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Abstract

In 1962, Gale and Shapley proved that there exists a stable matching in every instance of the 2-Sided Stable Matching
Problem. It was shown very quickly that it does not have to be true in the case of 3-Sided Stable Matching Problems (or more
generally, Many-Sided Stable Matching Problems). A natural question was posed: What system of preferences guarantees
stable matching in many-sided problems? We give a partial answer to this question, using Latin rectangles.
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1. Introduction

In 1962, Gale and Shapley [12] considered the following (Two-Sided) Stable Matching Problem. Assume
two n-element sets of men M and women IV are given. Each woman w € IV has a preference relation
(i.e. linear order) >,, on the set M and each man m € M has a preference relation >,, on the set W,
where m, >, ms means that the woman w prefers m, over my (similarly w; >,, ws means that m
prefers w; over wy). A matching p : M UW — M U W is a function such that for every m € M,
pu(m) € W, for each w € W, u(w) € M and for each z € M UW, u(u(z)) = z. A blocking pair is a
pair (m, w) for which we have

W = po(m) Amo=y, p(w).

A matching p is stable if no blocking pair exists. Gale and Shapley proved that every instance of the
Two-Sided Stable Matching Problem has at least one stable solution (matching).

The problem may be generalized to any number of sets as follows. Given a family of s + 1 mutually
disjoint sets Sp, S1, S, ..., S, where s > 1, for every j = 0,1,...,s agent € S} has a preference
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2 M. Anholcer

relation >, on the set of all (s+1)-tuples (zg, x1, . .., z,) such that z; = x, where z; € S;, 1 =0,1,...5s.
A matching
JO U Sj — ® Sz
j=0 i=0
is a function such that forevery j = 0,1,..., s, every = € S}, € p(x) and for each

.CL’ESZ',Z/ESJ',Z'%]',

we have = € u(y) < y € p(x). A blocking tuple is an (s + 1)-tuple © = (zo, x1,. .., xs) for which we
have

T =y, p(z;) for j=0,1,...,s.

A stable matching is a matching for which no blocking tuple exists.

The 2-Sided Matching Problem can be applied to model a situation where two groups of agents must
be matched, and their preferences must be considered. Already in the first paper by Gale and Shapley
[12], the problem of college admissions has been considered. Another example is the housing market
considered by Shapley and Scarf in [24].

The above-mentioned generalization to many dimensions may be applied, for example, for matching
companies with employees and technologies [18]. There are also possible technical applications: Cui
and Jia in [9] applied such a model to solve the problem of connecting the data sources, servers, and final
users in a computer network, while Ren et al. [23] applied it in mobile edge computing. Also, other
allocation problems involving three or more groups of agents have been considered, such as student-
project assignments [1]. Yet another field where the many-sided problems may be applied is organizing
the project teams. This possible application will be discussed in more detail at the end of Section 2.

Although it was proved in [12] thata stable matching always exists in the case of two-sided settings,
Knuth [17] showed that the problem of finding a stable matching changes dramatically when one switches
from two to more dimensions, and Alkan [2] proved that stable matchings in three-sided systems may
not exist in general. Knuth conjectured that a stable matching exists in every three-sided problem with
lexicographically cyclic preferences. Boros et al. in [7] disproved this conjecture by presenting a few
counterexamples. They showed, however, that the conjecture is true for purely cyclic preferences if the
number n of agents in every group is not greater than the number of groups s + 1. Eriksson et al. in [11]
extended this result to the case when n = 4 and s = 2, which Hofbauer improved [13] to the case of
n < s+ 2. Later, Pashkovich and Poirrie [22] proved the case n < 5 for s = 2. Finally, Lam and Plaxton
[19] showed that in general the stable matching in a cyclic preference system does not need to exist when
s > 2, and the minimum size of a counterexample for s = 2 was recently reduced to n = 20 by Lerner
[20].

The lexicographic preferences were analyzed, e.g., by Danilov [10], where the author proved that in
such circumstances a stable matching must always exist, also for some special generalizations of the
problem to more dimensions. Some variants of lexicographic preferences with additional restrictions
were in turn studied by Lahiri [18]. The stable matching problem can also be extended by allowing
indifference in the agents’ preferences [15, 21].

The problem has been widely studied in the context of its computational complexity [8, 16, 21]. In
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particular, Bir6 and McDermid in [6], and independently Huang in [14], showed that the problem of
determining whether there exists a stable matching in a three-sided system with lexicographically cyclic
preferences is NP-complete when the list of preferences is incomplete or a stronger stability criterion is
considered.

Zhang and Zhong [25] wrote a paper about two modifications of the cyclic preferences. Soon after
that, Arenas and Torres-Martinez [5], by indicating some gaps in the proofs, showed that one of the
proposed settings does not need to allow a stable solution. Actually, the considered structure cannot
guarantee a stable solution since it is less restrictive than cyclic preferences, for which a stable matching
does not always exist, as Lam and Plaxton [19] showed. However, a stable matching always exists for
the other proposed configuration and even for its generalization to more dimensions, as shown recently
by Anholcer and Bartkowiak [4].

In [10], Danilov proved the existence of stable matching in every three-sided system with a special
kind of lexicographic preferences and generalized it to many-sided problems with preferences that can
be formed sequentially. A more detailed description of this system of conditions can be found in Section
4. Lahiri [18] considered a special case of such systems. In [3], a Three-Sided Stable Matching Problem
with another type of lexicographic preferences was considered. Namely, the author proved the special
case of Theorem 1 for the case when s = 2. In this paper, we generalize this result to (s + 1)-Sided
Stable Matching Problems for arbitrary s > 1.

In Section 2, we define the concept of a preference system compatible with a Latin rectangle and
present the paper’s main result. In section 3, we constructively prove the main theorem and discuss
the properties of the associated matching algorithm. The last Section 4 consists of some final remarks,
particularly a few open problems for further research.

2. Preference Systems-and Latin Rectangles

Before formulating this paper’s main result, we must recall the concept of a Latin rectangle.

Definition 1. Latin rectangle L = L(m,s), where m < s, is a matrix L = [l;;],,xs With the entries

from the set {1,2,. .., s}, each-appearing exactly m times, such that
Lijy # lij,
foreveryi=1,2,...,mandevery 1 < j; < jo < sand
lij # ligg
forevery j = 1,2,...,sandevery 1 < i; < i3 < m,i.e., every row and every column consists of distinct
elements.
Note that every row of a Latin rectangle is actually a permutation of the set {1, ..., s}. Let us define

a special kind of preferences, based on Latin rectangles.

Definition 2. Given a Latin rectangle L = L(m, s), m < s, and s + 1 n-element sets Sy, Sy, ..., S,

the system of preferences is said to be compatible with L if it has the following properties.
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P1 The set Sy can be partitioned into m disjoint nonempty subsets So 1,502, ..., S0, such that for

every ¢ = 1,...,m and for every zy € Sy, there are preference relations >—§;0, j=1,...,s defined

on the sets 5;,; such that for any xllj , xlgj € 5,; we have

— forj =1:
11,2 11 1 2 .2 2
{xlu o xlil} = (IO’ Ly 73:5) 2o (x07 L1y 73:5)
— forj > 1:
1 2 - 1 i 2 11 1 2,2 2
{xlijl = a:lij”]’ < ]} A {xlij = a:lij} = (29, Ty, .oy Ty) »ap (X5, TT, .., X5)
for every
S
11 1 2,2 2
(zh, 21, .. 2h), (25,28, ... 22) € Q) S
=0

such that 2}, = 22 = 1z, i.e. every agent x, from set Sy ; cares mainly about the agents from the set

Si,,» next about the agents from S;,, (which means that if in two given tuples there is the same agent

from the set .S, , then x orders these tuples based on their preferences on the agents from 5;,,) and

so on. In other words, the order of preferences of all the agents from the set .Sy ; is the same as the

order of the indices j of sets .S; in the row 7 of L.
P2 Forevery j = 1,..., s and for every z; € S; there is a preference relation >;J_ defined on the set S

such that for any zj, 23 € Sy we have

1 2 11 1 2 .2 2
I >;j T = (2, Tyoe . - T) oy (25,77, ..., T5)
for every
S
1A 1 2,2 2
(&g, Tyyer -, x), (x5, X7, ..., 25) € ®S¢
=0

such that le = x? = x4 1.6., the agent z; cares mainly about the agents from the set Sy and then

about the remaining ones.
P3 For every j =1,...,5 and for every z; € S}, the preference relation 3, satisfies the following

condition. Assume that we have 1 < j; < jo < sandlet ky and ko, 1 < ky < m, 1 < ky < m, be
such indices that [}, ;, = lj,;, = j. Then

V ok

1
Tq ESO»kl

k1 * ko
v xO >_LL‘]‘ xO Y

kg
Tg ESO,kQ

i.e. x; prefers every agent from Sy, to every agent from .Sy ,, whenever entry j of L has lower
second index in row k; than in row £, or in other words every x; € .S; orders the subsets Sy ; of S
in the same way as the first indices ¢ of the number j are ordered in the columns of L.

Property P3 in the above definition can also be explained in the following way. Every agent zy € Sy

has a preference order over the sets S, .Ss, . . ., Ss. Property P3 says that every x; € S; prefers the agents

from the set Sy, C Sp to the agents from the set Sy 5, C Sy if and only if the set S; occurs earlier on the

preference list of every agent x’gl € So.k, than on the preference list of any agent :Eff € Sok,- Note that
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property P3 can be satisfied only if P2 is satisfied: one cannot prefer one agent in Sy to another if they do

not have a preference order on S that is consistent with the preference order on the set of all triples.

The following example illustrates the above properties. Let us consider five systems of preferences.

{xé,x%}, Sl = {I%,ZC%} and 52 = {JJ%,I%}

In all the cases we assume that s = 2, n = 2, S,

System 1.

System 2.

System 3.

System 4.
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System 5.
(29, w1, 23) =gy (20, 1, 03) =4y (w5, 2%, 23) >4y (g, 27, 25),
(w%,x%,x%) >’x§ (x%,x},x%) >_:c(2) (x%,x%,x%) >’a:g (x(2)>x%7x%)a
(I%,ZB%,QS%) ” (x[l),m%,x%) ! (xé,x%,x%) ” ! (x%,x%,x%),
(x%,x%,x%) a2 (fE%,I%,CB%) 22 (QB(I),:L‘%,ZE%) 22 (:Eé,l‘%,:ﬂ%),
(ZL‘%,J]%,:L‘%) =zl (ZL‘(Z),[L“%,JZ%) iy (mé,x%,x%) =} (ZL‘%,ZE%,J}%),
(ZL’%,I%,I%) 2 (x(l),x%,x%) 22 (I%,I%,ZE%) 2 (ZE%,I‘%,I%)

Observe that System 1 does not have the desired properties. Indeed, none of the agents from S,
cares mainly about the agents from Sy or S;, thus property P2 is not satisfied, which also means that
property P3 cannot be satisfied. One may also quickly verify that property P1 does not hold, even if S;
is considered instead of Sy. This does not mean, however, that no matching exists (see the discussion in
the last section).

Let us consider System 2. Let So; = {z}} and Sp» = {#3}. Asone can easily check, the only agent
from S ; cares mainly about the agents from 5}, and then about the agents from S5 (so, we can say that
their preference order over the sets is (51, S3)). Similarly, the only agent from Sy, cares mainly about
the agents from S5, and then about the agents from .S; (so, we can say that their preference order over
the sets is (S, .51)). Thus, Property P1 is satisfied. One can also verify that all the agents from S; and
Sy care mainly about the agents from Sy, so Property P2 is satisfied. Finally, observe that the agents
from S prefer the agent x} to the agent @2, which is consistent with the fact that the set S; occurs earlier
on the preference order list of the agent & (first position) than on the list of agent 22 (second position).
Analogously, the agents from Sy prefer the agent 3 to the agent x}, which is consistent with the fact that
the set Sy occurs earlier on the preference order list of the agent 2 (first position) than on the list of agent
x} (second position). It means that Property P3 is also satisfied, and

1 2
2 1

Now, let us analyze System 3. Obviously, Property P2 holds. Note that one can switch the indices of
sets S7 and Sy, since the agents in these sets care primarily about the members of Sy, but the agents from
So do not care mainly about the same set: x{ cares primarily about S, while z?2 cares mainly about Ss.
Thus, Sy cannot be substituted by any other set. Now it is easy to see that Property P3 does not hold. If it
did, based on the preferences of the members of S, we would deduce that L would be the same as in the
case of System 2. That would mean in particular, that the agents from S should prefer x} to z:3, since S
appears at the first position on the order list of x§, while S, appears at the first position on the order list
of z2. However, they prefer 23 to .

A similar analysis shows that System 4 satisfies properties P2 and P3, but not P1, while System 5
satisfies P1, but violates P2 and P3. In both cases, the only possible candidate for the set satisfying P1 is
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Sp, and in both cases, the only possible hypothetical Latin rectangle that the preference system could be
compatible with is L defined above.

Let us present another possible application of the many-sided matching problem. Assume that several
projects are running in a company. Each project team must consist of a project manager and some other
members. Assume that the company creates Web applications. Then the possible members may be
frontend developers, backend developers, graphic designers, database administrators, etc. Of course, the
members of each group have preferences over the possible project teams. Assume that each employee
must be assigned to exactly one project team. Now, let us consider the system of preferences compatible
with a Latin rectangle. In the discussed example of an IT company, the interpretation of the properties
of the preference system would be as follows. Property P1 means that each project manager has a
lexicographic preference order over the set of all the other types of employees, i.e., thinks that the most
important for the project’s success is the type of employee, then the employees themselves. For example,
some project managers may think that for the kind of project that they were assigned, the most important
thing is to pick a good database administrator, then the developers, then the graphic designer, and so on.
Property P2 means that every employee cares mostly about the project manager, and the rest of the team is
not that important. Finally, Property P3 means that each employee prefers the project managers who care
more about their role. For example, assume that manager x is primarily concerned about the developers
(position 1 on their preference order list), then the database administrators (position 2), and finally the
graphic designers (position 3). At the same time, manager y thinks that the graphic designers are the most
important (position 1), then the developers (position 2), and finally the database administrators (position
3). Then, all the developers would prefer x to y (position 1 vs. 2), all the graphic designers y to z
(position 1 vs. 3), and all the database administrators would prefer x to y (position 2 vs 3).

The main result of this paper reads as follows. We are going to prove it in the following section.

Theorem 1. Assume that we are given s + 1 sets Sy, ..., Ss with their respective systems of prefer-
ences. If there exists a Latin rectangle L(m, s), m < s, compatible with this system of preferences, then

a stable matching exists.

3. Proof of Theorem 1

We will use the fact that Gale and Shapley proved in [12] that a stable matching exists in every two-sided
system. The proof will consist of two parts. First, we are going to define the matching algorithm. Then
we will show that no blocking (s + 1)-tuple exists, thus, the resulting matching is stable.

Let us consider the two-sided problem with the sets .S; and Sy such that n; = |.S;| < |S3| = ng. Obvi-
ously, no complete (or perfect) matching exists in such a setting, but one can consider partial matchings
(or simply matchings), where ny, — n; agents from .S; remain unmatched. Such a matching will be called
stable if there is no blocking pair among all the agents, where we assume that being assigned to anyone
is always preferred to remaining unmatched. Suppose we add to the set S; ny —n; fictional agents, being
least preferred for every agent from S,. In that case, it is easy to see that every stable complete matching
in such an extended problem uniquely defines a stable matching in the initial problem (its restriction to
the pairs including the members of S7). More than one such matching may exist. If this is the case, then
we choose the Pareto-optimal one from the point of view of the agents from S;. It can be obtained by
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the Gale-Shapley deferred acceptance algorithm by taking S, to be the proposing party and .S to be the
accepting (rejecting) one. In particular, in such a matching, no agent x € .S; is assigned to some y, € So
if there is an unmatched y; € S5 such that y; >, vo.

Now we are going to present the matching method in the many-sided problem. The procedure consists
of s stages.

At the first stage, for every 7, 1 < ¢ < m, we match the elements of Sy; with s; = |Sp;| members
of Sy, i.e. with s; elements of the first set on the list of preferences of the agents in Sy ;. As the agents
from Sy ; care mainly about the agents from 5;,, and the agents from Sj,, prefer the agents from .Sy ; to
the agents from all the remaining subsets of Sy, we obtain a two-sided matching problem with non-equal
numbers of agents with the preferences defined in the natural way. The algorithm returns the stable
matching that is (Pareto) optimal from the point of view of the agents z; € Sy ;. It follows directly from
the fact that the set of proposers in Algorithm 1 (which is called at every iteration of Algorithm 2) is
its first argument X with preferences defined as the preferences of x; € Sp;. On the other hand, we
know that the original Deferred Acceptance Algorithm of Gale and Shapley [12] returns the men-optimal
solution.

Before every stage j, where 2 < j < s, the j-tuples are matched. As for every ¢, each agent x; € S ;
is matched with the agents from j — 1 sets they care about the most, one can treat each such j-tuple as one
agent with preference on the remaining sets defined exactly as the preferences of x;. On the other hand,
we have j* set on the list of the preferences order of x;, namely Sy,;» where all the agents care mostly
about the agents from Sy (in particular, about the agents from S ;). This defines a two-sided problem.
We choose the (partial) stable matching, that is (Pareto) optimal from the point of view of the agents
z; € Sp,;. The matchings obtained for all values of ¢ define the (j + 1)-tuples. After stage s we obtain an
(s + 1)-sided complete matching. The described method is summarized as Algorithm 2 (an illustrative
example showing the performance of the algorithm has been presented at the end of this section). For the
sake of completeness, firstly, we recall the version of the Gale-Shapley deferred acceptance algorithm
that allows the matching of tuples (cf. [4, Algorithm 2]).

Algorithm 1. Rephrased Gale-Shapley Deferred Acceptance Algorithm (GS)
Input: System X, Y of a set of disjoint tuples X C X7 x X5 x --- x X; and a set of agents Y, | X| < |V, with
appropriately defined mutual preferences.

Output: Stable matching (partial if | X| < |Y|) pxyy of the members of X and Y’ C Y, |Y’| = | X/, being also a
stable matching of the members of X1, Xs,..., X;, Y, optimal from the point of view of the members of
X.

Initialize: Mark all elements of X UY as available for matching, i.e., set u(z) < null for every z € X UY; set

Y <+ 0;

while there exists available element x € X do

Choose the most preferred tuple (z,y) : y € Y on x’s preference list and cross it out from this list;
if y is available then
L set Y/ < Y’ U{y};
set uxuyr(x) < (z,y), pxuy’(y) < (x,y), mark z and y as unavailable;

else if y prefers (x,y) over its current assignment (x',y) then
| set u(z) < (z,v), ply) < (z,y), p(z’) < null, mark x as unavailable, mark 2’ as available;

return p = pxyuy, U =Y \ Y’
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Algorithm 2. Matching Algorithm for Latin Rectangle-Compatible Preferences

Input: s+1 sets S; where j € {0,1,..., s}, |S;| = n. Preference lists satisfying properties P1, P2, and P3 from
Definition 2, compatible with a Latin rectangle L = [I;;] .
Output: Stable matching p of the members of Uj:o S;.
Initialize: Mark all elements of Uj:o S; as available for matching, i.e., set (x) < null for every x € U;:o S
fori=1 tomdo
‘ i < S0, ; // Initialize all the partial matchings
end
for j =1 to sdo
fori=1 tomdo

‘ (i, S1,;) < Algorithm 1(u;, 5;,,) 5 // Run GS algorithm on j; and Sy,
end

end

return p = ", i // Return the complete matching u

We prove the stability of the solution y produced by Algorithm 2 by contradiction.. The point made
repeatedly below is that every call to Algorithm 1 within Algorithm 2 returns a stable partial two-sided
matching between the current tuples and the agents of the next set. Thus, after any such call, no current
tuple and no agent available in the corresponding two-sided problem can both improve by being matched
to each other.

Assume that y = (zo, 1, ..., Zs) is a blocking tuple in the final matching, where xz, € Sy ; for some
i. Without loss of generality, reindex the rows of L and the sets Sy, ..., Sssothati = 1 and [;; = j for
g=1,...,s. Write
(o) = (2o, 2%, ..., 2?)
and, forr=1,...,s,
p(xr) = (20, Ty T Ty, Ty gy, ).

Since y >, 1(zo), Property P1 implies that there is a first index
k=min{r € {1,...,s} 1z, # 20}

such that z, = 20 forall < k and z;, =¥ 9.

If £ = 1, then x( and x; are not matched to each other under p. Since y is blocking, x; also prefers
y to p(x1); by Property P2 this gives zq > x}. At the first stage, Algorithm 1 matches the elements
of Sp; with agents from S;. The element x, prefers x; to its assigned partner 29 by Property P1, and
x1 prefers x to the Sy-component of its final assignment by Property P2. If x; was assigned later to an
agent from another subset of Sy, then Property P3 only strengthens this conclusion, because agents from
Sy rank S ; before subsets in whose row S, appears later. Thus, (zg, z1) would block the stable partial
matching obtained at the first stage, a contradiction.

It remains to consider £k = 2,...,s. At the beginning of stage k, the current tuple containing xg
already contains the same agents x1,...,x,_1 as the alleged blocking tuple y. By Property P1, this
tuple therefore prefers z;, to the agent x) assigned to it by Algorithm 2. Because y is blocking, Property
P2 gives xg >}, xk unless z;, was unmatched in the relevant two-sided problem, in which case being
matched is preferred to remaining unmatched.
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If z; had already been taken in an earlier stage, then it would have been matched to a tuple whose
So-component belongs to a subset Sy such that the set S appears earlier in row ¢ of L than in row 1.
Property P3 would then imply that z;, prefers every agent from Sy, to every agent from .S ;, in particular
to xo, contradicting o >, xk. Hence, x;, was available for the two-sided problem solved at stage k for
the tuple containing x,. The tuple containing xy and the agent x; would both prefer to be matched to
each other, contradicting the stability of the partial matching returned by Algorithm 1 at that stage.

All possible values of & lead to a contradiction. Therefore, no blocking (s + 1)-tuple exists, and the
matching ;. produced by Algorithm 2 is stable.

O

Since the proof presented above is constructive, let us give some remarks on Algorithm 2. It is
straightforward to see that its running time is polynomial in n and s. Indeed, if the number of agents in
every set is k, then the original Gale-Shapley method runs in the worst case in time T'(k) = (k—1)*+1 =
O(k?) [12], and so does Algorithm 1. It is called s x m times from Algorithm 2, where the cardinalities
of sets to be matched are precisely s; = |Sp;| for i = 1,...m. This means that the time complexity of
the inner loop of Algorithm 2 (for any fixed j = 1,.. ., s) is in the worst case

m m

Ty = ZT(si) =m+ Z(Sl —1)%

i=1 i=1
which means that the worst-case running time of Algorithm 2 is

T = sTy = s(m + Z(‘S’ —1)%) = O(sn?).
=1
We conclude this section with a presentation of the performance of Algorithm 2. We will run it on
System 2. For clarity, we present all partial matchings as complete systems of triples, possibly with some
(not yet assigned) agents represented by the symbol "-".

e Input: n = 2, m = 2,s = 2,51 = {x}}, Soo = {22}, S1 = {27,23} and Sy = {3}, 23},
preferences defined as in System 2.

e Initialization: juiy = {(z,-, )}, pe = {(22,-,)}
e Main loop, j = 1,4 = 1: call Algorithm 1 with argument (i, S;). The output is the partial

matching of (z}, -, -) with x{ (preferred to z% by x}) and 1 is removed from S;. Thus, the updated

matchings and sets are p; = {(x}, 21, )}, po = {(23,-,)}, S1 = {23} and Sy = {1}, 23}.

e Main loop, j = 1, i = 2: call Algorithm 1 with argument (1, S3). The output is the partial
matching of (2, -, -) with 22 (preferred to x} by x3) and 23 is removed from S,. Thus, the updated
matchings and sets are p; = {(x}, 21, )}, po = {(22,-,23)}, S1 = {z}} and S, = {z}}.

e Main loop, j = 2, i = 1: call Algorithm 1 with argument (1, S>). The output is the partial
matching of (z},x1,-) with x} (the only remaining member of S;) and z} is removed from Ss.
Thus, the updated matchings and sets are p; = {(z, 1, 23)}, g = {(23,-,23)}, S; = {23} and
SQ = @
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e Main loop, j = 2,7 = 2: call Algorithm 1 with argument (u, S;). The output is the partial

matching of (z2,-,z3) with 2% (the only remaining member of S;) and z7 is removed from ;.

Thus, the updated matchings and sets are 1 = {(x}, 21, 2)}, po = {(23,2%,23)}, S; = 0 and

Sy =0.

e Return the union of all the matchings ;, i.e., the complete matching pn = {(z}, =1, z3), (23, 23, 23)}.

4. Final Remarks

As one can check, the properties described in Theorem 1, although lexicographic, are independent from
the ones described by Danilov in [10]. Namely, let us consider the preference systems 1 and 2 again.
Danilov considers three-sided systems of lexicographic preferences, where the agents from set Sy care
mainly about agents from S; and vice versa (with some further generalizations). It is straightforward to
see that System 1 satisfies the conditions imposed by Danilov and, as we already know, does not satisfy
the assumptions of Theorem 1. On the other hand, System 2 satisfies the assumptions of Theorem 1,
but it does not meet the conditions of Danilov: the agents from the sets S} and S, care mainly about the
agents from S, but the agents from S do not care primarily about the agents of any of the sets S; and
S5. Indeed, for one of them, the agents from S; are more critical, while for the other, the agents from S5
are.

Observe that in a special case of two-sided matching, we have

L:[l],

while a preference system similar to the one considered by Danilov is, in turn, compatible with
o [ 12 ] .

The only difference is that here, the agents from S, also have lexicographic preferences, caring mostly
about the agents from S.

The presented result defines new sufficient conditions for the Many-Sided Stable Matching Problem to
have a stable solution. As mentioned in the introduction, other sufficient conditions were also discussed.
However, what sufficient and necessary conditions would look like is still unknown. The only exception
is the case s = 1, i.e., the case of the Two-Sided Stable Matching Problem, where every preference
system trivially has a stable solution. If s > 1, one can easily find examples of the preference systems
that do not fulfill any of the presented conditions and possess a stable matching despite it. Thus, the
following seems to be a significant open problem.

Problem 1. What are the necessary conditions of the existence of a stable matching in a (s + 1)-Sided
Stable Matching Problem for arbitrary s > 1?

One could ask if using all the assumptions in this article, in particular the ones including Latin rectan-
gles, is necessary, i.e., if it could be possible to skip some of the properties in Definition 2. As we already
observed, System 1 does not fulfil any of P1, P2, P3, but since it satisfies Danilov’s assumptions, it has
a stable matching. It comes out that it would not be enough if only Property P2 holds, as the example
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of System 3 shows. We already know that this system does not satisfy Property P3. Moreover, there are

four possible matchings:
o {(x},xt, ), (22, 22, 23)} with blocking triple (232, z1, 23),
o {(x},x1, 22), (x%, 22, 1)} with blocking triple (z}, z}, x3),
o {(x}, 2% x), (x%, x1, 23)} with blocking triple (z}, z3, x3),
o {(x}, 2% x2), (x%, x1, xd)} with blocking triple (22, x3, z3).

We conclude that no stable matching exists in System 3. The fulfillment of properties P2 and P3 with the
violation of P1 is also not enough, as System 4 shows. This time the blocking triples are:

o (x}, 2% x}) for the matching {(z}, z], x}), (23, 2%, 3

8

x3, z3, x3) for the matching {(z}, =1, 23

8
N— N— S— SN—
— — ~—~ ~~

8

o

S

=

8

1N

( (
(5 ) (
e (22, z}, xd) for the matching {(z}, 22, z}
(25, 21, 23) (

Finally, note that a stable matching need not exist when only P1 is satisfied, but P2 and P3 are not, as
shown by System 5. Also, in this case, there is a blocking triple for every possible matching:

o (22, z}, x3) for the matching {(z}, 1, 2), (x3, 2%, ¥3)},
* (xév iL’%,CE%) for the matChing { an x17x2 (Z'g,l’%, l’%)},

1

( 3,
o (xl,x1,22) for the matching {(z}, 2%, 2}), (v3, x1,22)},
(w9, 235 23)s

(5, 21, 73)}-

Let us consider the following generalization of the Many-Sided Stable Matching Problem. Some

o (x}, 2% z}) for the matching {

agents may be unacceptable for other agents (in other words, some matchings are forbidden). The ques-
tion is, how would it influence the existence of the stable matching? Of course, the stability should be
redefined: one must assume the feasibility of a matching in addition to the nonexistence of a blocking
(s + 1)-tuple. The problem is that if too many pairs of agents cannot be members of the same (s + 1)-
tuple, no matching is possible. On the other hand, if all the (s + 1)-tuples with forbidden agents are
placed at the end of the preference lists, then the system of preferences will possibly not satisfy some of
the properties imposed in Definition 2. Thus, the following open problem arises.

Problem 2. What conditions imposed on a preference system guarantee that the properties from Defi-
nition 2 are still satisfied despite forbidden pairs of agents?

One can also consider a generalization of the last question.

Problem 3. What conditions imposed on a preference system guarantee that, despite the existence of
forbidden pairs of agents, a stable matching exists?

Another interesting open problem is how likely it is to get a preference system with a stable matching.

Problem 4. Given the integers s > 1 and n > 1, what is the share of the (s+ 1)-Sided Stable Matching
Problems with n agents in each set, for which a stable matching exists?
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