Mathematical Methods of Operations Research (2022) 95:35-80
https://doi.org/10.1007/s00186-022-00770-4

ORIGINAL ARTICLE

®

Check for
updates

Facets of the cone of exact games

Milan Studeny'® - Vaclav Kratochvil

Received: 5 March 2021 / Revised: 20 December 2021 / Accepted: 30 December 2021 /
Published online: 18 February 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

The class of exact transferable utility coalitional games, introduced in 1972 by Schmei-
dler, has been studied both in the context of game theory and in the context of imprecise
probabilities. We characterize the cone of exact games by describing the minimal
set of linear inequalities defining this cone; these facet-defining inequalities for the
exact cone appear to correspond to certain set systems (= systems of coalitions). We
noticed that non-empty proper coalitions having non-zero coefficients in these facet-
defining inequalities form set systems with particular properties. More specifically,
we introduce the concept of a semi-balanced system of coalitions, which general-
izes the classic concept of a balanced coalitional system in cooperative game theory.
The semi-balanced coalitional systems provide valid inequalities for the exact cone
and minimal semi-balanced systems (in the sense of inclusion of set systems) char-
acterize this cone. We also introduce basic classification of minimal semi-balanced
systems, their pictorial representatives and a substantial concept of an indecompos-
able (minimal) semi-balanced system of coalitions. The main result of the paper is that
indecomposable semi-balanced systems are in one-to-one correspondence with facet-
defining inequalities for the exact cone. The second relevant result is the rebuttal of a
former conjecture claiming that a coalitional game is exact iff it is totally balanced and
its anti-dual is also totally balanced. We additionally characterize those inequalities
which are facet-defining both for the cone of exact games and for the cone of totally
balanced games.
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1 Introduction

The class of exact (transferable utility) games is one of the topics of interest in coop-
erative game theory; see Rosenmiiller (2000, § V.1) or Grabish (2016, § 3.4). Exact
games were introduced by Schmeidler (1972) within a wide framework of cooperative
games with possibly infinite amount of players. In this paper we, however, consider the
usual game-theoretical framework and assume that the set N of players (for considered
cooperative games) is a (fixed) non-empty finite set. Mathematically equivalent con-
cept of a coherent lower probability (to the one of an exact game) has later appeared in
the context of imprecise probabilities (Walley 1991), where N has the interpretation
of the sample space for considered (discrete) probability distributions. Exact games
have various applications described in detail in (Cséka et al. 2011, § 1). For example,
it was shown by Csdka et al. (2009) that exact games coincide with risk allocation
games with no aggregate uncertainty and by Calleja et al. (2005) that non-negative
exact games coincide with multi-issue allocation games.

1.1 Overview of former related results

It was shown already by Schmeidler (1972, § 2) that the exact games involve tradi-
tional convex (= supermodular) games (Shapley 1972) and form a subclass of a popular
class of fotally balanced games (Rosenmiiller 2000, Chapter V). The latter class is then
included in the class of balanced games (Shapley 1967), defined as the class of coop-
erative games with non-empty core polyhedron. Note that all these game-theoretical
concepts have also their counterparts in the context of imprecise probabilities; see
Miranda and Montes (2018) for more details about the correspondence.

In our framework of a finite set N of players, one can consider the geometric point of
view on the situation. It follows from the results by Cséka et al. (2011) and Lohmann
et al. (2012) that the set of (characteristic functions for) exact games over a fixed
set N of players forms a polyhedral cone; the same is true for other three classes of
cooperative games mentioned above. Thus, exact games over N can be characterized
by means of a finite number of linear inequalities and a natural question of theoretical
interest is what is the minimal set of such inequalities. Note in this context that we
do not distinguish between an inequality and its multiple by a positive factor and that
the uniqueness of the minimal defining set of linear inequalities for a polyhedral set
is relative to the affine (= a shifted linear) space generated by the set; these are the
so-called facet-defining inequalities for the polyhedral set.

Let us mention other related results. Balanced games were characterized in terms
of linear inequalities already in the 1960s (Bondareva 1963; Shapley 1967) and the
facet-defining inequalities for this cone correspond to certain systems of subsets of NV,
called the minimal balanced set systems (= collections). The facet-defining inequalities
for the cone of supermodular games can also be assigned to set systems, namely to
pairs of sets S, 7 € N such that S\7T and T'\S are singletons (Kuipers et al. 2010,
Corollary 11). The facet-defining inequalities for the cone of totally balanced games
were recently characterized in (Kroupa and Studeny 2019): they also correspond to
set systems, called irreducible (minimal) balanced systems on subsets of N.
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Facets of the cone of exact games 37

The existence of a finite system of linear inequalities characterizing exact games fol-
lows from the results by Lohmann et al. (2012). The inequalities reported by Lohmann
et al. (2012) also correspond to systems of subsets of N; nevertheless, not all these
inequalities are facet-defining for the exact cone. The problem of the characterization
of facet-defining inequalities for this cone was then discussed in (Kroupa and Stu-
deny 2019, § 6) where a conjecture has been raised about their form. That conjecture,
confirmed in case |N| < 5, has an equivalent formulation saying that a game is exact
iff it is totally balanced and its anti-dual game (Oishi et al. 2016) is totally balanced
as well.

Recall that every polyhedral cone can be characterized by means of (finitely many)
linear inequalities, which characterization is named the outer description. Nonetheless,
every polyhedral cone can also alternatively be defined as the conic hull of finitely many
vectors, which characterization is named the inner description. The latter approach
leads to the task to characterize the extreme rays of (a pointed version of) the polyhe-
dral cone. The generators of the extreme rays of the cones of (suitably) standardized
cooperative games are named extreme games (Rosenmiiller 2000, § V.4). Note in this
context that the inner description for the cone of balanced games was presented in
(Kroupa and Studeny 2019, §5.2). On the other hand, the number of extreme rays for
the other three (standardized) cones seems to grow more than exponentially with |N|;
this observation decreases the hope that they have manageable inner description. The
available results here are the criteria to recognize extreme games: we have proposed
simple and easily implementable such linear criteria based on the (vertices of the)
corresponding core polyhedron both in the supermodular case (Studeny and Kroupa
2016) and in case of exact games (Studeny and Kratochvil 2018).

1.2 Main results in this paper

This paper is devoted to the problem of characterization of facet-defining inequalities
for the cone of exact games. We follow the line of research indicated above. More
specifically, we introduce the concept of a (minimal) semi-balanced system of subsets
of N, which generalizes the classic concept of a (minimal) balanced set system on
N from (Shapley 1967). Linear inequalities assigned to these set systems are shown
to characterize the cone of exact games (see Corollary 9). This result is analogous
to Theorem 3.4 from (Lohmann et al. 2012) in which exact games are characterized
by means of the so-called “exact balanced collections” of subsets of N, but there is
one important difference. Our semi-balanced set systems technically differ from the
collections of sets introduced by Lohmann et al. (2012), although the assigned sets of
inequalities (as a whole) are necessarily equivalent.

The point is that our concept of a semi-balanced set system allows one to recognize
easily certain hidden symmetry. More specifically, every game over N is exact iff its
anti-dual game is exact and this fact is reflected in the linear inequalities for exact
games: an inequality is valid/facet-defining for the exact cone iff the same holds
for its conjugate inequality (see Sect. 5.1). Each semi-balanced set system S has
a complementary semi-balanced set system S* and the inequality assigned to S*
is conjugate to the inequality assigned to S. We also introduce basic classification
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for minimal semi-balanced set systems, called briefly min-semi-balanced systems
(on N), into four basic classes; the class of minimal balanced (= min-balanced) set
systems on N is one of them (Sect. 5.2). In addition to that we introduce pictorial
representatives for (permutational types of) min-semi-balanced systems (Sect. 5.3),
which easily encode the assigned inequalities and reflect both the classification and
complementarity relationships.

Besides that we establish a certain one-to-many correspondence between min-
balanced systems on N involving at least 3 sets and purely min-semi-balanced set
systems on N, that is, those that are not balanced (Sect. 6.1). This correspondence
may be a basis for a procedure to generate the complete list of min-semi-balanced
systems on N on basis of the list of all min-balanced systems on N. The point is that
if |[N| > 3 then every facet-defining inequality for the exact cone corresponds to a
purely min-semi-balanced system. Note in this context that an analogous observation
that the min-balanced systems are not needed for the minimal outer description of the
exact cone was already made by Lohmann et al. (2012, § 5, Theorem 5.4).

Nonetheless, even purely min-semi-balanced set systems can be superfluous in the
sense that the assigned inequalities are not facet-defining. We introduce a narrower
concept of an indecomposable min-semi-balanced set system (see Sect. 7) and show
that if | N| > 3 then any facet-defining inequality corresponds to an indecomposable
set system. In fact, our main result is that the facet-defining inequalities for the exact
cone are then just the inequalities assigned to indecomposable min-semi-balanced set
systems (see Theorem 18).

We also put more light on the relation of the cones of exact and totally bal-
anced games. Specifically, we first give a counterexample to a former conjecture from
(Kroupa and Studeny 2019, § 6) mentioned above in Sect. 1.1 (see Sect. 8.1). Then we
derive, as a consequence of our main result, that those facet-defining inequalities for
the cone of totally balanced games which concern strict subsets of N are also facet-
defining for the cone of exact games (Sect. 8.2). In fact, these inequalities correspond
to min-semi-balanced systems from one of four basic classes in our classification
from Sect. 5.2. In particular, every irreducible min-balanced system on a strict subset
of N from (Kroupa and Studeny 2019) can be extended uniquely to a certain special
indecomposable min-semi-balanced set system (on N).

1.3 Structure of the paper

In Sect. 2 we recall elementary concepts and basic facts. Our concept of a semi-
balanced system is introduced in Sect. 3. We give several equivalent definitions of a
minimal semi-balanced system, called a min-semi-balanced system, there and intro-
duce the linear inequalities assigned to these set systems. The cone of exact games is
characterized by means of these inequalities in Sect. 4. In Sect. 5 we then introduce
the concept of a complementary set system and basic classification of min-semi-
balanced systems. We also propose special pictures to represents these set systems
and the inequalities assigned to them. In Sect. 6 we establish the correspondence of
purely min-semi-balanced systems to min-balanced ones and shown that the inequal-
ities assigned to min-balanced systems are superfluous if |N| > 3. The concept of an

@ Springer



Facets of the cone of exact games 39

indecomposable min-semi-balanced set system is then defined formally in Sect. 7. We
formulate our main result there saying that indecomposability is a necessary and suf-
ficient condition for the assigned inequality to be facet-defining. Section 8 is devoted
to the relation of the exact cone to the cone of totally balanced games. We first give
a counterexample to the conjecture from (Kroupa and Studeny 2019, §6). Then we
characterize those facet-defining inequalities for the totally balanced cone which are
also facet-defining for the exact cone. In Conclusions (Sect. 9) we summarize our
findings and give a reference to our catalogue of indecomposable min-semi-balanced
systems over sets of low cardinality. Some of the longer technical proofs are moved
to the “Appendix”.

2 Preliminaries

Throughout the paper the symbol N will denote a finite set of players and we restrict
ourselves to the non-degenerate case |[N| > 2. The power set P(N) :={S : § € N}
of the set of players is the set of coalitions. The symbol C will denote strict inclusion
of either sets or set systems, thatis, S C T iff S € T and § # T. Given a set system
S C P(N) the union of sets in S will be denoted by | J S; analogously, (S will
denote their intersection. The set of real numbers will be denoted by R, the set of
rational numbers by Q.

2.1 Basic versions of linear combinations

We are going to deal with vectors in real Euclidean spaces RZ, where 7 is a non-
empty finite index set. Our elementary linear algebraic operations will concern the
space RY in which case one has Z = N. But later on, some more advanced geometric
considerations will be in the space RZ where 7 will be a class of subsets of N, mostly
Z =P(N).

The incidence vector of a coalition (= set) S € N will be denoted by xs € RN

L. J1ifies, .
XS(I)'_{OifigéS, fori € N.

A vector whose components equal each other, that is, a vector of the form [r, ..., ] in
RY, where r € R, will be called a constant vector in RV .

A special case of a constant vector in RY is the zero vector in RV, denoted by
0. A finite set U of vectors in RY is linearly independent if Y ey @x - x = 0 with
oy € R,x € U,implies [Vx € U «a, = 0], otherwise it is called linearly dependent.
Analogously, a finite set U € RY is affinely independent if

|:Zozx~x=0 withaxeR,er,satisfyingZax:0i| implies [Vx e U ay =0],

xeU xeU

otherwise it is called affinely dependent.
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Other elementary concepts apply to any real Euclidean space RZ, 0 < |Z| < oo.
We are going to use the symbol

@, x) = Z 0()-x(t) forvectors 0, x € R?
el

to denote the respective scalar product in RZ. A (finite) linear combination 3", _; A; - x;
of vectors x; € RZ with real coefficients A; € R is called

non-zero if there is i € I with \; # 0,
affineif Y ;N =1,

conicif \; > Oforalli € I, and
convex if it is both affine and conic.

The convex hull of a set U C RZ is the collection of all convex combinations of
vectors from U’; it will be denoted by conv (U). Aset U C RZ is convex if it is closed
under convex combinations: U = conv (U). The conic hull of U C RZ is the set of
all conic combinations of vectors from U'; it will be denoted by cone (U).

Analogously, the affine hull of aset U C RZ is the collection of all affine combina-
tions of vectors from U'. It is always an affine subspace of RZ ,that is, asubset A C RZ
closed under affine combinations. A non-empty affine subspace is always a shifted
linear subspace of ]RI, thatis,asetofthefoom A =x+V :={x+y : ye V},
where x € RZ and V - RZ is a linear subspace (Brgndsted 1983, §1); V is then
uniquely determined by A while x is not unique.

The dimension of aset U C RrRZ , denoted by dim(U), is the dimension of its affine
hull A, defined as the dimension of V. Recall that the linear space V is determined
uniquely by the set U through its affine hull A.

A hyperplane in RZ is an affine subspace H of RZ of the dimension |Z| — 1. An
equivalent condition is that it is the set of solutions x € RZ to the equation (0, x) = B,
where B € Rand 0 € RZ is a non-zero vector in RI; see Brgndsted (1983, § 1).

2.2 Some concepts from polyhedral geometry

Throughout the paper we assume that the reader is familiar with standard concepts
and basic facts from polyhedral geometry; see Brgndsted (1983), Schrijver (1998),
Bachem and Kern (1992) and Ziegler (1995), for example. Nevertheless, for reader’s
convenience, we recall those of them that are used (repeatedly) in our paper. On the
other hand, those readers that are not interested in the proofs and technicalities can
possibly skip the claims from Sect. 2.2 and consult it only when they encounter an
unknown concept from polyhedral geometry.

Given distinct x, y € RZ, the convex hull of {x, v} is the closed segment, denoted
by [x, y], while the open segment, denoted by ]x, y[, consists of convex combinations
of x and y which have both coefficients non-zero:

Ix,y[ = {(l—-—a) - x+a-y: 0<a<l1}.
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A polyhedron in RZ, 0 < |Z| < oo, is the set of vectors x € R” specified by finitely
many linear inequalities (6, x) > B for x € RL, where 6 € RY and B € R. A
polyhedron is called rational if, moreover, 6 € (@I and 8 € Q for these inequalities.
AsetU C RZ is bounded if there are constants cop,c1 € Rsuchthat cg < x(1) < ¢
for any component x(¢), ¢ € Z, of any x € U. A polytope (in RZ) is the convex hull of
a non-empty finite set of vectors in RZ. A fundamental result in polyhedral geometry
says that a subset of RZ is a polytope iff it is a non-empty bounded polyhedron; see
Brgndsted (1983, Theorem 9.2) or Ziegler (1995, Theorem 2.15).

A face of a polyhedron P C RZ, more precisely an exposed face of P (Brgndsted
1983, §5), is a subset F' € P consisting of vectors x € P satisfying (6, x) = g for
some 0 € ]RI, B € R, such that (6, y) > g is a valid inequality for all y € P. In
case of a polyhedron P, this is equivalent to the condition that F € P is a convex
subset of it such that one has [y, z] € F whenever y,z € P and |y, z[ N F # (J; use
Brgndsted (1983, § 8) or see Bachem and Kern (1992, Theorem 7.51). The number of
faces of a polyhedron P is finite; see Brgndsted (1983, Corollary 8.5). The face-lattice
of P C RZ is the collection of its faces, ordered by inclusion relation C; it is indeed
a lattice in usual sense (Brgndsted 1983, §5).

Given a non-empty polyhedron P, any of its faces of the dimension dim(P) — 1
is called a facet of P. An equivalent definition is that a facet (of P) is a maximal
face F of P distinct from P; use Brgndsted (1983, Corollary 8.6). A basic fact is
that each full-dimensional proper polyhedron P C RZ, that is, each polyhedron with
dim(P) = |Z] and P # RZ, is specified by those valid inequalities for P which
define facets and the specification of P by facet-defining inequalities is the unique
inclusion-minimal inequality description of P (up to positive multiples of inequalities);
see Brgndsted (1983, Theorem 8.2).

A vertex (= an extreme point) of a convex set P C RZ is a vector x € P such that
there is no open segment |y, z[ with (distinct) y, z € P and x €]y, z[, which is, in
case of a polytope P, another way of saying that {x} is a face of P (of the dimension
0). The set of vertices of (a polytope) P will be denoted by ext (P). A well-known
consequence of famous Krein—-Milman theorem is that every polytope P has finitely
many vertices and equals to the convex hull of the vertex set: P = conv (ext (P)); see
Brgndsted (1983, Theorem 7.2(c)) or Ziegler (1995, Proposition 2.2(i)).

One of easy observations is that if U = conv (V) for U, V C RZ then ext (U) <
ext (V). Another immediate observation is thatif 0 C P are two polytopes in inclusion
in RZ then x € Q Next(P) implies x € ext(Q). Every non-empty face F of a
polytope P is again a polytope and ext (F) = F N ext(P); see Brgndsted (1983,
Theorem 7.3) or Ziegler (1995, Proposition2.3(i)). Further basic fact, which follows
from the properties of the operator U +—> conv (U) and Krein—Milman theorem, is the
following one: if P, j € J, where J is a finite index set, are bounded polyhedrons
in RZ then Q := conv u jes Pj) is a bounded polyhedron in R7 as well.

An edge of a polytope P is a closed segment [y, z] € P which is a face of P (of
the dimension 1); then necessarily y, z € ext (P). Further special fact is as follows.
Given a polytope P C RZ and a hyperplane H in RZ with H NP # @, the intersection
Q := H N P is a polytope and x € ext (Q) iff either x € H N ext(P) or there is
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an edge [y, z] of P such that x €]y, z[ and [y, z] N H = {x}; use Brgndsted (1983,
Theorem 11.1(d)).

A polyhedral cone in RZ is a subset C of RZ defined as the conic hull of a non-
empty finite set U of vectors from RZ. An equivalent definition is that C is specified
by finitely many inequalities (9, x) > 0 for x € R (Ziegler 1995, Theorem 1.3);
thus, it is a non-empty polyhedron. A polyhedral cone C C R is called pointed, if
—C NC = {0}, where —C := {—y : y € C} and 0 denotes the zero vector in RZL.
An equivalent condition is that there exists (non-zero) 6 € RZ such that #,x) >0
forany x € C\{0}; see Studeny (1993, Proposition 2). It makes no problem to observe
that if, moreover, C\{0} # ¢, then, for each 8 > 0, the intersection of C with the
hyperplane H := {x € RT : (9,x) = B} is a polytope; this is because one can
find finite ¥ = U C H with C = cone (U). The reader can verify (using alternate
definitions of a face) that then the mapping F € C +— F N H establishes a one-to-
one correspondence between non-empty faces F of C and (all) faces of the polytope
P := C N H: the inverse mapping is

F CCNH +— cone(FU{0)={0U{a-x:a>0&xeF}.

This correspondence preserves the inclusion ordering; thus, it is an isomorphism
between the lattice of non-empty faces of C and the face-lattice of P.
Every subset U C R” can be assigned its dual cone

U*:={0¢ RZ . (#,x) >0 forany x € U}, which is a closed convex cone.

A well-known elementary fact is that C C RZ is a non-empty closed convex cone
iff C = C**, which happens iff C = U* for some U C RE ; see for example Stu-
deny (1993, Consequence 1). Moreover, the dual cone to a polyhedral cone is also a
polyhedral cone; use Bachem and Kern (1992, Corollary 7.12). Thus, if one shows,
for a polyhedral cone C € RZ, and for a set U € R that U = C* then this fact
already implies that C and U are mutually dual polyhedral cones, which means both
C = U* and U = C*. Another useful fact from polyhedral geometry is that the
lattices of non-empty faces of mutually dual polyhedral cones are anti-isomorphic.
More specifically, the mapping is as follows:

F C C anon-empty face of C +—> Ft .= {6eU : (#,x)=0 forallx € F}
and the inverse mapping is of the same form (exchange C for U); use Bachem and
Kern (1992, Theorem 7.41) to derive that. This particular one-to-one correspondence

reverses the inclusion ordering and has the property that dim(F) + dim(F 1) = |Z|;
use Bachem and Kern (1992, Theorem 7.42).

2.3 Some concepts from game theory

A (transferable utility coalitional ) game over (a set of players) N is modeled by a real
function m: P(N) — R such that m(¥) = 0, called the “characteristic function" of

@ Springer



Facets of the cone of exact games 43

the game. The class of all games over N will be denoted by G(N). Given m € G(N)
and # # § C N, the restriction mg of m to P(S) is called a subgame of the game
m € G(N).

The core C(m) of a game m € G(N) is the polyhedron

C(m) = { [x;liey € RN : Zx,- =m(N) & in > m(S) forall S C N } .
ieN ieS

We say that a game m € G(N) is balanced if it has a non-empty core,

e fotally balanced if every subgame of m is balanced,
e exact if, for each coalition § C N, there exists a vector [x;]jey € C(m) in the
core that is tight for S, which means that ) ;¢ x; = m(S).

The set 7 (N) of all totally balanced games over N is known to be a polyhedral cone
in RPM): the same is true for the set & (N) of all exact games over N; see Kroupa and
Studeny (2019, §2).

Recall from (Kalai and Zemel 1982, Theorem 1) that m is totally balanced iff it has
a finite min-representation, which means that there exists a non-empty finite X' C RN
such that

m(S) = min X; forany S C N.
(S) XXSj ySc

It is a well-known fact that m is exact iff it has a min-representation ) # X < C(m)
consisting of the elements in the core; see Studeny and Kratochvil (2018, Proposi-
tion 1), for example. Hence, we know that every exact game is totally balanced.

Following Oishi et al. (2016), given m € E(N), by the anti-dual of m we call the
game

m®(S) := m(N\S) —m(N) forall S C N.

Note that, by habitual terminology in cooperative game theory, the (—1) multiple of
m? is named the dual game of m; see Peleg and Sudhélter (2007, Definition 6.6.3).
Nonetheless, for our purpose the concept of an anti-dual is more relevantas m € E(N)
iff m© € E(N), see Kroupa and Studeny (2019, § 3.2). In particular, if m is exact then
both m and m® are totally balanced. On the other hand, m € £E(N) % —m € E(N)
in general; thus, duals of exact games need not be exact.

3 Balanced and semi-balanced set systems

We first recall a classic well-known concept in cooperative game theory (Shapley
1967).

Definition 1 (Non-trivial and balanced set system) Let N be a finite set with |N| > 2.
A system S of its subsets such that § = S C P(N)\{@, N} will be called a non-trivial
set system on N.
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44 M. Studeny, V. Kratochvil

A balanced system (on N) is such a non-trivial set system 3 (on N) that x v is a conic
combination of vectors {xs : S € B} with all coefficients non-zero. A balanced
system B on N is called minimal if there is no balanced system C on N with C C B;
B will then be called briefly min-balanced (on N).

In other words, B is a balanced set system on N if x is a linear combination of
vectors {xs : S € B} with strictly positive coefficients. In the sequel we are going to
generalize this concept.

3.1 Semi-balanced set systems

Our generalization is based on the following elementary concept.

Definition 2 (Semi-conic combination) We shall say that a linear combination
Y ier Ni-xiin R is semi-conic if at most one of its coefficients A; is strictly negative,
thatis, [{j €I : A\; <0}] < 1.

While linear combination concepts recalled in Sect. 2.1 are standard in mathematics,
the concept of a semi-conic combination is a specific concept relevant to the topic of
our study. Our terminology is motivated by the fact that the remaining coefficients
Ai, i # j, in a such a linear combination must be non-negative. Thus, any conic
combination is also semi-conic. Nonetheless, despite this fact, the concepts of semi-
conic and conic combination differ substantially from each other.

Remark 1 In this side note we explain the principal difference between conic and
semi-conic combinations. Recall that the conic hull of a set U in a real Euclidean
space is the collection cone (U) of all conic combinations of vectors from U and it is
always a convex cone. Another well-known fact is that the mapping U + cone (U)
is a closure operator in sense of abstract algebra (Birkhoff 1995, § V.1); this means
that it is extensive [U C cone (U)], monotone [U € V implies cone (U) C cone (V)]
and idempotent [cone (cone (U)) = cone (U)]. One can analogously introduce the
semi-conic hull semi-cone (U) as the set of all semi-conic combinations of vectors
from U, but this set need not be convex. The operator U +— semi-cone (U) is then
extensive and monotone but it is not idempotent. Consider, for example, the case
U = {(1,0), (0, 1)} € R2. Thus, the mapping U +— semi-cone (U) is not a closure
operator.

Now, we are ready to introduce basic concepts in our treatise.

Definition 3 (Semi-balanced set system, exceptional set) Assume that N is a finite set
with |[N| > 2. We shall say that a non-trivial set system S on N is semi-balanced (on
N) if there is a constant vector in RY which is a semi-conic combination of vectors
{xs : S e S} with all coefficients non-zero. A semi-balanced system S on N will
be called minimal if there is no semi-balanced system C on N with C C S. We will
then say briefly that such a set system is min-semi-balanced (on N).

A semi-balanced set system S (on N) which is not balanced (on N) will be called
purely semi-balanced (on N). Analogously, a minimal semi-balanced system which
is not balanced will be called purely min-semi-balanced.
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Given a non-trivial set system S on N, we will say that a set T € S is exceptional
within S if there exists a linear combination ) ¢_g As - xs yielding a constant vector
in RY with A7 < 0and Ag > 0 for S € S\{T}.

It follows directly from the definition that any balanced system is also semi-
balanced. Let us emphasize that both these concepts are relative to N despite one
may have [ JS C N for a semi-balanced system S on N (see Example 1 below);
this is because the constant vector is required to be in RN . Note that, for a semi-
balanced system, all coefficients in any of the considered linear combinations must be
strictly positive with one possible exception of a strictly negative coefficient (with an
exceptional set).

Ifaset T C N is exceptional within a system S then it is exceptional within any
larger non-trivial system 7 2 S: put Ag := 0 for § € 7\S. Of course, every non-
trivial set system with an exceptional set contains a semi-balanced system because the
considered linear combination is semi-conic. Conversely, every purely semi-balanced
system has at least one exceptional set. Note that, in case of a (purely) min-semi-
balanced system, this exceptional set is uniquely determined; the uniqueness of this
set follows from later Lemmas 1 and 2.

A set system containing a semi-balanced system need not be semi-balanced. In fact,
even the union of two semi-balanced systems need not be a semi-balanced system (see
Example 1 below). On the other hand, the union of a semi-balanced system and a bal-
anced system has to be a semi-balanced system: consider a suitable non-trivial convex
combination of the respective semi-conic combinations yielding constant vectors. The
same argument implies that the union of two balanced systems on N is a balanced
system on N.

Example 1 Given N := {a, b, c, d}, consider two set systems S := {a, b, ab} and
T :={c,bc,acd}. The equalities 1 - x, +1- xp + (=1) - xap = 0and (—1) - x. +
1 xpe + 1 xaca = xn imply that both S and 7 is semi-balanced on N. To show
that their union D := SU T is not semi-balanced on N consider a linear combination
> sepAs - xs = Ir,r,r,r] € RN having all coefficients non-zero. Realize that
Nacd = D gep-ges Ns = r.Theequality Ayca =7 = Y gep. ces A = Ae+Ape +Adca
then gives A, + Apc = 0 and the assumption A, # 0 # Ap. implies that [A, < O or
Ape < 0]. Analogously, Agca = 7 = Y gcp.aes NS = Aa + Aap + Aueq means
Aa + Agp = 0, which implies that [A, < 0 or Ay, < 0]. Therefore, one has A7 < 0
for at least two sets T € D and the considered linear combination is not semi-conic.

The following lemma contains a few elementary observations valid for semi-
balanced set systems; in fact, they hold for a wider class of systems containing
semi-balanced ones. Its proof is shifted to “Appendix A”.

Lemma1 Given [N| > 2and ) # S C P(N)\{#, N}, let ) g.sAs - xs = p bea
non-zero semi-conic combination yielding a constant vector p = [r,...,r] € RN
(with zero coefficients allowed). Then one has ZSES As > r > 0; moreover,r > 0 in
case of a conic combination.

In any case ) _g.gNs > 0 and by a positive factor multiplication one gets an affine
semi-conic combination )¢ s As- xs vielding a constant vector p = [F, ..., 7] € RN
with ¥ € [0, 1].
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Finally, if the considered linear combination is not conic, then S has to contain at
least three different sets and the existence of such a set system forces |[N| > 3.

It follows from (the last claim in) Lemma 1 that every purely semi-balanced system
contains at least three sets and, thus, there is no such a set system on a two-element
set.

We now provide equivalent definitions of min-semi-balanced systems. Slightly
longer proof of the next lemma is shifted to “Appendix B”.

Lemma2 Given |[N| > 2, let ) # S C P(N)\{¥, N} be a non-trivial set system on
N. Then the following conditions on S are equivalent:

(a) S is a minimal set system such that there is a constant vector in RN which can be
written as a non-zero semi-conic combination of vectors {xs : S € S},

(b) S is a minimal semi-balanced set system on N,

(¢) S is semi-balanced on N, the vectors {xs : S € S} are affinely independent and
in case | JS = N even linearly independent,

(d) there is only one affine combination of vectors {xs : S € S} yielding a constant
vector in RN and this unique combination is semi-conic and has all coefficients
non-zero,

(e) there is only one affine semi-conic combination of vectors {xs : S € S} which is
a constant vector in RN and this unique combination has all coefficients non-zero.

Given (purely) min-semi-balanced system S on N with an exceptional set 7', by
Lemma 1 one can consider an affine combination ) ¢_gAs - xs yielding a constant
vector where A7 < 0 and Ag > 0 for S € S\{T}. Then, by Lemma 2(d), such a
combination is unique. This implies that the exceptional set T within S is uniquely
determined by S.

The next Example 2 illustrates that the requirement concerning the case [ JS = N
in the condition (¢) of Lemma 2 cannot be removed.

Example 2 There exists a semi-balanced set system S on N with | JS = N where
vectors {xs : S € S} are affinely independent but not linearly independent. Take
N :={a,b,c,d}and put S :={a, b, ab, abc, abd }. Then one has

Loxa+1-xp+2) xab + 1 xabe + 1+ Xaba = XN »

which implies that S is semi-balanced. The equality 0 = 1- x, + 1 xp» + (—1) - xap
implies that {xs : S € S} are linearly dependent. On the other hand, the condition

a-xa+B-xo+V - Xab+ 8- Xabe + & Xaba =0

together witha + 8+ y + 6 + & = 0 implies « = ... = ¢ = 0, which means
that {xs : S € S} are affinely independent. Indeed, take d first to derive ¢ = O,
then ¢ to get 6 = 0, a to obtain « = —y and b to obtain 8 = —y; altogether,

0=a+B+y+35+e = —y gives the conclusion. Hence, by Lemma 2, the system S
is not min-semi-balanced on N; two of its proper subsystems that are semi-balanced
are {a, b,ab} and {ab, abc, abd }.
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The basic requirement in the condition (d) of Lemma 2 is a geometric one: it says
that the affine subspace { Y ¢cgAs - xs € RY ¢ Yo gAs = 1} intersects the line
{[r,...,r]1 € RN : r € R} of constant vectors in precisely one vector. The following
Example 3 shows that both additional requirements on this unique affine combination
are necessary.

Example 3 There exists a non-trivial system D on N such that only one affine
combination of {xs : § € D} yields a constant vector in R" and this unique com-
bination is conic but has not all coefficients non-zero. Take N := {a, b, c} and put
D :={a,b,bc}. Then

1 1 1
. 0- . = — YN,
5 Xa + Xb+2 Xbe = 5+ XN
is the above-mentioned unique affine combination. Of course, this particular set system
D is not semi-balanced but its subsystem D’ := {a, bc } is even balanced.
There is also a non-trivial set system C on N with a unique affine combination
of {xs : S € C} yielding a constant vector in RY, where all the coefficients in

this combination are non-zero but the combination is not semi-conic. Let us take
N :={a, b, c,d, e} and consider C := {ab, ac, ad, abc, abce }. Then

(=D xab+ (=1 Xac + 1+ Xaa + 1 Xabe + 1+ Xabce = XN
is that unique combination. By Lemma 1, the system C is not semi-balanced on N.

A consequence of Lemma 2 is the observation that the concept of a min-semi-
balanced system generalizes the one of a min-balanced system.

Corollary 3 Given |N| > 2, a balanced system B on N is minimal within the class of
balanced systems on N if and only if it is minimal within the class of semi-balanced
systems on N. In other words, B is min-balanced (on N ) iff it is balanced and min-
semi-balanced (on N ).

Proof The fact that B is balanced on N implies | JB = N. By Lemma 2(c), its

minimality within semi-balanced systems means that {xs : S € B} are linearly
independent, while, by Lemma 2.1 in (Kroupa and Studeny 2019), this condition
characterizes its minimality within balanced systems. O

Lemma 2(c) also sets a limit on the number of sets in a min-semi-balanced system.
Corollary 4 If|N| > 2 and S is a min-semi-balanced system on N then |S| < |N|.
Proof If | JS C N then affine independence of vectors {xs : S € S} yields the
inequalities |S| < || JS| 4+ 1 < |N| because affinely independent set in RM has at

most |[M| + 1 elements. In case | JS = N the linear independence of the respective
set of vectors implies directly |S| < |N]|. m|
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3.2 Inequalities assigned to semi-balanced systems

Given a non-trivial system S on N, any non-zero semi-conic combination ) _ ¢ s As- xs
yielding a constant vector [r, ..., r] € RY gives an inequality

r-m(N) > Z)\S-m(S) form € RFWV)
SeS

which appears to be valid for all exact games m. To ensure one-to-one correspondence
between the inequalities and semi-conic combinations we limit ourselves to affine
combinations, which is possible owing to Lemma 1. The formal definition is as follows.

Definition 4 (Vectors of coefficients, inequalities induced by set systems) Let S be a
non-trivial set systemon N, |[N| > 2. Any affine semi-conic combination ) _¢_g As-xs
yielding a constant vector [r, ..., r] € R is assigned a vector § € RPWM).

0(S)=—As forSe S, O(N)=r, 0@)=1—r, 6(L)=0 for other LCN.(1)
The vector 6 is then interpreted as the coefficient vector in an inequality

0<(0,m) = Z 0(S)-m(S)  for vectors m € RFMwith m(¥) = 0. (2)
SCN

The symbol ®s will denote the set of vectors 6 for all such affine semi-conic combi-
nations. Provided |®g| = 1, the only vector in ®g will be denoted by 5.

Note that every coefficient vector 6 is given by a suitable affine combination and
that the values 6(S) for S € S correspond to the coefficients in the combination;
however, the remaining contingent non-zero values 8 (N) and 6 () are determined by
them.

Here are some elementary observations on the set of coefficient vectors.

Corollary 5 Given |N| > 2 and a non-trivial set system S on N, one has Os # @ iff S
contains a semi-balanced system. The inclusion T C S of two non-trivial systems on
N implies O7 C ©Og. The set ©g is the union of sets O for semi-balanced systems
T withT C S. One has |Og| = 1 iff S contains just one semi-balanced system on
N. In particular, every min-semi-balanced system S on N satisfies |©g| = 1.

These facts mean that the inequalities (2) from Definition 4 are just those that are
assigned to semi-balanced systems. The last claim says that solely a non-minimal
semi-balanced system S may have non-singleton ®g and, thus, be assigned several
inequalities.

On the other hand, the substantial inequalities appear to be those assigned to min-
semi-balanced systems; see later Corollary 9(iii). Thus, the inequalities assigned to
other non-trivial set systems are superfluous for the description of the exact cone.
Nonetheless, in order to follow the analogy with former results by Lohmann et al.
(2012), we have also assigned the inequalities to non-minimal semi-balanced set sys-
tems; see later Corollary 9(ii).
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Proof The first claim follows from Definition 3 and Lemma 1, further two ones are
direct consequences of Definition 4. As concerns the fourth claim, the necessity of
the uniqueness of a semi-balanced subsystem can be shown by contradiction with the
help of Lemma 1. For its sufficiency realize that the unique semi-balanced system
7T on N with 7 C S is necessarily minimal. Given vector § € Oy, the set system
{SCN: S§S#0&6(S) # 0} C S is semi-balanced on N, and, thus, it has to
coincide with 7". The condition (e) in Lemma 2 (for 7") implies the uniqueness of
0 € Og; hence, |®g| < 1. This implies the last claim. m]

The following example shows that the set ® s need not be convex.

Example 4 Take N := {a, b, c,d} and put B := {a, b, ¢, d, ab, cd }. The conic com-
bination

1 1 1 1 1 1
S Xat 5 Xt 5 Xet 5 XdF 5 Kab+ 5 Xed = XN

2 2 2 2 2 2
means that B is balanced on N. A semi-conic combination 1- x,+1-xp+(—1)-xap = 0
leads to a coefficient vector 0! € Op:

0'a) =—1, 68'(b) = —1, 6'(ab) = +1, 6'®) =+1, 6'(L) =0 otherwise.
Analogously, 1 - x. + 1 xg 4+ (—1) - xcq = 0 gives rise to the vector 0% € Op:
0%(c) = —1, 0%(d) = —1, 6%*(cd) = +1, 6>@) =+1, 6>(L) =0 otherwise.

Their convex combination % o+ % - 9%, however, does not belong to ®p because

the corresponding affine combination %( Xa + Xb+ Xe + Xa — Xab — Xea) = 01is not
semi-conic.

On the other hand, ®s is always the union of finitely many closed convex sets.

Corollary 6 Given a semi-balanced system S on N, |N| > 2, the set ©g is the union
of finitely many rational polyhedrons. In particular, if S is min-semi-balanced then
the unique vector 05 in ©g has rational components: 05 € QP M),

Proof In fact, ®g is the union over T' € S of sets ®g.7 consisting of 0 € RP®) guch
that

e ON)+0W) =1=3 5c5—0(5), D 5e5—0(S) - xs =0(N) - xn,
e VSeS\[T} 6(5) <0, VLePWN)\SU{B N} 6(L)=0.

Indeed, the above conditions defining ®s.7 are the rewriting of (1) and of the require-
ments on the respective linear combination ses As - xs, where At is allowed to be
negative. These constraints have clearly rational coefficients. In case of a minimal S
one has |®s| = 1 by Corollary 5. Thus, {5} = ®s.7 for some T € S then. Because
®g.7 is specified by rational constraints it is a rational polyhedron. Another well-
known fact from polyhedral geometry is that every vertex of a rational polyhedron
has rational components; see Studeny (1993, Statement 3) for example. This gives
Os € Q’P(N)' O
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Note that (the first claim in) later Lemma 7 implies that every set ®g.7 from the
above proof is, in fact, a bounded polyhedron: the set ©s.7 with S :=P(N)\{9, N}
coincides with the below-defined set @% for D=T.

4 Characterization of exact games

Note that readers not interested in technicalities (or proofs) can possibly skip this
section. The inequalities of the form (2) from Definition 4 allow one to delimit the
cone of exact games. To this end we introduce the following convex sets.

Definition 5 (Auxiliary cones and polyhedrons) Given [N| >2and @ # D C N we
introduce

OF :={0 e RPM™ . 9(S) <0 forany S C N such that S ¢ {#, D, N},

> 6)=0 and »  O(L)=0 foranyi e N},
LCN LCN:iel

OF =0y N {6 eR”M : oN)+6®) =1},

A = conv ( U o).
D:§#DCN

Observe that ©F = O N {6 e RPN = ¥, ) v 6(L) = —1}, which re-
writing allows one to ignore the component for ¢ and interpret these convex sets as
subsets of RPM\MP Tt follows directly from the definition that C:)% c (:)% for any
) # D C N; thus, one can, alternatively, consider the union over # = D C N in the
definition of A. The proof of the next lemma, based on some facts from (Kroupa and
Studeny 2019, §5.1), is moved to “Appendix C”.

Lemma7 Given|N| > 2,every set eN ,whereJ # D C N,isabounded polyhedron.
Every vector 0 € @% satisfies both 6(N) > 0and 6 () > 0 and every non-zero vector
0 € O satisfies O(N) + 6(#) > 0. Given m € RPN with m(#) = 0, one has

me&(N) & |voe [J OF (0.m)=0]. 3)
g£DCN

The first claim in Lemma 7 allows one to observe that A is a bounded polyhedron
as well; this follows from basic facts in polyhedral geometry recalled in Sect. 2.2.

The second claim in Lemma 7 means that each set @%, @ # D C N, is a pointed
polyhedral cone. An equivalent formulation is that every non-zero vector 6 € ®g
satisfies 3 ;.7 -y 0(L) < O, which is relevant if © is interpreted as a subset of
RPN}

Further auxiliary observation says that the vertices of the (bounded) polyhedrons
from Definition 5 correspond to (certain) min-semi-balanced set systems on N. Thus,
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together with Lemma 7, it puts in relation exact games and semi-balanced systems.
Its proof is also shifted to “Appendix D”.

Lemma8 Given |[N| > 2and ) # D C N, every vertex of éjDV has either the form
0B, where B is a min-balanced set system on N, or the form 6s, where S is a min-
semi-balanced system on N having D as the exceptional set.

Conversely, in case 9 # D C N, every vector 85, where S is a min-semi-balanced
system on N having D as the exceptional set, is a vertex of (:)g ;s € ext (C:)]l\)’).

Note in this context that one can show, using the same arguments as in the proof
of Lemma 8, that ext (C:)%) consists just of the vectors 6g where B is a min-balanced
set system on N ; nonetheless, this observation is not necessarily needed to derive our
results. On the other hand, the delimitation of ext ((:)Il\)’) for D C N in the first claim of
Lemma 8 is not tight. Analogous arguments can be used to show that g € ext ((:)IDV)
for every min-balanced system B on N with D € B. For a min-balanced system 53 on
N such that D ¢ B, however, the vector 63 may or may not be a vertex of @g as the
next example shows.

Example5 Take N := {a, b, ¢} and put D := {a, b}; the set system B := {a, b, c } is
then min-balanced on N. The corresponding vector 85 € RP™) is given by

1 1 2
O5(N) = +3, Opla) =0p(b) =0p(c) = -7, o) = +3

O0p(L) = 0 otherwise,

evidently belongs to (:)Il\)’. Consider another min-balanced system C := {c¢,ab}on N
with

1 1
Oc(N) = 0¢c(9) = +§, Oc(c) = Oc(ab) = —3 0c(L) = 0 otherwise,
and a min-semi-balanced system D := {a, b, ab } on N with
Op(ab) = 0p(@) = +1, Op(a) =0p(b) = —1, 6c(L) =0 otherwise.

These two vectors both belong to (:)11\)’ and one has g = % -Oc + % - Op. In particular,

05 is not a vertex of (:)]l\)’. On the other hand, the min-balanced system B’ := {a, bc}
on N with

1 1
65 (N) = 0 (0) = +5. O(@) =0 (be) = —=. 6(L) =0 otherwise.

also complies with D ¢ B’ and it makes no problem to show that 6 € ext (@)%).

Lemmas 7 and 8 allow one to characterize exact games in terms of semi-balanced
systems.

Corollary 9 Given |N| > 2, consider a set function m € RPWM) such that m((¥) = 0.
Then the following conditions on the game m are equivalent:
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(i) m is an exact game over N, that is, m € E(N),
(i) for every semi-balanced set system S on N one has (6, m) > 0 forall 0 € Og,
(iii) for every min-semi-balanced set system S on N one has (6s, m) > 0.

Note that one is entitled to write 05 in (iii) since, by Corollary 5, |®s| = 1 then.

Proof The implication (i) =(ii) follows from (3) in Lemma 7, one only needs to
realize that, given a semi-balanced system S on N, one has ©®g C (:)% for some
non-empty set ¥ = D C N. Indeed, any # € B®g is defined in (1) from an affine
(semi-conic) combination ) ¢ sAs - xs yielding a constant vector in R¥, which
gives both 6(N) + 6(0) = — ZL:(ZJ;&LCN O(L) = +1 and ZLgNzieL (L) = 0 for
any i € N. Thus, ifitis a conic combination then 6 € eN , otherwise one has 6 € C:)ITV
for the only (exceptional) T € S with A7 < 0.

The implication (ii) = (iii) is immediate.

To verify (iii) = (i) we apply the first claim in Lemma 8 to observe that (8, m) > 0
for any 6 € ext (@g) and ¥ # D C N. Hence, the same holds for any 6 € C:)][\)/ and
arbitrary ) # D € N. In particular, one can use (3) in Lemma 7 to derive (i). O

Letus remark that the observations from Corollary 9 are analogous to former results
by Lohmann et al. (2012), specifically to Theorem 3.4 in (Lohmann et al. 2012, § 3)
and Theorem 5.1 in (Lohmann et al. 2012, § 5). The proviso is that Lohmann et al. used
a different formal way to associate set systems with inequalities—see later Remark 2
for the explanation. We believe that our approach and presentation offers an elegant
geometric interpretation and simpler arguments. Moreover, it can be extended to get
the following characterization of facet-defining inequalities.

Corollary 10 Given |N| > 2, the inequality (2), thatis, 0 < (8, m) form € RPN with
a coefficient vector € RPWN) ywhere ZSQN 0(S)=0and ;. prren O(L) = —1,
is facet-defining for the cone of exact games E(N) iff 0 € ext (A).

Note that the above requirements Y gy 0(S) = 0and 3, 4./ -y O(L) = —1
on a coefficient vector 6 are solely technical constraints which can, without loss of
generality, be assumed to hold for any facet-defining inequality for the exact cone.
The former requirement is related to the facts that m () = 0 for any game m € G(N)
and that £(N) is a full-dimensional cone in R”™\?}: it is a convention on the value
6(%). The latter requirement is related to the fact that facet-defining inequalities are
determined uniquely up to a positive multiple: it is a particular convention about the
choice of the multiplicative factor.

The proof is based on a geometric consideration concerning the duality of polyhe-
dral cones. It is more convenient technically to imagine both the cone of exact games
and its dual cone within the space R”™\?} because then the dual cone becomes
pointed.

Proof Consider the space R”(¥)\?} and interpret the polyhedrons @ from Defini-
tion 5 as its subsets. Introduce a polyhedral cone A € RPN\ g5 the conic hull of
A. Since every 6 € A satisfies Z@#LcN 0(L) = —1 every non-zero 6 € A satisfies

> £LCN 0(L) < 0 meaning that A is pointed and its extreme rays are generated by
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vertices 0 € ext (A) (see Sect. 2.2). The first claim in Lemma 7 allows one to observe
that A is a bounded polyhedron, while the third claim in Lemma 7 means that the cone
E(N) is dual to A: E(N) = (A)*.

Hence, by the basic facts from polyhedral geometry recalled in Sect. 2.2, the cones
A and £(N) are mutually dual polyhedral cones and the lattices of their non-empty
faces are anti-isomorphic. In particular, extreme rays of A correspond to facets of
E(N). Moreover, the lattice of non-empty faces of A is isomorphic to the face-lattice
of A, which implies that the extreme rays of A are just those rays that are generated by
vertices of A. In other words, a vector 6 normalized by ) £LCN 0(L) = —1 yields
a facet-defining inequality for £(N) iff 0 is a vertex of A. O

Remark 2 Lohmann et al. (2012) introduced the concept of an exact balanced collec-
tion of sets with the intention to use such set systems to generate linear inequalities
specifying the cone of exact games. These collections of sets often coincide with our
semi-balanced set systems, but there is one (substantial) technical difference in their
approach. It concerns the inequalities (6, m) > 0 form € E(N) with 6(N) = 0. They
ascribe such inequalities to the so-called “minimal sub-balanced" collections which
are certain set systems always involving the grand coalition N. To give an example of
the difference consider the vector § € RPW ), where N = {a, b, c}, given by

0@) =+1, 0(ab)=+1, 0(a)=-1, 6(b)=-1I,
O(L) =0 forother LC N .

One has 6 € ®]DV for D = ab and (6, m) > 0 is facet-defining for m € E(N). Our
approach is to associate this inequality with a set system { a, b, ab } while Lohmann
et al. (2012) ascribe that inequality to the set system {a, b, ab, N }. We have two
arguments why their approach is not appropriate for our purpose:

e There is no one-to-one correspondence between set systems and inequalities in
their approach although technically all inequalities assigned to a minimal sub-
balanced collection are equivalent [see Lohmann et al. (2012, Theorem 3.9)],

e Their approach does not allow one to reveal one important relation of complemen-
tarity among set systems which corresponds to the respective relation of conjugacy
between facet-defining inequalities for £(N) [see Kroupa and Studeny (2019,
Lemma3.4)]. The reader can find further details in Sect. 5.1.

That is why we believe our way of inequality description is more appropriate.

5 Properties of semi-balanced systems

In this section we discuss some structural relations among semi-balanced set systems.

5.1 Complementarity of set systems

A substantial fact about the cone of exact games is that its facet-defining inequalities
come in pairs of mutually conjugate inequalities, as shown already in (Kroupa and
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Studeny 2019, Lemma 3.4). Therefore, the corresponding set systems also come in
pairs of mutually complementary systems.

Definition 6 (Conjugate inequality, complementary set system) Assume |N| > 2.
The conjugate inequality to the inequality (2), that is, to the inequality 0 < (6, m) for
m € RPM) with a coefficient vector § € RP™) is the inequality

0 < (0, m) form e RPN where 6*(L) :=6(N\L) forany L C N. (4)
Given a non-trivial set system S on N, its complementary system is the set system
S*:={N\S : SeS8}.

Of course, both concepts are relative to N. Here are the relevant observations.

Lemma 11 Given |N| > 2, let S be a non-trivial set system on N. Then S is semi-
balanced iff S* is semi-balanced and © g« = {0* : 0 € Og}. An analogous statement
holds for balanced systems. In particular, S is min-semi-balanced iff S* is min-semi-
balanced and the same holds for min-balanced systems on N. Moreover, one then has
0% == (0s)" = Os~.

Given 0 € RPMN) with 3" ¢\ 0(S) = 0 and Y peren O(L) = —1, the inequality (2)
is facet-defining for E(N) iff its conjugate inequality (4) is facet-defining for E(N).

Proof By Lemma 1, S is semi-balancedifr-xy = ) g.gAs-xs withr € [0, 1]and an
affine semi-conic combination on the right-hand side (which has all its coefficients non-
zero). One can multiply that by (—1) and add to that the equality xy = Y ses As XN
toget (1 —7r) - xn = D gesAS - XN\S = D_res+ AN\L - XL, Which means that S*
is semi-balanced; one can then put r* = 1 —r and A} = Ay, for L € §*. Thus,
the relation ®g« = {#* : 0 € ®g} follows from Definition 4. The same argument
works for balanced systems: the linear combination is even conic then. The relation
of non-trivial systems 7 C S iff 7* C S* then implies the consequences concerning
minimal such systems.

The last claim in Lemma 11 can be derived from Corollary 10 using Definition 5.
Note thatf € (:)% & 0% e (:)%,and,foreveryﬂ #+#DCN,0 € @% & 0 e (:)%\D,
which allows one to deduce & € A & 6* € A. Since 6 +— 6™ is a linear mapping
one has 6 € ext (A) < 6* € ext(A) and the rest follows from Corollary 10. O

Note that 7 € S is exceptional within a non-trivial set system S on N (see Def-
inition 3) iff N\T € S* is exceptional within S*: given a combination r - xy =
Y ses As-xs multiply itby (—1) andadd (3¢ g As)-xntoget Qg As—7)- XN =
Y ses NS - XN\S = D_presr AN\R - Xr. In particular, a non-trivial system S on N is
purely min-semi-balanced iff the same holds for its complementary system S*.

5.2 Basic classification of min-semi-balanced systems

The uniqueness condition (d) in Lemma 2 on an affine combination yielding a constant
vector allows one to classify min-semi-balanced systems by the values of the constant.
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Lemma 12 Given |N| > 2 and a min-semi-balanced system S on N, let Y " g_s As - Xs
be the unique affine (and semi-conic) combination yielding a constant vector r - Xn,
r e [0,1].

One has then r = 0 iff there exists a min-balanced system B on M C N, |M| > 2,
such that S = B U {M}; another equivalent condition is | JS C N. Moreover, a min-
balanced system Bon M C N, |M| > 2, yields a min-semi-balanced one, namely the
system S := BU{M} on N withr = 0.

One has r = 1 iff S is a complementary system to a system S* with | JS* C N;
another equivalent condition is (| S # {.

On the other hand, every min-balanced system S on N satisfies 0 < r < 1.

The proof of Lemma 12 is shifted to “Appendix E”. Thus, one can distinguish at
least three classes of min-semi-balanced systems S:

e those with [ JS C N, which are extensions of min-balanced systems on strict
subsets,

e those with (| S # @, which can be viewed as their complementary systems, and

e min-balanced systems on N, which satisfy both [ JS = N and (S = 0.

Nevertheless, as the next example shows, there is the fourth class of min-semi-balanced
systems: these satisfy both | JS = N and [| S = ¢ but they are not balanced on N.

Example 6 Take N := {a, b, c,d} and S := {a, ab, bc, abd }. The semi-conic com-
bination

L-Xa+ =D xab+ 1 Xpe + 1+ Xaba = XN

implies that S is semi-balanced on N. Since | JS = N and {ys : S € S} are
linearly independent, by Lemma 2(c), S is min-semi-balanced. Clearly, the unique
linear combination yielding xx is not conic; hence, S is not balanced.

Remark 3 We showed in Lemma 12 that every min-balanced set system B on a strict
subset M C N leads to a semi-balanced system BU{M} on N. Note in this context that
Bitself is never semi-balanced on N. This is because the vectors {xs : S € B} are then
linearly independent (Kroupa and Studeny 2019, Lemma 2.1). Thus, | JB =M C N
implies that a contingent semi-conic combination of {xg : S € B} can only yield the
zero constant vector 0, while the linear independence implies that only the zero linear
combination yields 0.

5.3 Pictorial representation of min-semi-balanced systems

We propose to use certain special pictures to represent (permutational types of)
minimal semi-balanced set systems. In fact, our diagrams additionally encode the cor-
responding linear inequalities (2). Corollary 6 says that, given a min-semi-balanced
system S on N, the vector O has rational components, that is, it is given by an affine
rational semi-conic combination ) ¢ s As - xs = r - xy. One can multiply this by a
natural number ¢ so that ag := £ - Ag, S € S, become integers with no common prime
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divisor. Then ey := £ -r € Z* and one can introduce oy 1= —ay + Y geg s € ZF
(use Lemma 1). Thus, one gets

Z as-xs=ag- Xxg+an - xy, where all the coefficients ag are integers.
SeS

One can have oy = 0 or oy = 0, while the remaining coefficients are non-zero.
Provided there is T € S with A7 < 0 one can re-write that in the form

Y. as-xs=ap-xo+ (—ar) - xT + oy - XN
SeS\(T)

with non-negative integers as coefficients.

A diagram representing a set system S has the form of a pair of two-dimensional
arrays whose entries are colorful boxes; the arrays encode the sides of the above
vector equality. The rows of these arrays correspond to the elements of the base set N
(= players); they are labeled if the diagram represents a particular set system S and
they are unlabeled if it represents a permutational type of such systems.

The columns of the arrays encode sets S from the enlarged system S U {#J, N}. Each
of the sets has its own color; however, the black color is reserved for the grand coalition
N, a fully blank (= white) column implicitly encodes the empty set and the grey color
is reserved for a contingent set 7 with a negative coefficient A7 < 0 (= an exceptional
set in &). The other sets from S have bright colors then. The column representing a
set S has boxes of the respective color just in rows corresponding to elements of S. To
express the value of the respective coefficient g € Z in the inequality the respective
column is repeated |« g|-times.

The left array is composed of columns which correspond to sets with positive
coefficients Ag > 0, § € S, while the array on the right-hand side has either fully
black columns, fully blank (= white) columns and possibly columns containing grey
boxes.

Example7 Take N := {a, b, c,d, e} and put S := {ab, ac, bc, abd, abe }. The rela-
tion

I Xac+ 1 Xbe +2 Xaba +2 - Xabe =1-Xg+3 - Xab +2- XN

allows one to observe that S is semi-balanced on N. As the vectors {xs : S € S} are
linearly independent S is minimal. A picture representing this set system is in Fig. 1.

Note that, in any row, the numbers of boxes in the left and right array coincide:
this is because of the equality ZSES as - xs(i) =an - xy (i) forany i € N. Another
interesting observation is that the diagram for the complementary system S* can easily
by obtained by “reflection” from the diagram for S: the boxes are interchanged with
non-boxes and the colors for columns are kept, under a convention that the color for
blank columns is black.

One can also easily recognize on basis of the diagram for S to which of the four
basic classes it belongs. Systems S with [ JS C N, that is, those with the constant

@ Springer



Facets of the cone of exact games

HEEN

. _TEEEE

o N
: ]

Fig. 1 A picture representing the set system from Example 7

r = 0, have no black column. Their complementary systems S with (S # @, that
is, those with the constant r = 1, have no blank (= white) column. The min-balanced
systems on N have no grey column and other min-semi-balanced systems have blank,
grey and black columns.

6 Purely min-semi-balanced systems

Let us first discuss the situation when only two players exist, that is, | N| = 2. Then, as
explained below Lemma 1, there is no purely semi-balanced system on N. In fact, the
only semi-balanced system over N = {a, b} is the min-balanced system 5 := {a, b }.
Thus, by Corollary 9, a game m € RP(N), m(¥) = 0, is exact iff (65, m) > 0, and the
cone of exact games is specified by a single inequality m(ab) — m(a) — m(b) > 0.

6.1 How to get purely min-semi-balanced systems

Therefore, in the sequel we limit our attention to a non-trivial case | N| > 3, when there
exist purely semi-balanced systems on N. We first establish some relation between
min-balanced and purely min-semi-balanced systems. The proof of the next lemma is
shifted to “Appendix F”.

Lemma 13 Assume |N| > 3. If B is a min-balanced set system on N such that |B| > 3
and Z € Bthen'Y := N\Z is not in B, the set system S := (B\{Z}) U {Y} is purely
min-semi-balanced on N and Y is the exceptional set within S.

Conversely, if S is a (purely) min-semi-balanced system on N and Y € S the excep-
tional set within S then Z := N\Y isnotin S and B = (S\{Y}) U {Z} is a
min-balanced system on N such that |B| > 3.

Thus, by Lemma 13, there is one-to-many correspondence B <> S between min-
balanced systems 3 on N satisfying | 3| > 3 and purely min-semi-balanced systems S
on N which is realized by the mutual exchange of a set Z € I3 and of its complement
Y € S. It allows one to generate a complete list of min-semi-balanced systems on N
on basis of the list of all min-balanced systems on N. Note that the fact that balanced
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Fig.2 Pictures representing the set systems 3 and S from Example 8

systems on N induce in this way other semi-balanced systems on N has already
been recognized by Lohmann et al. (2012, § 4, Theorem 4.4). Nevertheless, the above
correspondence was not revealed there in its full scope for the reason mentioned in
Remark 2.

Let us remark in this context that the discussed transition from a min-balanced
system B to a purely min-semi-balanced system S (and back) can be recognized easily
on basis of their diagrams/pictures from Sect. 5.3. Indeed, if a diagram represents a
min-balanced system B and has oz columns representing a set Z € B then the diagram
representing S := (B\{Z}) U {Y}, where Y := N\Z, can be obtained from it by
removing those oz columns of bright color from the left array, «z blank columns and
az black columns from the right array and by adding oz grey columns representing
the set Y to the right array. Of course, the transition back can be done by an inverse
operation with the diagrams. The following example illustrates the procedure.

Example 8 Take N := {a, b, c,d} and put B := {ab, ac, bc, d }. One can observe that
B is min-balanced on N using the equality relation

%'Xab‘f‘%')(ac‘f‘%'Xbc+1'Xd=XN-
The choice of a set Z := d from B leads, by Lemma 13, to a min-semi-balanced
system S := (B\{Z}) U{Y} = {ab, ac, bc, abc }. The diagrams for both systems are
in Fig. 2. We observe that two columns representing Z, ¥ and N from the diagram for
B are missing in the diagram for S and replaced there by two columns representing
Y := N\Z = abc.

6.2 The case of balanced systems

We now show that the inequalities corresponding to balanced systems on N, |[N| > 3,
are superfluous. The next observation follows from Lemma 13.

Corollary 14 Given |N| > 3, let B be a min-balanced set system on N with |B| > 3.
Then 63 is a (non-trivial) convex combination of 0p for a min-balanced system D
on N with |D| = 2 and of 85 for a purely min-semi-balanced system S on N with
|S| = |Bl.

Proof We take Z € B, put Y := N\Z and observe, by means of Lemma 13, that
S = (B\{Z}) U {Y} is min-semi-balanced on N. Consider the unique affine conic
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combination ) seB As - xs yielding a constant vector in RN . Letusadd —Az - xy to
that and obtain a semi-conic combination ZSeB\{Z} As-xs+(=Az)-xy.ByLemmal,
applied to the latter combination, get 0 < ZSGB\{Z} As + (=Az) = 1 — 2Az. Thus,
(1=2Az)"! -multiple of it is an affine combination. Put D := {Y, Z}, which is a min-
balanced system on N, and the respective affine conic combination % - Xy + % - Xz
yields a constant vector in RY. Then

1 1

ZAS~XS=27\Z~ SoXv+ 5 xz
2 2

SeB

+A=22)-| Y A=2" As s+ 0= (A xv |,
SeB\{Z}

and using (1) derive that 63 = 2Az - 0p + (1 — 2Az) - Os. O

Corollary 14 says that the vector 65 for a min-balanced system 5 with [B| > 3
is a convex combination of vectors for min-semi-balanced systems of cardinality at
most |B|. The vector 6p for a min-balanced system D on N with |D| = 2 can also be
written as a convex combination of other vectors. Nevertheless, the difference is that
the summands in the combination correspond to set systems of higher cardinality.

Lemma 15 Assume |N| > 3. If D is a min-balanced system on N with |D| = 2 then

Op is a convex combination of 6s and 671 for purely min-semi-balanced systems S
and T on N.

Proof We have D = {Y,Z}where YNZ =0, YUZ = N, # Z and |Y| > 2.
Thus, there exists a set ¥ 2 R C Y and one can put S := {Z,R,Z U R} and
T :={ZUR,Y, R}. Theequalities xz+ xr — xzur = 0and xzur+ Xy — Xr = XN
together with affine/linear independence of involved vectors allows one to observe
using Lemma 2 that both S and 7 is a min-semi-balanced system on N. The respective
affine semi-conic combinations are related as follows:

1 1 1
_. _. = Z.[1- 1- -1
[2 XY+2 XZ] > [(1-xz+1-xr+(=1)- xzurl]

1
+§'[1'XZUR+1'Xy+(—1)'XR],

which equality implies using (1) that 6p = % -0s + % -07. O

The previous two results allow one to derive the following conclusion.

Corollary 16 If |[N| > 3 and B is a min-balanced system on N then the inequality
given by 0 = 05 is not facet-defining for the exact cone £(N).

Recall that the fact that balanced systems provide superfluous inequalities has
already been shown in (Lohmann et al. 2012, §5, Theorem 5.4); we give our short
proof for the sake of completeness.
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Proof By combining Corollary 14 with Lemma 15 observe that every vector 6 for
a min-balanced system B on N is a non-trivial convex combination of vectors s for
purely min-semi-balanced systems S on N. Then apply Corollary 10 to observe that
the inequality (2) with 6 = 05 is not facet-defining for (V). O

7 Indecomposable semi-balanced systems

Nevertheless, even purely min-semi-balanced systems can induce superfluous inequal-
ities. We give a simple sufficient condition for that.

Definition 7 (Decomposition, indecomposable system) Assume |N| > 3. Given a
purely min-semi-balanced set system S on N and E € N with E ¢ (SU{{J, N}) we
say that E yields a decomposition of S if E is an exceptional set within the system
SU{E} (see Definition 3). A purely min-semi-balanced set system on N will be called
indecomposable if it has no decomposition.

Recall from Sect. 5.1 that a set is exceptional within a non-trivial set system iff its
complement is exceptional within its complementary system. This implies that S has a
decomposition iff its complementary system S* has a decomposition. Therefore, S is
indecomposable iff the same holds for $*. Our main result follows from the following
lemma; its technical proof is moved to “Appendix G”.

Lemma 17 Let S be a purely min-semi-balanced system on N, |N| > 3, with excep-
tional set T € S and W := P(N)\({@, N} U S). Then the following conditions are
equivalent:

(a) Os ¢ ext (A), (see Definition 5)

(b) there exists a convex combination g = Y DEWU(T} %D * 00 where ar < 1 and
6P € @% whenever aup > 0,

(c) the set A(S) := conv (peyy ON) N {0 e RPN - g(W) > 0for W e Wis
non-empty,

(d) thereexists E € VW suchthat E is exceptional in SU{E}, (= S has a decomposition)

(e) there exists E € W such that E is exceptional in (S\{T}) U{E},

(f) amin-semi-balanced systemD on N exists such that D\S = {E} for some E € WV,
the set E is exceptional within D, and T ¢ D,

(g) a min-semi-balanced system D on N exists with an exceptional set E such that

D\ S ={E}.
Now, we are ready to state our main result.

Theorem 18 Given |N| > 3 the inequality 0 < (8, m) for m € RPN with a coef-
ficient vector § € RPW) \yhere Y scn 0(S) = 0and ZL;@#LC,\, O(L) = —1, is
facet-defining for m € E(N) iff 6 = 05 for an indecomposable min-semi-balanced
system S on N.

Proof By Corollary 10, facet-defining inequalities 0 < (6, m) form € E(N) corre-
spond to vertices 0 of the polytope A. Each 6 € ext(A) must be a vertex of @g
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for some ) # D C N (see Sect. 2.2). By Lemma 8, every vertex 6 € ext (C:)Il\)’) has
the form & = 6s for a min-semi-balanced system S on N. Corollary 16 excludes
the case that S is min-balanced. In case of a purely min-semi-balanced system S
one applies Lemma 17, the equivalence of negations —(a) < —(d), which says that
0 = 6s € ext(A) iff S is indecomposable. O

Note in this context that, by Lemma 17(f), a purely min-semi-balanced system &
on N is indecomposable iff there is no min-semi-balanced system D with T ¢ D,
D\S = {E}, and E exceptional within D. Thus, provided one has all purely min-
semi-balanced systems on N at disposal, the indecomposable ones among them can
be determined by this criterion.

8 Relation of exact and totally balanced games

In this section we deal with the relation of the cone £(N) of exact games and the cone
T (N) of totally balanced games. In (Kroupa and Studeny 2019, § 6) a conjecture has
been raised about what are the facets of £(N), which is equivalent to the condition
that

a game m over N is exact iff both m and its anti-dual m® are totally balanced.

We give a counterexample to the conjecture in case |N| = 6. On the other hand, we
show that every originally conjectured inequality from (Kroupa and Studeny 2019,
§6) is indeed facet-defining for £(N) whenever |[N| > 3.

8.1 Counterexample to a former conjecture

Here we present a counterexample to the conjecture from (Kroupa and Studeny 2019,
§6). Despite we found our counterexample for |N| = 6 computationally, by the
method described in later Remark 4, the reader need not repeat those computations
to check its validity. The values for coalitions in our counterexample m are given in
Table 1.

To show that m € 7 (N) for the game m from Table 1 we provide its min-
representation in Table 2 (see Sect. 2.3 for the reason). It is boring and tedious
but the reader can verify manually in a straightforward way that it is indeed a min-
representation of m. As a hint we indicate already in Table 1 at least one vector from
Table 2 which is tight for the respective coalition. The first 17 vectors in Table 2 are
(all) the vertices of the core of m. None of them is tight for sets {c, e} and {b, c, e}.
This implies that there is no element in the core of m which is tight for one of these
two sets. This is because tight vectors for any set S € N form a face of the core and,
if this face is non-empty then, by arguments from Sect. 2.2, a vertex of the core exists
that is tight for S. Thus, m ¢ £(N) (see again Sect. 2.3).

The anti-dual m® of our game m is given in Table 3, its min-representation in
Table 4. The core of the anti-dual also has 17 vertices, presented in the first 17 lines
of the table. None of them is tight for sets {a, d, f} and {a, b, d, f}; in particular,
m® ¢ E(N), which fact also follows from a former observation that m ¢ £(N). A
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Table 1 Our counterexample m over N = {a, b, c,d, e, f}

Coalition [4] a b c d e f ab
Value 0 0 0 0 0 0 0 0
Tight vector [1] [7] [1] [2] [1] [11] [1] [7]
Coalition ac ad ae af bc bd be bf
Value 0 0 0 0 0 0 4 0
Tight vector [15] [7] [11] [12] [17] [1] [1] [1]
Coalition cd ce cf de df ef abc abd
Value 0 4 8 0 0 0 0 0
Tight vector [2] [18] [12] [11] [1] [12] [17] [7]
Coalition abe abf acd ace acf ade adf aef
Value 4 0 0 8 8 0 0 0
Tight vector [8] [16] [15] [2] [12] [11] [13] [12]
Coalition bed bce bef bde bdf bef cde cdf
Value 0 4 12 4 0 4 6 8
Tight vector [17] [18] [1] [1] [1] [1] [2] [13]
Coalition cef def abced abce abcf abde abdf abef
Value 8 0 0 8 12 4 4 4
Tight vector [12] [14] [17] [5] [7] [8] [1] [12]
Coalition acde acdf acef adef bede bedf beef bdef
Value 8 8 8 0 8 12 12 4
Tight vector [2] [13] [12] [14] [2] [1] [12] [1]
Coalition cdef abcde abcdf abcef abdef acdef bedef abcdef
Value 16 8 12 12 4 16 16 20

Tight vector [1] [9] [7] [12] [14] [11] [1] [1]

min-representation of m® can be obtained by adding one additional vector. The reader
can verify manually that Table 4 indeed provides a min-representation of m°; for each
coalition, we indicate in Table 3 at least one vector from Table 4 which is tight for it.

Remark 4 This is to describe the way we found our counterexample. Our method was
based on the characterization of £(/N) from Sect. 4. We have succeeded to compute
the extreme rays of all the cones o v # D C N, incase |[N| = 6. Thus, we got a
finite set of linear inequalities characterizing the cone £(N) in this case, although a
pretty big one. Additionally, on basis of the results from (Studeny et al. 2019), we were
able to get a complete list £ of coefficient vectors for the conjectured facet-defining
inequalities. Checking the validity of the conjecture in case |N| = 6 was, therefore,
reduced to checking whether, for every ¥ = D C N, every generator of an extreme
ray of @% is in the conic hull of L.

This appeared not to be the case: we found an extreme ray of @% for |[D| = 2
which is not in the conic hull of L. Specifically, it was an element of 6 € @g for
N ={a,b,c,d,e, f}and D = {c, e} defined as follows (we write ce instead of {c, e}
here):
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Table 2 The min-representation

of our counterexample 1 Vector identifier a b c d e f
[1] 4 0 12 0 4 0
[2] 2 2 0 0 6 10
[3] 3 1 2 2 3 9
(4] 2 2 4 0 2 10
[5] 2 0 2 2 4 10
[6] 4 0 4 0 4 8
[71 0 0 8 0 8 4
[8] 0 0 12 0 4 4
[9] 0 0 4 0 4 12
[10] 0o 0 4 4 4 8
[11] 0 4 8 0 0 8
[12] 0 4 8 8 0 0
[13] 0 4 8 0 8 0
[14] 0 4 16 0 0 0
[15] 0 4 0 0 8 8
[16] 0 0 12 4 4 0
[17] 0 0 0 0 8 12
[18] 20 0 20 4 20

@) = +1, 6O(ce) =44, O(abedef) = +3,
O(be) = —1, 6O(ace) = =3, O(bcf)=—1, O(bcde) =—1, O(cdef) = -2,

and 6(S) = 0 for remaining S € N. On basis of that objective vector 6 we found a
game m that satisfies (é, m) < 0 while (9’, m) > 0 for any 6’ € £, which is just the
game m presented in Table 1. Note, however, that the vector 6 has appeared not to yield
a facet-defining inequality for m € £(N): the set E = bce yields the decomposition
of the respective min-semi-balanced system.

Remark in this context that an alternative idea of computing the extreme rays of
the cone {m € G(N) : (8,m) > 0 for& € L} has appeared to be computationally
infeasible. This is because the number of the extreme rays of £(N) grows very rapidly
with [N | and we were not able to compute them even in case |N| = 5.

8.2 Facets shared with the cone of totally balanced games

This is to relate our new concept of an indecomposable min-semi-balanced system to
earlier concepts and results from (Kroupa and Studeny 2019), where facet-defining
inequalities for the cone 7 (N) of totally balanced games were characterized. The
following is a simplified equivalent definition of a central concept from (Kroupa and
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Table 3 The anti-dual m® of our counterexample m

Coalition [4] a b c d e f ab
Value 0 —4 —4 —16 -8 -8 —12 —4
Tight vector [1] [3] [1] [17] [16] [6] [4] [1]
Coalition ac ad ae af bc bd be bf
Value —16 -8 -8 —12 -20 —12 —12 —-12
Tight vector [15] [16] [3] [2] [17] [16] [8] [1]
Coalition cd ce cf de df ef abc abd
Value —16 —16 —16 -8 —12 -20 —-20 —12
Tight vector [13] [5] [1] [6] [4] [9] [17] [16]
Coalition abe abf acd ace acf ade adf aef
Value —12 —14 —16 -20 —16 -8 —16 -20
Tight vector [8] [2] [13] [15] [1] [3] [18] [9]
Coalition bed bce bef bde bdf bef cde cdf
Value —-20 -20 -20 —12 —12 -20 -20 —16
Tight vector [16] [14] [1] [8] [1] [8] [13] [1]
Coalition cef def abced abce abcf abde abdf abef
Value —-20 —-20 -20 -20 —-20 —-12 —16 —20
Tight vector [4] [9] [16] [14] [1] [8] [18] [7]
Coalition acde acdf acef adef bede bedf beef bdef
Value —-20 —16 -20 -20 —20 -20 -20 -20
Tight vector [13] [1] [3] [9] [13] [1] [1] [8]
Coalition cdef abcde abcdf abcef abdef acdef bedef abcdef
Value -20 -20 -20 -20 -20 -20 -20 -20

Tight vector [4] [13] [1] [1] [7] [3] [1] [1]

Studeny 2019, §4); the equivalence of the original definition and the later simplified
version of it was shown in (Studeny et al. 2019, §2.3).

Definition 8 (Reducible and irreducible balanced set system) A min-balanced set
system 53 on a finite set M, |[M| > 2, will be called reducible if there exists a set
) # E C M such that yg is a conic combinationof { x5 : S€ B & S C E}.
A min-balanced set system B on M which is not reducible is called irreducible.

It was shown in (Kroupa and Studeny 2019, Lemma 2.1) that a balanced system B
on M is minimal iff vectors {xs : S € B} are linearly independent. In particular, for a
min-balanced set system 3 on M, there is a unique linear combination ) g5 ¥s - X5
yielding y s and this unique combination has all coefficients strictly positive: ys > 0
for § € B. Standard interpretation of a min-balanced system B is then in terms of the
assigned linear inequality

m(M) = Y ys-m(S),

SeB
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Table 4 The min-representation

of the anti-dual m® Vector identifier a b c d e f
(1] 0 —4 -8 0 0 -8
[2] -2 -2 —4 0 -2 —10
[3] —4 0 —4 0 —4 -8
(41 0 0 —4 0 4  —12
[5] 0 0 —12 0 —4 —4
[6] 0 0 -8 0 -8 —4
[7] -2 -2 0 0 —6 —10
[8] 0 —4 0 0 -8 -8
[9] 0 0 0 0 -8 —-12
[10] -2 0 -2 -2 —4 —10
[11] 0 0 —4 —4 —4 -8
[12] -3 -1 -2 -2 -3 -9
[13] 0 0 —-12 —4 —4 0
[14] 0 —4 -8 0 -8 0
[15] —4 0 —-12 0 —4 0
[16] 0 —4 -8 -8 0 0
[17] 0 —4 —16 0 0 0
[18] —4 0 0 —4 0 -8

Table 5 Numbers of facets of £(N) and of its permutational types forn = |[N| < 6

Number of players n=2 n=3 n=4 n=>5 n==6

Number of facets 1 6 44 280 7006

Number of its permutational types 1 2 6 16 53

which can be interpreted as an inequality for any game m on a superset N of M. Recall
that the main result from (Kroupa and Studeny 2019, Theorem 5.1) says that the facet-
defining inequalities for the cone 7 (N) of totally balanced games on N, |N| > 2, are
just the inequalities assigned to irreducible min-balanced systems on subsets M € N,
M| = 2.

Recall from Lemma 12 that every min-balanced set system /3 on a proper subset
M C N, |M| > 2, corresponds to a min-semi-balanced system S := B U {M}. The
unique affine combination ) ¢_g As - xs yielding a constant vector 0 € RY is semi-
conic with Ay < 0 and can be written as ) ¢_gAs - xs = (—Aum) - xu. Therefore,
the induced inequality (2) for m € RPW ). m@) =0, is equivalent to (= is a positive
multiple of) the standard inequality assigned to the min-balanced system B.

The next result says that every irreducible min-balanced system on a proper subset
M of N yields an indecomposable min-semi-balanced system on N. Thus, by Theo-
rem 18, this implies that the respective inequality is facet-defining for the exact cone
E(N).
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Lemma 19 Given a min-semi-balanced set system of the form S := BU {M} on N,
IN| > 3, where B is a min-balanced set system on M C N, |M| > 2, the next two
conditions are equivalent:

(i) B is irreducible,

(ii) S is indecomposable.

Proof We prove the equivalence of negations of those conditions.

To show —(i) = —(ii) assume that 5 is a reducible min-balanced system on
M C N. Consider # # E C M and a conic combination ) ¢ 5. g As - Xs = XE
and re-write that as a semi-conic combination ) ¢ 5. As - xs + (=1) - xg =0in
the space RY. Then put Ag := 0 for remaining § € S = B U {M}, and, because 0 is
a constant vector in RY, conclude that E is exceptional within S U {E}. This means
that S has a decomposition.

To verify —(ii) = —(i) assume that S = B U {M} has a decomposition, that is, a
linear combination >_¢.g As - xs + A - xg = r - X yielding a constant vector in RY
exists with Ag > O for § € S and with Ag < Oforsome @ % E C N, E ¢ S. Since it
is a semi-conic combination, by Lemma 1, one has r > 0. In case E\M # (J one can
choose i € E\M and its substitution to the equality gives a contradictory conclusion
r = Ag < 0. This gives E € M. Thus,as £E ¢ S = BU{M}, E C M C N,
the choice of j € N \ M and its substitution to the equality gives » = 0, that is,
Y seBU (M) As - xs +Ag - xg = 0. Hence, the non-negativity of the coefficients except
for Ag implies that, for any S € & such that S\E # ¢ (including S = M) one
necessarily has Ag = 0. Thus, Ag > 0 forces S C E for § € S, and one can write the
equality in the form } "¢ 5. g As - xs = (=Ag) - xg, which easily implies that 3 is
reducible. O

By Lemma 19 and Theorem 18, every facet-defining inequality for the totally bal-
anced cone 7 (N) corresponding to a strict subset M C N is also facet-defining for
the exact cone £(N). These are facet-defining inequalities for both cones. Note that,
by Lemma 11, also conjugate inequalities to these inequalities are facet-defining for
E(N), but not for 7 (N). These two classes of inequalities induced by irreducible
min-balanced systems on M C N were originally conjectured in (Kroupa and Stu-
deny 2019, § 6) to be all facet-defining inequalities for E(N).

9 Conclusions

The main achievement in this paper is the observation that a linear inequality for
games over N, |[N| > 3, is facet-defining for the exact cone £(N) iff it corresponds
to (uniquely determined) indecomposable min-semi-balanced set system on N (The-
orem 18). At first we got these inequalities in case |N| = 6 by computation and later
we confirmed the conjecture that the correspondence holds in general. Because of the
computation, we know what are the numbers of facets of £(N) in cases 2 < |[N| < 6;
they are shown in Table 5.

Note that the case | N| = 2 is special in some sense: then the cone of exact games
coincides with the cone of balanced games and the only facet-defining inequality

@ Springer



Facets of the cone of exact games 67

corresponds to the only min-balanced set system on N with |N| = 2. As concerns the
case |N| = 3, the cone of exact games coincides with the cone of supermodular (=
convex) games, while for | N| > 4 these two cones already differ.

Min-semi-balanced systems and their induced inequalities can synoptically be
described by means of special pictures/diagrams (see Sect. 5.3). A catalogue of permu-
tational types of indecomposable min-semi-balanced setsystemsover N,3 < [N| < 6,
obtained as a result of our computation, is available:

http://gogo.utia.cas.cz/indecomposable-min-semi-balanced-catalogue/

Thus, it implicitly provides an overview of all facet-defining inequalities in these
cases. Hence we know that every facet-defining inequality for £(N) in case |[N| < 5
corresponds to a min-semi-balanced system S satisfying either | JS C Nor(\S # @;
on the other hand, this is not the case in case |N| = 6.

Recall that the min-semi-balanced systems break into four basic classes (Sect. 5.2)
and the pictorial representatives reflect this classification. They also reflect the fact
that (indecomposable) min-semi-balanced systems are closed under complementarity
transform (Sect. 5.1). Further relevant observation is that (purely) min-semi-balanced
systems on N can be obtained on basis of min-balanced systems on N (Sect. 6.1),
which fact suggests that one can possibly get all such systems for [N| > 7.

The second main result in this paper is an example of a game m over N, with
|N| = 6, such that both m and its anti-dual m are totally balanced while m is not exact
(Sect. 8.1).

Acknowledgements This research has been supported by the grant GACR No. 19-04579S. We are grateful
to our colleague Tomd$ Kroupa for a consultation with him which helped us to overcome an obstacle on
our way to compute facets of the exact cone in case |[N| = 6. We also thank the reviewers of the paper for
their comments and positive attitude.

A Proof of Lemma 1

For reader’s convenience we recall the result.
Lemmal Given [N|>2and ¥ # S € P(N)\{#, N}, let } g.sAs - xs = p be
a non-zero semi-conic combination yielding a constant vector p = [r,...,r] € RV,
Then one has ) ses As = r > 0; moreover, r > 0 in case of a conic combination.
In any case ) ¢.s5As > 0 and by a positive factor multiplication one gets an affine
semi-conic combination ) ¢ 5 Ag- xs yielding a constant vector p = [, ..., 7] € RV
with 7 € [0, 1].

Finally, if the considered linear combination is not conic, then S has to contain at
least three different sets and the existence of such a set system forces |N| > 3.

Proof The case of a conic combination is easy: choose L € S with Ay > 0,i € L,
and write 0 <Az <D s gAs - xs() =7 =) gc5.iesAs < D _ges As- Thus, in the
rest of the proof we assume that the combination is not conic.

Let T € S be the set with A7 < 0; note that # C T C N. The choice of an
element j € N\ T givesr =} ¢csAs - Xxs(j) = Dges: jes As = 0 because As > 0
whenever S € S\{T'}. Choose some i € T and observe implications for subsets of
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N:ii¢gSeS = SeS\{T} = Asg = 0.This gives Y ¢.gAs = D gc5.iesAs =
Y sesAs - xs(i) = r. For the verification of the claim ) ¢_g As > 0 assume without
loss of generality that Ag # O for any S € S, for otherwise one can replace S by
S :={S €S : As # 0}. We distinguish two cases:
e Incase[I L € S\{T}withT\L # #]wechoosek € T\L.ThenAg > 0 whenever
k¢SeSandwegetd sesAs 2 AL+ ses:kes A5 > Dsesikes As =7 2 0.
e Incase [VL € S\{T} one has T C L] we first observe | JS\T # @. Indeed,
by contradiction: if [ JS € T then VL € S\{T} one has L € T C L, which
means S = {T} contradicting )¢5 As > 0. Thus, one can choose k € [ JS\T,
fix K e Swithk € K and write ) g gAs =7 =) ¢ 5. pesAs = Ag > 0.

Thus, in both cases we have ) ¢ s As > 0.

In particular, given a non-zero semi-conic combination ) ses As - xs yielding a
constant vector in RY we putl := ZSES As > 0and observe that ZSeS(E_l “As)-Xs
is the required affine semi-conic combination. The inequality ) s.gAs > r applied
to an affine combination ) ¢ 5 Ag - xs with Y ses As = 1 yields 7 € [0, 1].

To verify the last claim take T € & with A7 < 0 and assume for a contra-
diction |§] < 2. If |S| = 1 take j € T and get a contradictory conclusion:
0<r= ZSES:jES)\S = Ar < 0.1Incase |S| = 2 one has S = {T, L} and
contingent choice of j € T\L leads to an analogous contradiction. Hence, one must
have T C L and the choice of j € T and k € L\T leads to another contradiction:
F= ) seSkesNs = AL > A + A7 = ZSES:jeSAS = r. Thus, |S| > 3; since
IN| =2 = |P(N)\{0, N}| =2, the existence of S forces |[N| > 3. O

B Proof of Lemma 2

For reader’s convenience we recall the result.
Lemma 2 Given |N| > 2,1letd #S C P(N)\{@, N} be a non-trivial set system on
N. Then the following conditions on S are equivalent:

(a) S isaminimal set system such that there is a constant vector in RY which can be
written as a non-zero semi-conic combination of vectors {xs : S € S},

(b) S is a minimal semi-balanced set system on N,

(c) S is semi-balanced on N, the vectors {xs : S € S} are affinely independent and
in case | JS = N even linearly independent,

(d) there is only one affine combination of vectors {xs : S € S} yielding a constant
vector in RY and this unique combination is semi-conic and has all coefficients
non-zero,

(e) there is only one affine semi-conic combination of vectors {xs : S € &} which is
a constant vector in R" and this unique combination has all coefficients non-zero.

Proof To show (a)=(b) assume a non-zero semi-conic combination ) ¢.sAs - X5
which is a constant vector in RY and put S’ := {S € S : Ag # 0}. Because of
minimality of S in (a) one has &’ = S, which implies that S is semi-balanced. The
rest is evident.

To show (b) =(a) it is enough to verify the minimality of S in (a). Assume for a
contradiction that a set system C C S exists with a non-zero semi-conic combination
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Y sec its - xs yielding a constant vector in RY and put €' := {S € C : pus # O}
Then C’ is semi-balanced on N and C’ C S contradicts the minimality of S in (b).

To show (b)=(c) let us fix a semi-conic combination ) ses As - xs yielding a
constant vector in RY with Ag # 0 for S € S. We first consider the case when it is not
a conic combination, that is, there is a unique set T € S with A7 < 0; hence, Ag > 0
for § € S\{T}.

We then verify that {xs : S € S} are affinely independent. Assume for a contradic-
tion that a non-zero linear combination ) ¢ g s - xs = O with Y "¢ s s = 0 exists.
One can assume without loss of generality i < 0 for otherwise one can multiply the
linear combination by (—1). Moreover, » ses Ms = 0 implies the existence of L € &
with uz < 0. In fact, there are at least two such sets: otherwise ) ¢ s is - xs = 0
is a semi-conic combination and, by Lemma 1, one has ) ¢_g s > 0 which con-
tradicts the assumption. In particular, there is L € S\{T} with u; < 0. For any
e >0and S € S we put A§ := Ag + & - ugs and observe that ) ¢ g A - xs yields
the same constant vector, A7 < 0, while A > 0 for § € S\{T'} and sufficiently
small ¢. Since Aj tends to —oo with increasing & there is a maximal ¢* > 0 such
that A5 > 0 for all S € S\{T}. There must be K € S\{T'} with A%, = 0; then the
systemC :={S e S : 7\? # 0} # K is semi-balanced on N, which contradicts the
minimality of S.

The second step is to show that if ( JS = N then the vectors {xs : S € S} are
linearly independent. Note that this case involves the case of a conic combination
2563 As - Xs=Tr-XN € RY because then, by Lemma 1, » > 0, which enforces if
|US = N then the vectors. In the sequel, let T denote a contingent set T € S with
Ar < 0, which, however, need not exist. Recall that Ag > 0 for S € S\{T'}.

Assume for a contradiction that a non-zero linear combination ) ¢ g 45 - xs =0
exists. We then show that there exists such a linear combination which, additionally,
satisfies ur < 0 if T exists and uy < O for at least one L € S\{T'}. This is easy
in case T does not exist or ur = 0 because possible multiplication of the linear
combination by (—1) reaches the goal. In case 7 # 0 possible multiplication ensures
ur < 0. To show then the existence of L € S\{T} with u; < 0 assume for a
contradiction the opposite, which means that ) ¢.s is - xs = 0 is a semi-conic
combination and the system C := {S € & : wus # 0} is semi-balanced. The
minimality of S then implies that C = S’ and, thus, ug > 0 for § € S\{T}. Since
T C N there exists i € N\T and |JS = N implies the existence of K € S with
i € K.Since[i € S €S = pus > 0], this leads to a contradictory conclusion
0=2 sesis - Xs(0) = Xsesiies s = hx > 0.

Finally, having a linear combination )¢ s s - xs = 0 with ur < 0and uz <0
for some L € S\{T}, one can repeat the construction used in the previous case (of
affine independence) to get a contradiction with the minimality of S.

To show (¢)=(d) use Lemma 1 to obtain an affine semi-conic combination
> ses As - xs with all coefficients non-zero yielding a constant vector p = [r, ..., 7]
in RY with r € [0, 1]. Let us fix this affine combination. Assume that > 5e5 0S * XS
is an affine combination yielding a constant vector ¢ = [s, ..., s] € RN Ttis enough
to show that these two combinations coincide. To this end we distinguish two cases.
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In case (JS C N we have ) ¢.sAs - xs(i) =0 =) g 505 - xs(i) for any
i € N\ JS. This implies that both p = 0 and ¢ = 0. By subtracting we obtain the
relation ZSESO\S —os)-xs = 0with ZSGS (As—os) = 0and by affine independence
os = Ag forall S € S.

In case | JS = N the linear independence of vectors {xs : S € S} implies both
r # 0 and s # 0 because solely their zero linear combination yields the vector = 0.
Hence, we have Zses(’ﬁl “As) - xs = xn and Z:Ses(s’1 - 05) - xXs = Xn- By
subtracting we get se S(r_1 As —s gy - xs = 0 and by linear independence
rloAg =51 .ogforall S € S. Thus, \s = r - s~ - o5 for § € S and, because
both combinations are affine, by summing over S € S one derives 1 = r -s—1. Hence,
s=randog = Ag forall S € S.

The implication (d) =(e) is evident.

To show (e) =(b) consider the affine semi-conic combination ) ses As - xs with
all coefficients non-zero yielding a constant vector in R . Its existence implies that
S is semi-balanced. To verify the minimality of & assume for a contradiction that
C C § exists which is semi-balanced on N. By Lemma 1 applied to C there exists
an affine semi-conic combination Y ¢ - 05 - x5 yielding a constant vector in RV. We
extend it by putting g = 0 for § € S\C. Thus, we get two different affine semi-conic
combinations of {xs : S € S} yielding a constant vector in R", which contradicts
the assumption. O

C Proof of Lemma 7

For reader’s convenience we recall what is claimed; see Definition 5 for notation.
Lemma 7 Given |N| > 2, every set OV, where ¢ # D C N, is a bounded
polyhedron. Every vector 6 € @% satisfies both 6(N) > 0 and 6(¥) > 0 and every
non-zero vector § € (9% satisfies 6 (N)+60 (@) > 0.Givenm € RPM™) with m (%) = 0,
one has

mef(N) & |voe [J 6F (.m)=0]. 3)
##£DCN

Proof Note that 8% - @1[\; if D C N, therefore, one can assume without loss of
generality ) # D C N. To show 8(N) > 0 for 0 € @% choose i € N\D and write
O(N) = =3 ;cnier O(L) = 0. Note that, for any j € N,

Z 9(5):29(5)— Z O(L)=0—0=0.

SCN\{j} SCN LCN:jeL

Hence, to show 0(¥) > 0 for 6 € @% take j € D and write 6(0) =
— Lgesen(j 05 = 0.
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Thus, we have observed that every 6 € (9% satisfies both 6(N) > 0 and 6 (¥) > 0.
In particular, if 6 € @ZDV then 6(N) + 6(¥) = 1 gives both 0 < 6(@) < 1 and
0<6(N)<1.

Let us show that, for 0 € @)%, if S € N and S\D # @ then 0 > 6(S) > —1.
Indeed, because of S ¢ {#J, D, N}, the choice of i € S\ D gives

0=6()= ) 6L)=—-6M)+ D 6(L)=-60N)=~1.

LCN:ieL LCN:ielL
— ——
=0

To observe that 0 > 6(S) > —1 for 6 € (:)g whenever ¥ # S C N and D\S # 0
introduce a vector 6* € RPN by 6*(L) := 6(N\L) for L € N.Itis easy to observe
that 6* € @%\D: to this end write forany i € N

DYoo= ) 6N\L)= Y 0= 06— Y 0S)=0-0=0.

LCN:ielL LCN:ielL SCN:i¢S SCN SCN:ieS§

Thus, because of # = D\S = (N\S)\(N\D), one has 0 > 6*(N\S) > —1 by the
previous observation applied to 6*, which, however, means 0 > 6(S) > —1.

Altogether, we have 0 > 6(S) > —1for 6 € éjDv and S € P(N)\{4, D, N}, which
implies 0 > ZSZ%MD’N} 6(S) > 3 — 2!Vl Taking into consideration that

D0 =—0)—0(D)—0(N)+ »_ O(L) = —6(N) —0(#) — 6(D) = —1 — (D)
S:S¢{0.D,N} LSN
——
=0

one gets 2INT _ 4 > 0(D) > —1. In particular, (:)g is bounded and so is @%.

The fact that, for any ¥ # D C N, every non-zero vector 6 € @% satisfies
0(N) + 0(¥) > 0 follows directly from (Kroupa and Studeny 2019, Lemma 5.1). In
particular, every non-zero 6 € @g is a positive multiple of a vector 6 € @g. Further
important fact, which follows from (Kroupa and Studeny 2019, Lemma 5.3), is that a
game m is exact, thatis,m € E(N),iff [VO £ D C N V6 € ®% (6, m) > 0]. The
combination of these two observations gives (3). O

D Proof of Lemma 8

For reader’s convenience we recall what is claimed; see Definition 5 for notation.
Lemma 8 Given |[N| > 2and ¥ # D C N, every vertex of (:)11\)’ has either the
form 63, where B is a min-balanced set system on N, or the form 65, where S is a
min-semi-balanced system on N having D as the exceptional set.

Conversely, in case § # D C N, every vector s, where S is a min-semi-balanced
system on N having D as the exceptional set, is a vertex of (:)%: Os € ext (@%).
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Proof Given a vertex 6 € ext (@ ), we first observe that there exists a min-semi-
balanced system S on N such that & = 6. To this end we put

—(SCN:0ASCN & 0(S)#£0} and A\g := —0(S) forSeS.

Thus, > ses As - xs yields a constant vector 6(N) - xn and S is semi-balanced on
N. To evidence that S is min-semi-balanced we use the condition (¢) in Lemma 2. To
verify affine independence of the vectors {xs : S € S} assume for a contradiction
that there is a non-zero linear combination ) ¢ s0s - xs = 0 with Y "¢ g05 = 0.
Then we put oy := 0 for remaining L € N and 6%(S) := 6(S) + ¢ - o for any
S € N and ¢ € R. Then one has 9¢ ¢ (:)]l\)’ whenever || is small; thus, the relation
0 = % 0% + % -6~¢ then contradicts the assumption of extremity of @ in ®Y because
of o7 # 0 for some L € S.

To verify linear independence of the vectors {xs : S € S}incase S = N we
first realize that one has 6(N) > 0 then. Indeed, if D = N then 6(S) < O for any
S € Sandif D # N then we choosei € N\D and have 6(S) < 0 forany S € S with
i € S;thisallows ustouse D ; - y.;cp (L) =0 fori € N to derive 6(N) > 0.

Assume for a contradiction that a non-zero linear combination Y ¢_sos - xs =0
exists and put ¢ := ) ¢_g 0. The case ¢ = 0 leads to a contradiction as shown in
the case of affine independence. Thus, consider ¢ # 0, put oy := —¢, o7 := 0 for
remaining L € N,and 6¢(S) := (1—&-¢)~'-(8(S)+¢-05) forany S € Nande € R,
e # ¢~ One has 6° € (:)N for small |e|. Moreover, 6 = 1725‘ 0°f + 1+2€'§ 0-°.
Because of ¢ # 0 we have 9€(N) =0—e-¢)"1-0(N) #60(N)ife # 0. Hence,
we get a contradiction with the assumption of extremity of 6 in @N

We have thus shown that the set system S is min-semi- balanced on N and one
clearly has 0 = 6s. If S = B is min-balanced then the first option 6 = 03 occurs. If
S has an exceptional set T € S then 0(T) = 65(T) > 0 which forces T = D. Thus,
D is the exceptional set in S in this case.

To verify the second claim assume that S is a min-semi-balanced set system on
N and that D is the exceptional set within S. It is straightforward to evidence that
Os € @N To show that 65 € ext (@ ) assume for a contradiction that there is a non-
trivial convex combination s = « - 90 + (1 —a)-0' withe?, 0! € @%, a € (0,1),
and 69 £ 61, We know that 65(S) = 0 any S € N, S ¢ {J, N} US and observe that
0°(S) = 0 = 6'(S) for any such § € N as well. Indeed, the inclusion ©) < ©F
implies Oi(L) <0OforL C N, L ¢ {0, D, N}, which forces Pi(S) =0 for S C N,
S¢{U,N}US.

For every ¢ > 0 we put 6 := 0% + ¢ - (8! — 6°). Note that #°(S) = 0 for any
SCN,S ¢ {#, N} US. The fact that (:)% is bounded (see Lemma 7) implies the
existence of €° ;= max{e > 1 : 0° ¢ C:)% }. There exists L € S with 6¢° (L) = 0
because otherwise one gets a contradiction with maximality of . We put

={SeS: 0 (S) £0)}
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and observe, using the fact 0¢° € C:)%, that C is a semi-balanced system on N. Then
the fact L € S\ C contradicts the minimality of S. Thus, there is no non-trivial convex
combination of 80, 0! € @g yielding 65, which means that 05 is a vertex of @g. O

E Proof of Lemma 12

For reader’s convenience we recall what is claimed.

Lemma 12 Given|N| > 2 and a min-semi-balanced systemSon N, let ) "¢ .5 As- X5
be the unique affine (and semi-conic) combination yielding a constant vector r - x,
r € [0, 1].

One has then r = 0 iff there exists a min-balanced system Bon M C N, |M| > 2,
such that S = B U {M}; another equivalent condition is | JS C N. Moreover, a min-
balanced system Bon M C N, |M| > 2, yields a min-semi-balanced one, namely the
system S := BU {M} on N withr = 0.

One has r = 1iff S is a complementary system to a system S* with [ JS* C N;
another equivalent condition is (S # .

On the other hand, every min-balanced system S on N satisfies 0 < r < 1.

Proof Recall that all coefficients Ag, S € S, are non-zero. If » = 0 then there is
T € S with A7 < 0, for otherwise Ags > 0 for § € S and S # ¢ contradict
Y sesAs - xs = 0. Given i € N\T one has Ag > 0 whenever i € § € S and
0 =) gesAs - xs(i) = D gcs.ics As implies that there isno § € S withi € S.
Hence, | JS = T and ZSES\{T} As - xs = (—=A7) - xr. This implies S\{T'} # 0 and,
thus, forces |T| > 2 (because | S = T). The latter equality also means that S\{7'} is
balanced on T and one can put M := T and B := S\{T'}. To show that 3 is minimal
assume for a contradiction that D C B exists which is balanced on T, that is, there
areog > 0,5 € D,with) ¢.pos-xs = xr.Hence, ) ¢.pos-xs+(=1)-xr =0
and, by Lemma 1, one has —1 + ) ¢_pos > 0 and one can multiply it to get an
affine combination (in RV) different from > ses As - xs = 0, which contradicts the
minimality of S (use Lemma 2(d)). Thus, 5 has to be min-balanced on 7.

The existence of such B then implies | JS C N. To complete the chain of impli-
cations realize that, if ]S C N for a min-semi-balanced set system S on N then the
choice of i € N\ [JS gives r = Y gcg5.ie5As = 0.

To verify the additional claim assume that 3 is a min-balanced systemon M C N,
|M| > 2. By (Kroupa and Studeny 2019, Lemma?2.1) {xs : S € B} is linearly inde-
pendent (even in RM). Fix a combination > seg s - xs = xm with all coefficients
strictly positive. Then ZSeB As - xs + (—=1) - xp = 0 is a semi-conic combina-
tion yielding a constant vector in RY and S := B U {M} is semi-balanced. We use
the condition (d) in Lemma 2 to show that S is minimal. By Lemma 1 one has
k=Y gpAs—1>0and) g gk 'Ag-xs+(—k~')-xy = Oisanaffine semi-conic
combination with all coefficients non-zero. We need to show that any affine combina-
tion ) ¢ 5 0s- xs+om - xu = p yielding a constant vector in RN coincides with the
above mentioned affine combination. The substitution of some i € N\ M allows one to
observe that p = 0.. One cannot have opy = 0 because then ) ¢ ;305 xs = 0 contra-

dicts linear independence of {xs : S € B}.If oy # Othen) ¢ —oﬂjlloyxs = XM
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and linear independence of {xs : S € B} gives Ag = —a;,lag for all S € B. We
substitute 0y = —o A for § € B to ZSEB os+oy =1togetoy = —k~!; hence,
the considered affine combinations coincide.

As concerns the case r = 1, by Lemma 11, §* is also min-semi-balanced and the
respective unique affine combination for S$* is ZLES* AnL-xL = (1=r)-xn.Thus,
r = 1 iff the previous case r* = 0 occurs for S*. The formula (S = N\ J S* then
gives the other equivalent condition.

The definition of a min-balanced system B on N implies | JB = N.By Lemma 11,
the same is true for its complementary system: | B* = N, which means (B = .
Thus, one has both | JB = N and (| B = @, and by previous claims, » # 0and r # 1.

m}

F Proof of Lemma 13

For reader’s convenience we recall what is claimed.

Lemma 13  Assume |N| > 3. If 5 is a min-balanced set system on N such that
|B| > 3and Z € Bthen Y := N\Z is not in B, the set system S := (B\{Z}) U {Y}
is purely min-semi-balanced on N and Y is the exceptional set within S.

Conversely, if S is a (purely) min-semi-balanced system on N and Y € S the excep-
tional set within S then Z := N\Y is not in § and B := (S\{Y}) U {Z} is a
min-balanced system on N such that |B| > 3.

Proof 1. Let BB be a balanced system on N and Z € B such that Y := N\Z ¢ B.
Then § := (B\{Z}) U {Y} is semi-balanced on N. Indeed, there exists a conic
combination ) ¢ 5 As- xs = xn,As > 0for S € B.Weadd —Az - xy to that and
obtain a semi-conic combination ZSGB\{Z} As-xs+(=Az) - xy =0 =Az)-xn
yielding a constant vector.

II. Analogously, given a semi-balanced system S over N with an exceptional set
Y € Sand Z := N\Y ¢ S, the set system B := (S\{Y}) U {Z} is balanced on
N. Indeed, given a semi-conic combination ) sesAs - xs =r - xy withr e R,
where Ay < 0 and Ay > 0 for § € S\{Y} we add —Ay - xy to that and get
ZSGS\{Y} As - xs + (=Ay) - xz = (r — Ay) - xn, Which is a conic combination
yielding a constant vector. Then use Lemma 1.

III. Let B be a min-balanced system on N with |B| > 3 and Z € B. Then one has
Y := N\Z ¢ Basotherwise D := {Y, Z} C Bis abalanced system contradicting
the minimality of 5. Step L. implies that S := (B\{Z}) U {Y'} is semi-balanced on
N, specifically, that there exists a semi-conic combination )¢ g As - xs yielding
a constant vector in RN with Ay < 0.

To show that S is minimal assume for a contradiction that a min-semi-balanced
system &’ C S exists. Then necessarily ¥ € S’ as otherwise S’ C B contradicts
the minimality of B (use Corollary 3). Let ) ses 0s - xs be the (unique) affine
semi-conic combination yielding a constant vector in RV .

Observe that oy < 0 as otherwise one can put os := 0 for S € S\&’, and then
s i=a- 05+ (1 —a) -Agfor S € Switha := —Ay - (oy —Ay) "' € (0, 1]
to get a semi-conic combination ) ¢.g Ts - xs yielding a constant vector in RN
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where ty = 0; this means that £ := {§ € § : 15 # 0} C B is a semi-
balanced system which fact contradicts the minimality of B, by Corollary 3. Thus,
Y has to be an exceptional set within S’ and, by step IL. applied to S’, the system
B’ := (S'\{Y})U{Z} C Bisabalanced system on N contradicting the minimality
of B. Thus, the first claim in Lemma 13 has been verified.

IV. Let S be a min-semi-balanced system on N with the exceptional set ¥ € S within
it. Then Z := N\Y ¢ S as otherwise D := {Y, Z} C § is a balanced system
contradicting the minimality of S (note that |S| > 3 by Lemma 1). Step IL. implies
that B := (S\{Y}) U {Z} is balanced on N. To show that B is minimal assume
for a contradiction that a balanced system 3 C B on N exists. Then necessarily
Z € B’ as otherwise B’ C S contradicts the minimality of S. By step L applied
to B/, the set system S’ := (B'\{Z}) U{Y} C S is semi-balanced on N, which
contradicts the minimality of S. Of course, |B| = |S| > 3, which concludes the
proof of the second claim in Lemma 13. O

G Proof of Lemma 17

A key induction step in the proof is based on the following auxiliary observations.

Lemma 20 Given |N| > 3, let S be a purely min-semi-balanced system on N. Denote
W = P(N)\({4, N}US) and introduce the next special polytopes (see Definition 5):

3(S) := conv ( U C:)%) )

DeW
AS) =2 S) N (@ eRPM . 9(W)>0 forany W e W}.

Moreover, for any Z C W, we put:

22 S) =2 S) N{OeRPM . 92)=0 foranyZ e Z},
AZ(S) = 22(S) N AS).

Then, for any Z < W, one has:

@ =S =0,
(i) if 9 # AZ(S) and T2(S)\AZ(S) # B then B # AZUPKS) for some set
DeW\Z
(iii) if 0 € ext(Z2(S)) then 6 € Jpeyy OF.

Proof To show (i) assume for a contradiction that 8 € ="V (S) exists. Thus, 8(W) = 0
forany W € Wforces B:={SCN : S#0&0(S) #0} CS. Since, however,
every n € Upeyy ©F satisfies n(S) < 0 for any S € S, one has 6/(S) < 0 for
any § € S and 6’ € X(S). Hence, (S) < 0 for any S € S and for our vector
6 € £W(S). The factthat§ € =(S) implies the equality constraints 6 (N)+6 (¥) = 0,
Yoy (L) =0,and )", —y.;icp O(L) = 0fori € N (use Definition 5). The relations
imply Y ¢c50(S) - xs +0(N) - xy = 0, and, using ZL:Q,#LcNB(L) = —1, also
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O(N) > 0. Therefore O(N) - xy = Y _gcg —0(S) - xs is a conic combination, which
allows one to observe that B is balanced on N. The minimality of S then implies that
B = &S, contradicting the assumption that S is not balanced on N.

To show (ii) assume the existence of n € AZ(S). By (i) one has W\ Z # @. If
there is D € W\ Z with n(D) = 0 then n € AZYP}(S) and we are done. Thus,
assume that n(W) # 0 forany W € W\ Z, which implies, by definition of A(S), that
n(W) > 0 for any W € W\ Z. The second assumption in (ii) means that there exists
0 € £2(S)\AZ(S); thus, necessarily n # 6.Put6? := (1—a)-n4a-6 for0 < o < 1;
the convexity of 2Z(S) gives 0% € ¥Z(S). Take B := max{a > 0 : 0% € AZ(S)}
and @’ := 8. Note that there exists D € W\ Z with 8'(D) = ## (D) = 0 as otherwise
one has Qﬂ(W) > ( forany W € W\ Z, which contradicts the maximality of 8. Thus,
the facts 0’ € AZ(S) and 6’ (D) = 0 imply together that 8’ € AZYIPHS).

The condition (iii) can be verified by induction on | Z|. In case Z = § this fol-
lows directly from the definition of X (S) using basic facts from polyhedral geometry
recalled in Sect. 2.2. To verify the induction step assume that the claim is true for some
Z C W, take Z € W\ Z and evidence the claim for Z U {Z}. Note that the polytope
Q := £2Y12)(S) is the intersection of the polytope P := X7 (S) with the hyperplane
H := {6 : 6(Z) = 0}. The characterization of vertices of Q = P N H recalled in
Sect. 2.2 says that any vertex 6 € ext (Q) is either a vertex of P, in which case one
has 6 € Upeyy @)% by the induction assumption, or there is an edge [, o] of P such
that 6 € In, o[ and [n, o] N H = {6}. Since n, o € ext (P), by the induction hypoth-
esis, one has 7,0 € (Jpeyy (:)1[\;. As [n,0]NH = {#} one has n(Z) # 0 # o(Z)
and can assume without loss of generality that n(Z) > 0 and o (Z) < 0. This forces
that n € O ; assume that o € @)g’ for some E € W (possibly E = Z). It makes
no problem to observe that these facts imply that 0 € (:)%’ (see Definition 5). Hence,
0 € Upeyy ©% and the induction step has been verified. a

For reader’s convenience we recall what is claimed.
Lemma 17 Let S be a purely min-semi-balanced system on N, |N| > 3, with
exceptional set 7 € S and W := P(N)\({#, N} U S). Then the following conditions
are equivalent:

(a) Os ¢ ext(A), (see Definition 5)
(b) there exists a convex combination 0 = Y pcyyr) @D 6P where ar < 1 and

0P ¢ @g whenever ap > 0,

(¢) the set A(S) := conv (Upeyy ON) N {6 € RPN 9(W) > 0for W € W}is
non-empty,

(d) there exists E € W such that E is exceptional in S U {E},

(e) there exists E € W such that E is exceptional in (S\{T}) U {E},

(f) amin-semi-balanced system D on N exists such that D\S = {E} forsome E € WV,
the set E is exceptional within D, and T ¢ D,

(g) a min-semi-balanced system D on N exists with an exceptional set E such that

D\ S = {E).

Proof To show (a)=(b) realize that 65 € @)’Tv C A and assume that 65 € ]n, o for
1,0 € A, n # 65 # o. By the definition of A a finite convex combination yielding
nexists:n =Y. Bj - nj, where ; > 0and 1; € Uypcy O for j € J. Since
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n # Os, there exists j € J with n; # 6s. An analogous convex combination exists
for o and by combining them observe that a finite convex combination yielding 6s
exists:

QS:Zaiﬂi, where o; > 0 and 6; € U (:)% forall i €I,
iel G£DCN

and, moreover, 0; # 6s for at least one i € I. Assume without loss of generality that
0;, i € I, differ from each other and, if there is i € I with 6; = 65 then, by easy
modification, one gets such a convex combination yielding 65 where 6; # 65 for all
iel.

Observe that one can even assume without loss of generality that 6; (S) < 0 for any
i € Iand S € S\{T}. Indeed, if there exists j € / and § € S\{T'} with 6;(S) > 0
then the convex combination can be replaced by another convex combination 5 =
&j-0; + Y ienj) Yi - 0, where 0;(S) = 0. To observe that realize that «; < 1, as
otherwise 0; = 0s. Thus, one can putor := 1 —aj =}y ;3@ > 0 and

6 = > .6, whichgivesfs =a;-6; +a -6, thatis, 65 €16, 6].
o
i)

On the other hand, since 6;(S) > 0 and 65(S) < 0 there exists unique éj €10;,0sl(
such that 6 ;i(S) = 0. Note that necessarily 6; € C:)ISV while 65 € C:)]}[ which facts
together allow one to observe that 6 ;€ @)’}/ . The vectors 6, 6 j,0s and 6 are on
the same line, which implies that 65 € ]é i, 0[. Thus, 0 < y < 1 exists with g =
y - éj 4 (1 — y) - 6 and the substitution gives

A 1—9)
bs = v-0j+ Z d-v-a -6;,  where it suffices to put &; := y.
N ———

o

For any i € I, one has 6, € (:)]g for some # # E C N.Incase E € S\{T} the
above inequalities 6; (S) < 0 for § € S\{T'} give ; € (:)% and (see Definition 5) the
inclusion (:)% - (:)ITV allows one to conclude that 9; € (:)g for some D € WU{T}. To
summarize that: there exists a convex combination 6 = Zie 1 o - 0;, where o; > 0,
0; # 0s and 6; € Upeyyr) O foralli € 1.

Further observation is that there exists j € I and W € W such that 0; (W) > 0. To
show that assume for a contradiction the converse, that is, 6; (W) < O forany i € [
and W € W. That basically means, that, for any i € /, the condition 6; € (:){)'V implies
0; € (:)% C ®¥ . In particular, one would have 0; € eN, 0; # Og foranyi € I, which
contradicts the fact fs € ext ((:)1}’ ) claimed by (the second claim in) Lemma 8.

Thus, any i € [ can be assigned to some D € WU{T} such that 6; @%; let us fix
that choice and write i — D to denote that. We already know that there exists j € 1
and W € W with 6;(W) > 0, which necessitates j — W.Forany D € WU {T} we
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put

oap = Z o and, if ap > 0, P .= Z ﬂ~0ie(:)g.

(07
iel:irD iel:i>D P

Thus, one has 0s = > peyyury @D - 6P, where 6 can be chosen arbitrarily in case
ap = 0. It is a convex combination and the existence of j € I and W € VW with
j — W implies oy > 0. Hence, a7 < 1, which gives the condition (b).

To show (b)=>(c¢) consider a convex combination 05 = ) )y Ty oD - 0P where
oar < land6P e (:)11\)’ whenever op > 0. The fact 6s(T) > 0 forces both @7 > 0 and

07 (T) > Obecause n(T) < Oforany n € Upeyy ©N. Thus, one has some 87 € OF.
Let us put

0 = Z *_ . 6P and observe that O0s=(1—ar) -0+ar N
DeWw I—ar

By definition, 6 € conv ((Upeyy C:)l[\;). The fact6s €16, 67 [ together with 05 (W) = 0
and 8T (W) < 0 for any W € W forces (W) > 0 for any such W. In particular,
6 € A(S) and the condition (c¢) has been verified.

To show (¢)=(d) we use Lemma 20; the condition (c) means, by notation from
Lemma 20, that AZ(S) # @ for empty Z2 = . By inductive application of
Lemma 20(ii) we find Z € W with £2(S) = AZ(S) # ; indeed, by Lemma 20(i)
one has £V (S) = @, which ensures that inductive enlarging of Z has to finish with
some desired Z C W. Thus, # # ext (£2(S)) € AZ(S) for some Z C W. One
can take some 6 € ext (EZ (S)) and, by Lemma 20(iii), there exists £ € WV such that
0 e @)g. Hence, (W) < 0 forany W € W\{E} while 6 € A(S) says 8(W) > 0 for
any W € W. That together means (W) = 0 forany W € W\{E}and 6(E) > 0. One
cannothave §(E) = 0forotherwise € " (S) contradicts the claim in Lemma 20(i).
Thus, necessarily 0(E) > 0; note also that 6(S) < 0 forany S € S. The equality con-
straints Y, cy.;en O(L) = 0 forany i € N and & € O allow one to conclude that
ZSESU{E} —0(S) - xs = 0(N) - xn is a semi-conic combination yielding a constant
vector in RV . Thus, by definition, E is exceptional in S U { E'} and the condition (d)
has been verified.

To show (d)=(e) assume that E € WV is exceptional within S U {E}. This means
that there exists a linear combination ) . Su(E) Vs + Xs yielding a constant vector
in RN where vz < 0 and vg > 0 for S € S. Observe that E is exceptional within
a smaller set system (S\{7}) U {E}. In case vy = 0 we are done. In case v > 0
we apply Lemma 2(d) to § which says that there exists (unique) affine combination
D ses As - xs yielding a constant vector in RV with both A7 < 0 and Ag > O for
S € S\{T}. Then we put Ag := 0 and

—A
ks = — L Ag+—2L ug for S e SULE).
UT—7\T VT_)\T
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Hence, » . su(g) ks - Xs yields a constant vector in RN, kg < 0, and k7 = 0. Thus,
(S\{T}) U{E} is a semi-balanced system on N and E is an exceptional set within it.
To show (e)=>(f) we fix a semi-conic combination ). SU(E}KS * XS yielding a

constant vector in RY with kg < 0 and k7 = 0. In particular, one can choose
a min-semi-balanced system D C (S\{T'}) U {E}. One has E € D as otherwise
D C S contradicts the minimality of S. By Lemma 2(d), there exists (unique) affine
combination ) ¢_p o - xs yielding a constant vector in RY which is semi-conic and
has all coefficients non-zero. Assume for a contradiction that g > 0. Then we put
os :=0for § € S\D and

o —K
s = —E g+ —E  5¢  forSeSU(E).
OE — KE OE —KE

Hence, ZSGSU{E} s - xs yields a constant vector in RY and g = 0 = ur. Since it
is a semi-conic combination 7 := {S € S : ugs # 0} C S is a semi-balanced system
on N, which contradicts the minimality of S. As o # 0, one necessarily has og < 0
and the set E is exceptional within D. Thus, the condition (f) has been verified.

The implication (f)=(g) is evident.

To show (g)=>(a) assume that D is the min-semi-balanced system with an excep-
tional set E € W such that D\S = {E}. Note that, by (1), one has both 6p(E) > 0
and Op(W) = 0 for any W € W\{E}. Then we put

0° == (1+¢)-0s+(—¢)-0p = Os+¢-(s—06p) foreverye > 0.

It makes no problem to observe that, for small ¢ > 0, one has 6° € (:)ITV C A. Because

of 6s € 16p, 0% and Op € C:)%’ C A one gets 65 ¢ ext (A) and (a) has been verified.
O
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