p; > pj; > 0. Since the set of competitive
equilibrium prices has the structure of a complete lattice, then p” = p Ap’ is also a com-
petitive equilibrium price. Notice that M;* = 37 n(ar; — pj) < i, un(aij — pf)
which contradicts that p” is a competitive equilibrium price because the payoff vector
associated to (p”, 1) does not belong to the core.

Nevertheless, convexity is a sufficient condition for the buyers-optimal core allocation
to come from a competitive equilibrium. To see that, take a one-seller assignment market
with multi-unit demands (M, {0}, @, A, ), such that the related one-seller assignment
game (M U{0},v,) is convex. By Proposition 3.2, for any u € M4(M, Q) we have

Z aij > Z%‘m
JEn(@) JjeRr

for all R € 22 and all ¢ € M. Tt is straightforward to see that (p, ) is a competitive

equilibrium, where p = (0, ...,0) € Rg. Indeed, the payoff vector associated to (p, u) is
the buyers-optimal core allocation.
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5 A buying and selling procedure for the buyers-
optimal core allocation

When agents in one-seller assignment markets behave strategically, we analyze a proce-
dure that attains the best core payoff for all buyers. Under the assumption of complete
information, we give the following two-phase procedure I'. In the first phase, all buyers
play. Each buyer announces a tentative package of objects that he would accept to buy
at some price. All these requests are simultaneous. In the second phase, the seller, after
observing all these requests, chooses a set of buyers and allocates to each of them a
package at a price that makes the buyer indifferent with his initial request.
In more detail, the two phases of the procedure I' are:

1. Buyers choose strategies simultaneously. A pure strategy for a buyer i € M,
denoted by s;, consists of a pair formed by a package and its price, (R(¢), Pr(;)) €
2,% x R,. Denote by s = (sq,...,Sn,) a buyers’ strategy profile.

2. Given a buyers’ strategy profile s and making use of the complete information
assumption, the seller chooses: a) a coalition of buyers S* C M; b) a matching
g€ M(S*,Q); and ¢) a price Py, € Ry for each i € S* such that

Z az] N(l Z Z a/’L] _PR (15)

Jjen( JER(3)
where (R(), Pr(;)) = s;. We denote by O(s) the seller’s strategy.

If a buyer ¢ € S* is matched by the selected matching p € M(S*, @), he receives
the package (i) and pays the price P;(Z.). If a buyer does not receive a package, he pays
nothing. Therefore the final outcome is I'(s, O(s)) = (u, P*) where p € M(S*,Q) and
P = (P;(Z.))ie s+. The payoffs are given by

o = § 2jenty 9 — Bl ifi €S,
Uil ) =1 ¢ if i € M\ S,
Vip, P*) =3 ies Pry for the seller.

Now, we introduce some notation. Given a buyers’ strategy profile s and T C S, we
say that a matching p € M(S, Q) is a matching compatible with s_s\r) if Z]eu a;j >
> jer@) @ij — Pre) for each i € T where (R(2), Pry)) = s;. We write pp € M- <S\T)(S Q).
When S\ T' = {i}, we simply write M*~(S, Q). Moreover, we define the set P(u,T")
of all price vectors P € RY for packages assigned to agents in 7', that satisfies (15) for
each ¢ € T. Notice that 1f a matching p € M(S, Q) is compatible with s_(s\7), this
is equivalent to saying that P(u,T) # 0. We identify with /\/ls DS, Q) the set of
optimal matchings for (S, {0}, @, Ajsxq,7|s) compatible with s_(s\7). Therefore, notice
that the seller chooses only matchings that are compatible with the buyers’ requests.

Our next proposition characterizes the Subgame Perfect Equilibrium (SPE) of the
procedure I" by means of three conditions.
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Proposition 5.1. Let (M,{0},Q, A,r) be a one-seller assignment market with multi-
unit demands and (s,O(s)) be a strategy profile for I'. Then (s,O(s)) is a SPE of I' if
and only if the following conditions hold:

(a) The seller chooses S* C M, p € M*(S*,Q) and P* € P(u,S*) such that for all
SCM, e M3(S,Q) and P € P(i/,S), it holds

d Piy =D Puw (16)

i€S* €S

(b) For all i € S*, there exist S C M\ {i'}, ' € M*(S,Q) and P € P(u',S) such that

> Py =2 Fu (17)

1€S* 1€S

(c) For allt € M\ S*, all S C M\ {t}, all p’ € M*~(SU{t},Q) and all P € P/, S)

D Py =D FPuwt Y ay
)

i€S* i€s JEW (t

Proof. We prove the “if” part. We see that under conditions (a), (b) and (c), (s, O(s))
is a SPE.

Condition (a) guarantees that the seller is playing a best response to the buyers’
strategy profile, since the selected matching and the price vector maximize the seller’s
payoff. Notice that condition (a) implies that the seller chooses p € M?*(S* Q) and
P* € P(u, S*) such that Py, satisfies (15) as an equality for each i € S™.

Condition (b) guarantees that buyer i’ € S* is playing a best response to the other
agents’ strategy profile. On one hand, assume that buyer i’ € S* unilaterally modifies
his request to (R'(¢'), Pgi(;) such that > pry @iry = Prry > D e peiry @irj — Prery- This
means that all his current acceptable packages require a lower price. Because of (b), the
seller will maximize her payoff at the matching ' leaving him unassigned. Therefore
buyer ¢’ will not be better off. On the other hand, if buyer ¢ € 5™ requests (R'(i'), Ppy ;1))
such that ZjeR,(i,) ayj— P]’%,(i,) < ZjeR(i,) a;rj — Pr(y), then he will acquire some package
but at a price that makes him worse off.

Condition (c¢) guarantees that each buyer t € M \ S* is also playing a best response.
Indeed, this condition ensures that buyer ¢ € M \ S* has no chance to unilaterally
changing his request (1'(t), Py () and being matched by the seller. This is because if
his request satisfies ) p/y atj — Pri;y = 0, because of (c), the seller will choose the
same matching, and buyer ¢ will remain unassigned. On the other hand, it is obvious
that if buyer ¢ requests (R'(t), Ppi(;)) such that 3. py aj — Priy > e rey @5 — Proy,s
he will also remain unassigned. Then (s, O(s)) is a SPE.

Let us prove the “only if” part. Condition (a) is satisfied in any SPE since it states
that, given any buyers’ strategy profile s, the seller maximizes her payoft.

To prove (b), assume on the contrary that (s, O(s)) is a SPE and there exists i’ € S*,
for all S C M\ {i'}, all ¢/ € M*(S,Q) and all P € P(y/, S)

> Piwy > D Py (18)

1€5* €S
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Notice that Py, > 0, since otherwise S\ {1'} would satisfy condition (b) in contra-
diction with our assumption. Therefore, buyer " has incentives to deviate by slightly
decreasing the price of his request in such a way that inequality (18) is still maintained.
This contradicts that (s, O(s)) is a SPE. Hence condition (b) must hold.

In order to prove (¢), assume on the contrary that for some ¢t € M \ S*, there exists
S C M\ {t}, some ' € M*~+(SU{t},Q) and P’ € P(i/,S) such that

ZP* <ZP,’)+ZCLU
1ES* €S Jew (t)

Notice that ;¢ /4 @y > 0, since otherwise matching p = {(i,j) € p'li € S}

satisfies p” € M*(S, Q) and
> By < 2_ Py

i€S* ies
which contradicts (16) and the fact that (s, O(s)) is a SPE. Since )
t has incentives to deviate setting (y'(t), Py () such that )

> P+ Puw > Y Py

€S 1€S*

jew () 5 > 0, buyer

ew(t) i — P 'ty > 0 and

in order to receive p/'(t) with a positive payoff. This contradicts that (s, O(s)) is a SPE.
Hence condition (¢) of Proposition 5.1 must hold and this concludes the proof. O]

Now, let us introduce the following notation. Given a buyers’ strategy profile s, a
matching © € M(S,Q) and T C S, we denote by P € P(u,T) the price vector such
that

Z Q5 — ?M(Z) = Z Q5 — PR(Z) forallz €T (19)
jen(i) JER()
where (R(%), Pr;)) = si-

Our following result describes a SPE of I' in which the payoff vector is the buyers-

optimal core allocation of the one-seller assignment game.

Theorem 5.2. Let (M,{0},Q, A,r) be a one-seller assignment market with multi-unit
demands and (M U{0},v4) be its one-seller assignment game. Then the buyers-optimal
core allocation of (M U{0},v4) is attained in a SPE of T'.

Proof. Let s be the following buyers’ strategy profile: each buyer ¢ € M announces
(R(i), Prg;y) such that > . pyai; — Prey = M;*. The seller chooses S* = M, any
€ Muy(M,Q) and P* = P € P(u, M) where P € P(u, M) is as in (19). We prove,
by means of Proposition 5.1, that these strategies are a SPE. That proved, it is obvious
that the payoff vector will be the buyers-optimal core allocation. First, we show that
any 1 € Mu(M,Q) is compatible with s. For any ' € M, let u/ € Ma(M \ {i'},Q),
then

Myt =va(MU{0}) —va((M\{ZHU{0Y) = > ay— ) ay

(i,5)€n (i,5)en’

< Z aij — Z Zaij: Z Q.

(i.5)en ieM\{i'} jep(s) jen(i’)
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This guarantees that, given s, the set of prices P(u, M) # () and then u € M5 (M, Q).

Now, we prove that the seller maximizes her payoff under p € M% (M, Q) and the
aforementioned P* € P(u, M). For any S C M, consider any u' € M?*(S,Q) and any
P e P(i,S). Recall that (M U {0}, v4) satisfies buyers-submodular condition (3) and
since S* = M, we have

ST Py = va(MU{0}) = ST M > ua(Su{oh) - Y M

ieM ieM €S

> Z aj — ZM”A>ZP

(3,9)en’ 1€S €S

where the last inequality is due to P € P(y/,.5). Hence, condition (@) of Proposition
5.1 holds.

In order to prove condition (b) of Proposition 5.1, take any ¢ € M and consider any
poe Ma(M\{i'},Q). We see that p/ is compatible with s. For all i € M \ {¢'}, we

have
Mt < va(MAALFH) UA0}) —va(M\ {7, i) u{0}) < ) ay,
JE (4)
where the first inequality is due to the buyers-submodular condition (2) and the second

one because >, yn i iy D e @ < va(M\{i,7'})U{0}). Therefore, P(u', M\{i'}) #
0 and ¢/ € M5(M \ {i'},Q). Now, take 7/ € M, /' € M5(M \ {/'},Q) and let
PeP(u, M\ {i'}) be as in (19). Then we have

> Pu A((MA\{THu{op - > M

ieM\{i'} ieM\{i'}
RO SEVERS S
ieM ieM

Therefore, condition (b) of Proposition 5.1 holds.
Condition (c¢) of Proposition 5.1 is trivially satisfied because S* = M. Hence, the
described strategies are a SPE. [

We have shown that when agents play particular strategies in a SPE of I', the payoff
vector is the buyers-optimal core allocation. Now, we prove that this is unique payoff
vector of all SPE. First, the next proposition proves that in any SPE of I, the seller
selects an optimal matching which gives the worth of the grand coalition.

Proposition 5.3. Let (M,{0},Q, A,r) be a one-seller assignment market with multi-
unit demands and (s,O(s)) a SPE of T, where O(s) is formed by the triple (S*, p, P*).

Then
> ai; = va(STU{0}) = va(M U{0}).

Proof. First, we prove Z
is a SPE and )

(e i = va(STU{0}). Assume on the contrary that (s, O(s))
a;; <va(S*U{0}).

(4,5)ep
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Take any p1 € Ma(S*,Q). If i1y € M5(5%,Q), take P € P(u1,S*) as in expression
(19). Therefore, by condition (a) of Proposition 5.1, U;(u, P*) = U;(uy, P) for all i € S*
and we have

Y Puw = Y, ay—) Ulw,P)=va(S"U{0}) = > Ui(u, P

1€S* (4,9)Ep i€S* i€S*
> D 4= Y Uil P =3 Plg,
(3,7)Ep 1€5* 1€5*

This contradicts (16) and the fact that (s, O(s)) is a SPE. Therefore, pu; ¢ M?%(S*, Q).
By applying Lemma A.1, see Appendix A, to S = T' = S*, there exists () # T & S*
and p € M%(T, Q) such that

S DD ai— Prg | > va(S7U{0}) —va(T U{0}), (20)

ieS\T \jER()

where (R(i), Pr(y) = s; for all i € S*\ T.

Consider ;/ € M5(T,Q) and take P' € P(i/,T) as in expression (19). Therefore,
Ui(u’,ﬁ/) = U;(u, P*) for all i € T. By condition (a) of SPE in Proposition 5.1, we
obtain

Z a;; — ZUi(u,P* Z ) >ZP Z ai; — ZU i, P)

(4,9)Ep 1€5* 1€5* €T (4,9)en’ i€T

va(TU{0}) =Y Uiy, P)

€T

Since T' C S*, then

Z a;; —va(T'U{0}) > Z Ui(p, P*) = Z Z aij — Lra) |

(i,5)€n 1€S*\T 1€S*\T \j€ER(1)

where (R(i), Prg)) = s; for all ¢ € S*\ T. This contradicts (20). Hence >_; ., aij =
UA(S* U {0})

Now, we prove v4(S* U {0}) = va(M U {0}), assume on the contrary that (s, O(s))
is a SPE and v (S*U{0}) < va(M U{0}). Let @ 4T C M \ S* be a minimal coalition
(with respect to inclusion) in M\ S* such that v ((S*UT)U{0}) > v4(S*U{0}). Notice
that such coalition exists because of monotonicity of v4. This implies that there is some
t € T such that va((S*UT)U{0}) > va((S*U(T\ {t})) U{0}). By buyers-submodular
condition (2), we have that for all S C S*UT with t € S,

va(SUL{0}) —oa((S\{t}) U{0})
> va((STUT)U{0}) —va(((STUT)\ {t}) U{0}) > 0. (21)
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Take any p1 € Ma(S* U {t}, Q). If py € M (S* U {t},Q), take P € Py, S*) as
in expression (19). Therefore, U;(u1, P) = U;(, P*) for all i € S* and we have

> Pry =va(STU{0}) = > Ui, P7)
i€ES* 1€S*
<val(SU{tH U{0}) =D Ui P) =D Py + > ay.

1€S* 1€S* jepi(t)

which contradicts condition (c) of Proposition 5.1 and the fact that (s, O(s)) is a SPE.
As a consequence u; & MS7H(S*U{t}, Q).

By applying Lemma A.1, see Appendix A, to S = S* and 7" = S* U {t}, there exist
0+TGT witht €T and ' € M’ (T, Q) such that

S S 4y = Pag | > eal(S7U (1)) U{0}) — va(TU{0})

i€S*\T \jER()
> va(S"U{0}) —va(T U{0}),

where (R(7), Pr;)) = s; for all i € S*\ T', the second inequality comes from (21) taking
S = S*U{t}. Moreover, notice that

U Py = Y | D ai;— Pray | >va(STU{0}) —va(TU{0}).  (22)
i€S*\T i€S*\T \jeR(i)

Consider 1/ € M°*(T, Q) and take P € P(i/, T\ {t}) as in expression (19). There-
fore, U(4/, P') = U;(u, P*) for all i € T N S*. Taking (22) into account, we get

> Pry =va(STU{0}) = > Ui, P)

ieS* ieS*
<oa(TU{0y) = > U . P)y= Y P+ Y ay
ieT\{t} i€T\{t} jen(t)

which contradicts condition (c¢) of Proposition 5.1 (recall that ¢ € M \ S*). Hence
UA(S*U{O}) :UA(MU{O}). ]

The following remark will be used later on. It shows that in a SPE, buyers not
selected by the seller get their marginal contributions.

Remark 5.4. Let (s,O(s)) be a SPE of I" where O(s) is formed by the triple (S*, u, P*).
As a consequence of Proposition 5.3 and monotonicity of va, M;/* = 0 for each buyer

i€ M\ S*. Indeed, Uj(u, P*) = 0= M/* foralli e M\ S*.
Now, let us introduce some notation.

Definition 5.5. Let (M, {0}, Q, A, r) be a one-seller assignment market with multi-unit
demands and (s,O(s)) be a SPE of I' where O(s) is formed by the triple (S*, u, P*).
For each i' € S*, we denote by:

S C M\ {i'}, p € M*(S”,Q) and P" € P(u", 57)
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the coalition, the matching and the price vector that satisfy condition (b) of Proposition
5.1. That is 4
> B =2 B
1€S* iesi’
Notice that, in the SPE (s, O(s)), if we take any i € S*, we know that U;(p, P*) =0
for all i € S” \ S*. Now, we claim that
> ai;— Ppay = Ui(p", P") =0 foralli € S\ S, (23)
JER(i)
where (R(i), Pr(i)) = s;. Otherwise, if for some i € S” \ S*, > jer@ % — Pra > 0,
this buyer would have incentives to increase a bit Pg(; to force the seller to choose ut

instead of p in order to get a positive a positive payoff. Moreover, by condition (b) of
Proposition (5.1), we have

Z Pl = Z Pl iy (24)
1€5* iesi
Therefore, we claim that P” € P(u", S”) satisfies
> a;— Pl @ = > aj; — Prg foralli € 57, (25)
jen’ (i) JER(i)
where (R(i), Prg)) = si. Otherwise, if for some i* € S”, it holds that D jent () Qi —
o> > jer(r) Girj — Prir), take P e P(p”,S”) as in expression (14). Notlce that
> B =2 P < 2 Pury
ies5* €S iesi’

this contradicts condition (a) of Proposition (5.1).

Now, as the main result of this section, we prove that the unique payoff vector of all
SPE of I' is the buyers-optimal core allocation.

Theorem 5.6. Let (M,{0},Q, A,r) be a one-seller assignment market with multi-unit
demands. The outcome of any SPE of I' is the buyers-optimal core allocation.

Proof. Take any SPE (s, O(s)), where O(s) is formed by the triple (S*, u, P*). We first
prove that for any i € S*, there is some u € M5 ((S* U S¥) \ {7}, Q) where S7 is the
coalition introduced in Definition 5.5. To this end, assume on the contrary that (s, O(s))
is a SPE and for all 1 € M4((S*US")\ {i'},Q), we have pu ¢ M3 ((S*US")\ {i'}, Q).
This implies that there is some ¢ € (S* US”) \ {#'} such that

Z aij — Pryy > Z Ay

JER(?) JEN()
> ua(((S*US)\ '} U{0}) —wa(((S*US")\ {t,i'}) U{0})
> va((S*US")U{0}) —va(((STUS")\ {t}) U{0}), (26)
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where (R(t), Prt)) = s, the last inequality follows from buyers-submodular condition
(2). By expression (23), the above strict inequality implies that t € S*. Taking that into
account, we prove that if buyer ¢ requests (R(?), Pr)) such that >, ar; — Prey >
> jeu(t) Q> We will reach a contradiction with buyer t belonging to S*.

 Take any py € Ma((S*US)\{t},Q). If i € M5((S* U S")\ {t},Q), take
P € P(u1, (S*US")\ {t}) as in expression (19). Therefore, U;(j1y, P) = Us(u, P*) for
all i € (S*USY) \ {t} and we have

> Proy=va(MU{0}) =) Ui(p, P*) =va(MU{0}) — > Ui(p, P?)
1€S* 1€S* ieS*usi’
=va((STUST Y U{0}) = D Ui, P7)
ieS*usY

<woa(((STUSH\{tHu{op) = > Uiwm, P)

i€(S*US)\{t}
= >  Puo
ie(S*USY)\{t}

where the first inequality follows from Proposition 5.3, the second one from U;(u, P*) = 0
for all # € S \ S*, the third one because of monotonicity of v4 and the inequality from
(26). This contradicts (16) and the fact that (s,O(s)) is a SPE. As a consequence

i ¢ My(5°US')\ (1), Q). ,,
By applying Lemma A.1, see Appendix A, to S =T" = (S*US") \ {t}, there exists
0#T T and ' € M5(T,Q), such that

> Y i = Pra | > va(((STUS")\ {t}) U{0}) —va(T U {0}).

iE((S*UST\INT \JER()

where (R(i), Pr(i)) = s; for all i € ((S*US”)\ {¢}) \ T. Making use of (26) notice that,

S0 [ i Pre | > eaSTUS)\ {h U (0D — ea(T U f0})

ie(S*USYN\T \JER()
+oa((S7U ST U{0}) —wa(((S*US")\ {t}) u{0})
= 04((S*US"YU{0}) —wa(T U {0}), (27)
where (R(), Pruy) = s; for all i € (S* U S")\ T.
Consider ;' € M5(T,Q) and take P' € P(i/,T) as in expression (19). Therefore,
Ui(i!, P') = Uy(u, P*) for all i € T and we have

oa((STUSYUL0Y) = Y Uilp, Py =va(MU{0}) = Y Ui(p, PY)

i€S*usY i€S*usY
AMUf0}) =Y Ui(p,P)=>_P
i€ES* i€ES*
>N Plp =vaTU{0}) =D Ui, P)
€T €T
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where the first equality comes from monotonicity of v4, the second one because of (5.5),
the third equality follow from Proposition 5.3 and the inequality from condition (a) of
SPE in Proposition 5.1. Then,

va((S*US")U{0}) —va(TU{0}) > Y Ui, P)= ) > @ — Prgy |

i€S*\T ie(S*USYN\T \JER()

where (R(i), Pr@y) = s; for all i € (S* U S) \ T. This is a contradiction with (27) and
hence there is some matching € M%((S* U S”)\ {i'}, Q) and the claim is proved.
Now, we prove that the outcome of (s, O(s)) is the buyers-optimal core allocation.
We have seen that for each i € S* there exists u € M3 ((S*U S\ {i}, Q). Take a buyer
i € §*. Consider 1/ € M5((S*US")\ {i'},Q) and P € P(;/,(S* U S")\ {i}) as in
expression (19). Therefore, U;(1/, P') = Uy(p, P*) for all i € ($*US")\ {i'} and we have

A(MU{0}) = > Ui(n, Py =>_ Py

iES* 1E€S*

=Y . —
> > Pug=wnlM\{/Hu{op- > W, P)
iE(S*US"/)\{i’} iE(S*US"/)\{i’}

where the first equality follows from Proposition 5.3, the inequality from condition (a)
of Proposition 5.1, and the last equality from Proposition A.3 (in Appendix A). Then,

va(M U{0}) —va(M\ '} U{0}) = Y Ui, P = > U(u, P).

ies” i€(S7US"\(i'}

Since U;(p, P*) = Uy(i/, P) for all i € S* N S” and, by Remark 5.4, U;(u, P*) = 0 for
all i € S”\ S*, we get

va(M U{0}) = oa((MA\A{i'}) U{0}) = Ui (s, P7). (28)

By Proposition 5.3 and Remark 5.4, we know that in any SPE (s, O(s)), Z(i,j)eu a;j; =
va(M U{0}) and U;(u, P*) = M for all i € M \ S*. Moreover, by expression (28),
M4 > U;(u, P*) for all i € S*. Hence, we must see that U;(u, P*) < M4 for all i € S*.

Take a buyer i’ € S*, let S and ' € M*(S”,Q) be as in Definition 5.5 and take
P € P(u,S"), then

A(STU{0}) = > Ui, Py = Py

ie€S* i€S*
=Y Pl =valSTU{0}) = Y Ui, P,
ies? ies?

where the last equality follows from Proposition A.2, see Appendix A. As a consequence,

0a(S"UL0}) —ua(ST U = 3 Ui P = ST Ui, PY).

i€S*\ S i€Si'\ S
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By expression (23), we know that U;(u, P") = 0 for all i € S” \ S*. Therefore

va(STU{0}) —va(S"U{0}) = > Ui(u, P7). (29)

i€S*\S¥

On the other hand, since v4(S*U{0}) = va(M U{0}) and monotonicity of v4, we have
that v4((S*US")U{0}) = va(S* U{0}). Then, by buyers-submodularity (??) and (2),
we get

va(S*U{0}) — va(S” U{0}) = va((S* U §7) U {0}) — va(S” U {0})
> 3 (a7 U U0 — a5 USN GHU D) = X

i€S*\ SV i€S*\ S

Then, making use of (29)

>, Ul Pz ) M.

i€S*\ S i€S*\ S

Since we have U;(u, P*) < M4 for alli € S*, we get M4 = U;(u, P*) for all i € S*\ S”.
This completes the proof: in any SPE (s, O(s))., the payoff vector is U;(u, P*) = M
for each i € M and V(p, P*) = va(M U {0}) — >, ., M for the seller, which is the
buyers-optimal core allocation. O]

Therefore, we have proved that in every SPE, each buyer receives his maximum
core payoff, that is his marginal contribution, while the seller gets her minimum one,
va(M U{0}) = >,c0s M. Hence the buyers-optimal core allocation is the outcome of
every SPE of the mechanism I'.

6 Concluding Remarks

In Tauman et al. (1997), it is considered a somehow related many-to-one model with
only one buyer with multi-unit demand but several sellers with unitary supply. The
valuation function of the buyer is not necessary linear and a strategic form game is
provided. This strategic game leads to the outcome where each seller gets her marginal
contribution by means of the subgame perfect Nash equilibrium. The authors mention
that an important and nontrivial extension of their model would be the case where
firms produce more than one product. To some extent, this is what our model provides,
although the sector with only one agent is now the one of the sellers to lie in the setting
of the Vickrey auction.

As a drawback, we remain in the case in which, buyers’ valuations of packages are
linear. We believe that this fact, which implies the buyers-subadditive property, is
crucial to obtain, differently from the aforementioned model, the buyers-optimal core
allocation as the unique subgame perfect Nash equilibrium outcome.
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A Appendix

Lemma A.1. Let s be a buyers’ strategy profile of procedure I' and O # S C M be a
coalition of buyers. For all T C M such that SNT" # 0, there exists T C T' with
T'\ S C T and a matching p € MZ_(TI\S) (T,Q). If T #T', it holds that

S Y s Pry | > 0T U{0}) —oa(TU{0}),

1€(T'NS)\T \jER(i)
where (R(i), Prgy) = si for each i € (T"NS)\T.

Proof. Take any coalition of buyers ) # S C M and T" C M such that SNT" # 0.
First, consider 77 = T" and p; € Mu(T',Q). If g € MZ_(T/\S) (T",Q), we are done just
taking ' = T} = T"'. Otherwise, if u; ¢ MZ_(T'\S) (T", Q) there exists some i; € T3 NS
such that

> ai;—Pray > Y i,
JER(ir) J€pa(in)
where (R(i1), Pr(,)) = Si;- By the optimality of y;, we have

Y = Pray > Y aiy 2 0a(T'U{0}) —ua((T7\ {ir}) U {0}). (30)

JER(i1) jep(ir)

Take now any gy € Mu(T'\ {ir}, Q). If s € M7"(T'\ {i},Q), we are done
with T = Ty = T"\ {i1}. Otherwise, if yp ¢ M ;7" (T"\ {i1},Q), then there exists
some buyer iy € T5 N S such that

D iy = Priy > Y i = va(Ta U{0}) — va(T3 U{0}), (31)
JER(iz) J€Ep2(i2)

where (R(i2), Pr(i,)) = si, and T5 = T, \ {i2}. By adding (30) and (31) we get

> > iy — Preyy | > va(T'U{0}) — va(T3 U {0}),

i€(T'NS\Ts \JER()

where (R(%), Pr;)) = s; for all i € (177N S) \ Ts.

By proceeding recursively, assume we have constructed a sequence {41, ..., it} € T'NS
such that for all [ € {1,...,k} it holds My " (T"\ {1, ...,i;}, Q) = 0 and if we write
Tk+1 =T \ {’il, ,Zk} it holds

Yo | 2o e Pray | > oaU{0) —va(Tin U{0}). (32)

1€(T'NSN\Tiy1 \JER(®)
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where (R;, Pr;)) = s; for all i € (TN S) \ T41. So, either M _(T/\S)(T;Hl, Q) # 0 and
we are done with 7' = Ty, or take pgr1 € Ma(Ty1, Q). Then there exists some buyer
tgr1 € Try1 NS such that,

Z Qg — PR(ikﬂ) > Z Qigrj 2 VA(Te1 U{0}) — va((Thetr \ {in41}) U {0}),

JER(ik41) JE€1E+1(ikt1)

(33)

where (R(ix41), PR(ikH)) =
{ix+1} and obtain

Si,,+ By combining (32) and (33), we define Ty o = Thi1 \

3 (S PR > 10D i
1€(T'NS)\Tk+t2 JER;
where (R;, Pr)) = s; for all i € (TN S) \ Thqo
Now either there exists yp € M, ST\ (Tkt2, @) where Ty o & Tii1 and we are done
with T" = T}, .o or we continue the procedure one more step. Notice that, since 7" N S

is finite, if it does not stop before, the procedure will reach T}, with |T;| = 1 for some
k > 1. In that case, let us write Ty = {i}. If up € Mu(Ty, Q) then

ZG’UZZGU R(t)»

JEMK(3) JER(3)

where (R(%), Pr;)) = S;, which means there exists P, ;) € Ry that satisfies (15), hence
W € ./\/lifm\s) (Tk, Q) and we are done with 7" = Tj,. |

Proposition A.2. Let (M,{0},Q,A,r) be a one-seller assignment market with multi-
unit demands and (s, O(s)) be a SPE of I', where O(s) is formed by the triple (S*, i, P*).
For any i € S*, let S be the coalition and ' € M*(S”,Q) be the matching as intro-
duced in Definition 5.5. Then

Z Q5 = UA(Si/ U {O})
(i.5)en’

Proof. Assume on the contrary that (s, O(s)) is a SPE and } ; ;¢ v ai; < va(SYU{0}).

Take any p1 € Ma(S",Q). If py € M5(S,Q), take P € P(u1,S") as in expression
(19). Therefore, because of (25), U;(uu1, P) = Uy(u®, P") for all i € S* and making use
of condition (b), we have

Py =D Puo= D ay— Y U, P

(IS ies? (i,5)eun’ ieS?

<wa(STU{0}) — Z Ui(pa, P Z Py

ies iesy

which is a contradiction. Therefore p; & M3 (S, Q).
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By applying Lemma A.1, in this Appendix, to S = T" = S, there exists ) # T ¢ T"
and p' € M5 (T, Q) such that

D | 2w Prw | > va(S8TU{0}) — (T U{0}), (34)
ieSV\T \JER()
where (R(i), Pruy) = s; for alli € S\ T.
Consider ;' € M5(T,Q) and take P' € P(i/,T) as in expression (19). Therefore,
Uy(u', P") = Uy(i/, P) for all i € T. By conditions (b) and (a) in Proposition 5.1, we

have
Y P =Y P =D Puw=vaTU{0}) =D Uy, P).

icsi ieS* €T el

Hence

Z a;; —va(T'U{0}) > ZU T ZUi(,u,?/)

(i,5)ept’ ies? €T
S U= Y (zam—%)
i€SU\T i€SU\T \JER;

where (R(i), Pry)) = s; for all i € S\ T. This contradicts (34), hence D tigyent Wi =
va(S” U{0}). O

Proposition A.3. Let (M,{0},Q,A,r) be a one-seller assignment market with multi-
unit demands and (s, O(s)) be a SPE of I, where O(s) is formed by the triple (S*, , P*).
For any i € S*, let S be the coalition introduced in Definition 5.5. Then

va(((8*US)\ {7} U {0}) = va (M \ {'}) U {0}).

Proof. First, we show that v ((S” U{t})U{0}) = v4(S"U{0}) for any t € M\ (S*US").
Assume on the contrary that (s,O(s)) is a SPE and there is some ¢ € M \ (S* U S%)
such that v4((S” U {t}) U {0}) > v4(S” U{0}).

Consider any p1; € M4(S” U{t},Q). If uy € MTH(S" U{t},Q), take P € P (1, 5")
as in expression (19). Therefore U;(u?, P") = U; (M1, P) for all i € S* and we have

D Pry =Y Pl =valSTU{0}) = > Ui, P

i€S* ics ies?

<oa((STU{HU{0}) = S Ui, P) = Y Pup + Y ay,

ies? ies? JjEp(t)

where the first equality comes from condition (b) of Proposition 5.1, the second one
from Proposition A.2, in this Appendix, the strict inequality from the assumption and
Ui(py, PY) = Uy(p', P") for all i € S”. This contradicts that (s, O(s)) is a SPE because
of condition (¢) of Proposition 5.1. Therefore p; & M (S U {t}, Q).
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By applying Lemma A.1, in this Appendix, to S = S* and T = S¥ U {t}, there
exists 0 = T G T', with t € T, and p/ € M’ *(T, Q) such that

Do D0 aiy— Pag | > 0a(87U{0}) —va(TU{0}),

i€SY\T \JER()
where (R(i), Pry = s; for all i € S” \ T. Notice that
Z Ui(,ui/, PZ/) = Z Z Q5 — PR(Z) > ’UA(SiI U {O}) — UA(T U {O}) (35)
i€SY\T ieS?\T \JER(®)

Take y' € M7(T, Q) and P € P(i/,T) as in expression (19). Therefore U; (p¥', P") =
Ui(1/, P') for each i € TN S” and we have

Y Py = Pl = A(S"Uf{oy) = > Ui, P
1€S* 7,65'74 ZGSZ
<wa(TU{0}) = Z Ui(u/, P') = Z 1_3 o T Z Atj,
i€T\{t} i€T\{t} Jeu (t)

where the first equality comes from condition (b) of Proposition 5.1, the second one
from Proposition A.2 in this Appendix, the strict inequality from (35) and U;(p/ ,F/) =
Ui(u”, P") for all 4 € T. This contradicts condition (¢) of Proposition 5.1. Hence if
t€ M\ (S*USY), then vy (S” U{0}) = va((S” U {t}) U {0}).

Now, we prove v4(((S* U S")\ {#'}) U{0}) = va((M \ {i'}) U {0}). Assume on the
contrary that v4(((S* U S™)\ {i'}) U{0}) < va((M \ {#'}) U {0}). By monotonicity of
va, let O #£T C M\ (S*US") be a minimal coalition (with respect to inclusion) such

that
va(((S*US" UT)\{i'}) U{0}) > va(((S* U S")\ {i'}) L {0}).
Then, there is some t € T such that,
va(((S*USTUT)\{H) U{0}) > wa(((S"USTUT)\ {7, 1)) U{0}).  (36)
Notwithstanding, since v4((S” U {i}) U {0}) = v4(S”" U{0}) for alli € M \ (S* U S¥)

= va((S" U{t}) U {0}) —va(s” U {0})
> va(((S*U ST UT)\{i'}) U{0}) —wa(((S*U ST UT)\ {7, ¢}) U {0}) > 0

where the inequality comes from the buyers-submodular condition and the strict in-
equality from (36). This is a contradiction. Hence, v4(((S* U S¥) \ {#'}) U {0}) =

va((MA\A{'}) U{0}). O
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