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ABSTRACT

The one-to-one correspondence between finite distributive lattices and finite partially or-
dered sets (posets) is a well-known theorem of G. Birkhoff. This implies a nice representation
of any distributive lattice by its corresponding poset, where the size of the former (distributive
lattice) is often exponential in the size of the underlying set of the latter (poset). A lot of engi-
neering and economic applications bring us distributive lattices as a ring family of sets which
is closed with respect to the set union and intersection. When it comes to a ring family of sets,
the underlying set is partitioned into subsets (or components) and we have a poset structure on
the partition. This is a set-theoretical variant of the Birkhoff theorem revealing the correspon-
dence between finite ring families and finite posets on partitions of the underlying sets, which
was pursued by Masao Iri around 1978, especially concerned with what is called the principal
partition of discrete systems such as graphs, matroids, and polymatroids.

In the present paper we investigate a signed-set version of the Birkhoff-Iri decomposition
in terms of signed ring family, which corresponds to Reiner’s result on signed posets, a signed
counterpart of the Birkhoff theorem. We show that given a signed ring family, we have a
signed partition of the underlying set together with a signed poset on the signed partition
which represents the given signed ring family. This representation is unique up to certain
reflections.

KEYWORDS
Signed ring families; signed posets; bidirected graphs; decomposition; bisubmodular
functions

1. Introduction

The one-to-one correspondence between finite distributive lattices and finite partially ordered
sets (posets) is a well-known theorem of G. Birkhoff (see [6, 7]). This implies a nice repre-
sentation of any distributive lattice by its corresponding poset, where the size of the former
(distributive lattice) is often exponential in the size of the underlying set of the latter (poset).
A lot of engineering and economic applications bring us distributive lattices as a ring family
of sets which is closed with respect to the two binary operations of set union and intersection.
Typically we have such a ring family of sets as a family of minimizers of a submodular set

+ The original version of the present paper is a technical report [1], which has been left unpublished while its copy being often
requested by interested researchers. We have now decided to try to make it published by submitting it to the present special issue
in memory of Masao Iri, after substantial revisions made by clarifying a relationship between some results of Iri and ours, by
improving the description of our main contribution, and by including some recent related references.
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function (see [13]). When it comes to a ring family of sets, the underlying set is partitioned
into subsets (or components) and we have a poset structure on the partition. This decom-
position with a poset structure on the set of components plays important and crucial roles
in many practical problems related, for example, to the decomposition of a directed graph
into strongly connected components, the Dulmage-Mendelsohn decomposition of a bipartite
graph ([29]), etc. This is a set-theoretical variant of the original Birkhoff theorem, to be called
the Birkhoff-Iri decomposition, revealing the correspondence between finite ring families and
finite posets on partitions of the underlying sets, which was intensively pursued by Masao Iri
around 1978, especially concerned with the problem of what is called the principal partition
of discrete systems ([14, 22-25, 28]).

Theorem 1.1 (Birkhoff-Iri). Let D be a set of subsets of a finite set V with ),V € D. Then D
is a distributive lattice with set union and intersection as the lattice operations if and only if
there exists a poset (IL(V'), <) on a partition 11(V') of V' such that D is expressed as follows:

X € D <= there exists an ideal J of (IL(V'), <) such that X = U F,
FeJg
where J is an ideal of (IL(V'), <) if for every F € J we have F' € J forall F' € TI(V)
satisfying F' < F. O

Example 1: See Figure 1 as an illustration of the Birkhoff-Iri decomposition of the underlying
set with the associated poset structure on the partition. O

{1,2,3,4,5}

{17 27 37 4}

{1,2}

(3.4} {1,2} {3,4}

(a) (b)

Figure 1. (a) A distributive set lattice D and (b) its corresponding poset on the partition of the underlying set {1,2, 3,4, 5}.

On the other hand, V. Reiner [32] introduced the concept of signed poset and showed the
so-called signed Birkhoff theorem, which is a signed analogue of the Birkhoff theorem on
distributive lattices and posets. The signed Birkhoft theorem [32, Theorem 4.8] asserts that
for a finite lattice £ with the maximum element 1, £ — {1} is isomorphic to the set of ideals
of some signed poset P if and only if L is B,,-distributive, where P is determined by £ up to
isomorphism as a signed poset (see [32] for the precise definitions and terminology).

In the present paper we investigate a signed-set version of the Birkhoff-Iri decomposition
(Theorem 1.1), which gives a signed-set decomposition of discrete systems represented by
signed ring families into signed partitions with signed poset structures (the precise description
will be given in Sections 4 and 5). This is an elaboration of Reiner’s result on B,,-distributive
lattices and signed posets to obtain a signed-set counterpart of the Birkhoff-Iri theorem (The-
orem 1.1), in terms of signed ring family.

The present paper is organized as follows. Basic definitions and preliminaries are given
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in Sections 2 and 3. Section 4 describes how every simple and spanning signed ring family
can be represented by a signed poset introduced by Reiner, or equivalently by a bidirected
graph considered in Section 3, in terms of signed ring family (see Theorem 4.10). We further
consider general signed ring families and their representation by signed partitions with signed
poset structures in Section 5 (see Theorem 5.1). Finally, in Section 6 we give some remarks
on recent related developments in signed ring families and bisubmodularity.

2. Preliminaries

The authors ([2—4]) in collaboration with T. Naitoh and T. Nemoto were interested in a family
FC3 ={(X,Y)| X,Y CV,XNY = (} for a finite nonempty set V' that is closed
with respect to the two binary operations called reduced union L and intersection 1. For
each (X;,Y;) € F (i = 1,2) the reduced union (X1,Y7) U (X2,Y2) and the intersection
(X1,Y1) M (X2,Y>) are, respectively, defined by

(X1, V1)U (X2,Y2) = (HiUXe)\(1UY2),(Y1UY) \ (X1 UXp)), (D)
(Xl,Yl)l_l(XQ,Yg) = (le_XQ,YimYQ). )

(See Figure 2.)

(a) (b)

Figure 2. (a) The reduced union (X1, Y1) U (X2, Y2) and (b) the intersection (X1, Y1) M (X2, Y2).

Such a family F is called L,[-closed. We call F a L,[M-closed family or a signed ring family
(the former term was used in our original report [1] but we use the latter in the following).

Each (X,Y) € F can be identified with its characteristic vector x(xy) € {0,+1}
defined by

1 ifveX

X(X,Y) (’U) = —1 ifveY (3)
0 otherwise

for each v € V. Therefore, we call each (X,Y’) € F a signed set. Also, we call (0, ) the
null signed set. It should be noted that we have the following equality for all (X;,Y;) € F
(1=1,2).

X(X1,Y1) T X(X2,Ya) = X(X1,Y1)U(X2,Ys) T X(X1,Y1)N(Xa,Ya)- 4)
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For (X;,Y;) € F (i = 1,2) we write (X1,Y1) C (Xo,Ys) if X; C Xoand Y] C V5. If
we have (X1,Y1) C (Xo,Y2) and (X1,Y7) # (X2, Y2), we write (X1,Y7) T (X2,Y2). See
Figure 3 for an example of a signed ring family on V' = {p, ¢, }.

@, {p.a.r})

(g} {p}) (g} {p,7})

({a}, {r})

0,0)

Figure 3. A signed ring family where the signed sets are ordered by C.

A special signed ring family 7 = 3V = {(X,Y) | X,Y C V, X NY = 0} appears
in [8-10, 13, 31], while signed ring families were introduced as domains of bisubmodular
functions (see [3, 13]). A bisubmodular function f: F — R is a function satisfying

F(X1, Y1) + f(X2,Y2) > f((X1, Y1) U (X2, Y2)) + f((X1, Y1) MT(X2,Y2))  (5)

for all (X;,Y;) € F (i = 1,2). Bisubmodular functions are generalization of rank functions
of polymatroids and other related polyhedra (see, e.g., [8—10, 13, 31]). Given a bisubmodular
function f: F — R on a signed ring family F with (0,0) € F and f(0,0) = 0, we define
the bisubmodular polyhedron associated with f by

P.(f)={z|zeRV,V(X,Y) e F: 2(X,Y) < f(X,Y)}, (6)

where z(X,Y) = > cx 2(v) — >_,cy #(v). The class of bisubmodular polyhedra is exactly
the one for which the greedy algorithm works (see [9, 10] for F = 3"). Real-valued functions
defined on 3" are also studied in the field of game theory under the name of bicooperative
games or bicapacities where the partial order on 3 is different from that considered in this
paper (see, e.g., [, 11, 20, 21]).

We say F is spanning if there exists some (X,Y) € F such that X UY = V. We can
show that a signed ring family F is spanning if and only if for each v € V there exists some
(X,Y) € Fsuchthat v € X UY. This follows from the following lemma.

Lemma 2.1. Every maximal element (X,Y') € F has the same set X UY, where the order
among F is with respect to C.

(Proof) Since
(X1U (X2 \ Y1), Y1 U (Y2 \ Xq)) = (X1, Y1) U (X2, Y2)) U (X1, Y1), (7
we have

(XlU(XQ\Yl),YlLJ(YQ\Xl)) e F (8)

4
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for any (X;,Y;) € F (i = 1,2). Also, note that we have

(X1, Y1) E(X1 U (X2 \ Y1), Y1 U (Y2 \ X1)), )]
X1Uu(Xe\unuYe\Xp) =X1UXUY1UYs. (10)
Therefore, the present lemma follows from (7)~(10). O

Due to Lemma 2.1, for any maximal (X,Y) € F let us call the unique set X U Y the
support of F. We thus see that for a non-spanning signed ring family 7 C 3" on V we can
restrict the underlying set V' to its support. Therefore, without loss of generality we assume
that F is spanning in the sequel unless otherwise stated.

For a spanning F we say F is simple if for each distinct v,w € V

e there exists some (X,Y) € F such that eitherv € XUY andw ¢ XUY orv € XUY
andwe XUY.

We shall consider representations of general non-simple signed ring families by means of
signed posets. Before doing so, we first treat simple signed ring families. We show a theorem
(Theorem 4.10) that there exists a one-to-one correspondence between the set of all the simple
signed ring families 7 C 3" on V with (0, #) € F and the set of all the signed posets P on
V' such that each such F is the set of all the ideals of the corresponding signed poset P.
The theorem, Theorem 4.10, is a set-theoretical version of the signed Birkhoff theorem of
V. Reiner [32], which sheds a new light on the signed Birkhoff theorem. We further examine
the representations of general non-simple and/or non-spanning signed ring families later in
Section 5.

The result obtained in this paper gives an important basis for developing a theory of bisub-
modular functions and associated (possibly unbounded) bisubmodular polyhedra. It should
be noted that the collection of all the minimizers of an arbitrary bisubmodular function is a
signed ring family. Hence, for any point z in the bisubmodular polyhedron defined by (6) the
collection F(x) of tight signed sets given by

f(x):{(X7Y)’(X’Y)EI’J:(va):f(X’Y)} (11)

forms a signed ring subfamily of F. We can see that a point = € P,(f) is an extreme point of
P.(f) if and only if F(x) is simple (see [2]). Therefore, for each extreme point x of the bisub-
modular polyhedron P, (f) we have a signed poset associated with F (). We can characterize
the adjacency of extreme points of the bisubmodular polyhedron in terms of the Hasse dia-
grams of the associated signed posets. By means of the signed poset representation we can
further examine facets, faces, dimensions, connected components, the membership problem
etc. for bisubmodular polyhedra (see [2]). Further related topics and recent developments will
be seen in Section 6.

3. Signed Posets and Ideals

Following Reiner [32], we define a signed poset and its ideal in an equivalent but slightly
different way in terms of bidirected graph.

For a finite vertex set V' and a finite arc set A we are given a boundary operator 0 on A as
follows. For each arc a € A there exist some vertices v, w € V such that one of the following
three holds:

(1) 0a =v+w (arc a has two tails, one at v and one at w),
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(2) da = —v —w (arc a has two heads, one at v and one at w),
(3) 0a = v —w (arc a has a tail at v and a head at w),

where the right-hand sides should be regarded as elements of the free module over the set Z
of integers with a base V, and if v = w, we do not allow (3). Also, we assume that there do
not exist any two distinct arcs a, a’ € A such that da = da’. When da = +v + w, we say arc
a is incident to v (and w) and it is sometimes convenient to write arc a as v+=4w. If arc a is
incident to only one vertex v (i.e., a = v+-+v or a = v——v), arc a is called a selfloop at v.
We call G = (V, A; 0) a bidirected graph. See Figure 4 for an example of a bidirected graph.

Figure 4. A bidirected graph.

For a bidirected graph G = (V, A; ) we further assume the following:

(i) There are no two arcs aq,as € A such that da; = —das (i.e., no two arcs, of either
u++v and u——v or u+—v and u—+wv, coexist).

(i) For any two arcs a1, as € A, if the sum of the absolute values of the coefficients of the
vertices in daq + Oas is two, then there exists an arc as € A such that Oas = daj + das
(i.e., the existence of arcs u+=v and vF+w implies the existence of arc u++w and
similarly for other sign patterns).

(iii) For any two selfloops a1,a2 € A incident to distinct vertices (e.g., a; = u+-+u and
as = v+—+wv for u # v) there exists an arc ag € A such that 20as = day + das (e.g.,
a3 = u+-+v).

Then, we call the bidirected graph G = (V, A;0) a signed poset on V and denote it by
P = (V, A; ) as well. This definition is equivalent to the one given by Reiner [32]. A signed
poset P = (V, A;0) on V is uniquely determined by 0A = {0a | a € A}, i.e., a signed poset
is uniquely determined up to the relabeling of the arcs. We can see that the bidirected graph
shown in Figure 4 is in fact a signed poset.

For each a € A we denote by 97 a (0~ a) the set of the vertices that have positive (negative)
coefficients in Ja.

Now, we define an ideal of the signed poset P = (V, A;0) as follows. A signed set
(X,Y) € 3V is an ideal of P if it satisfies

(0a,(X,Y)) <0 (a€A), 12)

where da and (X, Y") should be regarded as integral vectors in Z"" in a natural way, and (-, -)
as the canonical inner product. Inequality (12) means that (9TaNX)U (0~ aNY’) # () implies
(0"anN X)U(0TanY) # (. In Reiner’s definition of ideals the inequality sign in (12) is
reversed but we adopt the above definition due only to the consistency with our system of
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notations for ordinary posets and ideals (cf. [13]). For the signed poset shown in Figure 4, the
set of the ideals is exactly the signed ring family given in Figure 3.

4. Signed Ring Families and Their Representations
Let F C 3" be a simple signed ring family with ((}, )) € F. For each v € V define

F(+v) ={(X,Y) |ve X,(X,Y) € F} (13)
if there exists some (X,Y) € F such that v € X, and define

F(—v)={(X,Y) |veY,(X,Y) e F} (14)

if there exists some (X,Y’) € F such that v € Y. If there isno (X,Y) € F suchthatv € X
(or v € Y), then we define F(+v) = (0,0) (or F(—v) = (0,0)). Note that since F is a
spanning family on V, by Lemma 2.1 F(+v) or F(—wv) is non-null for every v € V. Also, for
any W = (X,Y) € F we define

Wtr=X, W =Y. (15)

Given a simple (and hence spanning) signed ring family 7 C 3" on V, we construct a
bidirected graph G(F) as follows. G(F) has the vertex set V' (since F is spanning). The arc
set A is constructed by the following procedures (1)~(3):

(1) Foreachv € V,
(la) if F(—v) = (0,0), add a selfloop a at v such that da = —2v (i.e., a = v——v),
(1b) if F(+v) = (0,0), add a selfloop a at v such that da = 2v (i.e., a = v++v).
(2) For each distinct v, w € V,
(2a) if w € F(4+v)™, add an arc a such that da = v — w (i.e., a = v+—w),
(2b) if w € F(4+v)~, add an arc a such that da = v + w (i.e., a = v++w),
(2¢) if w € F(—v)™, add an arc a such that da = —v — w (i.e., a = v——w),
(2d) if w € F(—v)~, add an arc a such that da = —v + w (i.e., a = v—~+w).
(3) For any two selfloops a; and a9 that are incident to distinct vertices, add an arc as such
that 20az = da; + Oas.

During the construction of the arc set A, if an arc to be added has already been constructed,
then we skip the operation. It should be noted that if we do not require condition (iii) for the
signed poset, or more precisely if we remove such an arc a3 appearing in condition (iii), then
we do not need Procedure (3) given above.

Let us consider the signed ring family F shown in Figure 3. We see the following.

F(+p) = (0,0), F(-p) = (0.{p}),
F(+q) = ({4} {r}), F(-q) (0.{p,q.7}),
F(+r) = (ar}h{p}), F(=r) @, {p,r}).

Then, procedures (1)~(3) yield the bidirected graph G(F) in Figure 4.
To show that the bidirected graph G (F) constructed above is a signed poset, we need some
lemmas.

Lemma 4.1. For any distinct v,w € V,
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(@) ifw € F(+v)*, thenv € F(+w)™,
(b) if w € F(+v)~, thenv € F(—w) ™,
(¢) ifw € F(—v)T, thenv € F(+w)~
) (—w)™.

(d) ifw e F(—v)~, thenv ¢ F
(Proof) We show (a) (the proofs of the other cases are similar).

Suppose, to the contrary, that w € F(+v)" and v € F(+w)™. Since F is simple, there is
some (X,Y) € Fsuchthat(1)v € XUY andw ¢ XUY,or(2)v ¢ XUY andw € XUY.
In Case (1), if v € X, then (F(+v) M (X,Y))" contains v but not w, which contradicts the
minimality of F(+v); and if v € Y, then (F(+w) U (X,Y))" contains w but not v, which
contradicts the minimality of F(4w). Case (2) can be treated similarly as Case (1). O

’

Lemma 4.2. For any distinct v,w €V,

(@) ifw € F(+v)*, then F(+w) C F(+v),
(b) ifw € F(+v)~, then F(—w) C F(+v),
(¢) ifw € F(—v)T, then F(+w) C F(—v),
@ ifw € F(~v)", then F(~w) C F(—v).

(Proof) If the inclusion [C is replaced by the inclusion C with equality, then each assertion
easily follows from the definition (the minimality) of F(-). The strict inclusion L is due to
Lemma 4.1. O

Lemma 4.3. For any distinct v,w € V,

(@) ifw € F(+v)t and F(—w) # (0,0), then v € F(—w)~,
(b) ifw € F(+v)™ and F(+w) # (0,0), then v € F(+w)~,
(©) ifw € F(—v)T and F(—w) # (0,0), then v € F(—w)™,
(d) ifw e F(—v)™ and F(+w) # (0,0), then v € F(+w)™.

(Proof) We show (a) (the proof of the other cases are similar).

Suppose, to the contrary, that w € F(+v)*, F(—w) # (0,0) and v € F(—w)~. Then we
have v € (F(+v)UF(—w))" and w & (F(+v)UF(—w))™, which contradicts the minimality
of F(+v). O

Lemma 4.3 partly corresponds to Proposition 4.6 in [32].

Lemma 4.4. For any distinct v,w € V,

(@) ifw € F(+v)t and F(—v) = (0,0), then F(—w) = (0, 0),
(b) ifw € F(+v)™ and F(—v) = (0,0), then F(+w) = (0, 0),
(©) ifw € F(—v)t and F(+v) = (0,0), then F(—w) = (0, 0),
d) ifw e F(—v)~ and F(+v) = (0,0), then F(+w) = (0,0).

(Proof) We show (a) (the proof of the other cases are similar).
Suppose, to the contrary, that w € F(+v)™,F(—v) = (0,0) and F(—w) # (0,0). Then
from Lemma 4.3 we have v € F(—w)~, which contradicts the assumption that F(—v) =

((Z)v (Z)) O

From Lemmas 4.1~4.4 we have the following.
Theorem 4.5. The bidirected graph G(F) = (V, A; 0) defined above is a signed poset.

(Proof) Let us check conditions (i)~(iii) in the definition of a signed poset.
(i) Suppose, to the contrary, that there exist two arcs a1, as € A such that da; + das = 0.

KURENAI #1
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These a; and a2 are both non-selfloop arcs or both selfloop arcs. Since selfloop arcs are added
only by Procedure (1), the case of two selfloops is excluded due to the remark given after the
definition of F(-). Hence, suppose a; and ag are non-selfloop arcs. By the same reason as
above, they are not both added by Procedure (3). Suppose that a; and as are both added by
Procedure (2). We can assume without loss of generality that da; = v+ w and Jas = —v—w
since the other cases are treated similarly. Then we have one of the following (a)~(d):

(@ w € F(+v)” andv € F(—w)™;

(b)w € F(+v)” andw € F(—v)T;

(c)v € F(+w)~ andv € F(—w)™;

(d)v € F(+w)” andw € F(—v)™.

Cases (a) and (d) are excluded due to Lemma 4.1. Case (b) is reduced to Case (a) since
w € F(+v)” and w € F(—v)" imply v € F(—w)" by Lemma 4.3. Similarly, Case (c) is
reduced to Case (d). The only possibility is now the case when one is added by Procedure (2)
and the other by Procedure (3). This case is also excluded by Lemma 4.4.

(ii) Suppose da; + das = +v £+ w for some v, w € V. We treat only the case when
0a1+0as = v+w since the other cases are treated similarly. Then we have either v —u € 0A
andu+w € 0Aoru+v € 0A and w — u € 0A. We assume the former case (v — u € A
and v + w € JA) without loss of generality.

When u = w, we have F(+w) = (0,0) and hence F(—w) # (0, ). Also, since v — w €
DA, we have either w € F(4v)* or v € F(—w)~. The former case reduces to the latter by
Lemma 4.3. Then, by Lemma 4.4, we have F(+v) = (0, ), which implies 2v € 9A. Hence,
Procedure (3) constructs an arc ag € A with dag = v + w.

When u # w and v # w, we have one of the following (a)~(f):

(@veF(—u)",uecF(+w);

b)u € F(+v)t,w € F(+u)~;
©veF(—u)",weF(+u);
(due F(+v)+, ue F(+w)™;
(e) F(+v) = (0,0), F(—u) = (0,0), w € F(+u)~;

() F(+w) = (0,0), F(+u) = (0,0), v € F(—u)".

Both (a) and (b) imply v +w € JA from Lemma 4.2. In Case (c), if both F(+v) = (0, ) and
F(+w) = (0,0), then we have v+w € JA due to Procedure (3). Moreover, if F(+w) # (0, 0)
(or F(+v) # (0,0)), then Case (c) is reduced to Case (a) (or Case (b)) from Lemma 4.3.
Case (d) is reduced to Case (a) (and Case (b)) from Lemma 4.3 since F(—u) # (0,0) (and
F(4+u) # (0,0)). In Case (e) (or Case (f)) we have F(+w) = (0,0) (or F(4+v) = (0,0)) due
to Lemma 4.4, so that we have v + w € J A by Procedure (3).

Let us consider the case when u # w and v = w. If F(4+v) # (0),0), then arcs a; and
as with da; = v — uw and das = v + u are constructed by Procedure (2). Then we have (I)
v € F(+u)” oru € F(4+v)~ and (I) v € F(—u)~ oru € F(4+v)*. However, by Lemma 4.3,
(I) implies u € F(+v)~ and (I) implies u € F(+v)", a contradiction. Therefore, we have
F(4v) = (0, 0), and hence, by Procedure (3) there is a selfloop a with da = 2v.

(iii) This is due to the definition of G(F). O

We now denote the signed poset G(F) by P(F) = (V, A; D).
Lemma 4.6. Let (X,Y) € 3V be an ideal of the signed poset P(F). Then we have

0,0) # F(+v) C (X,Y) (veX), (16)
0,0) # F(—v) C (X,Y) (veY). (17)

(Proof) Since (X, Y) is an ideal of P(F), relations (16) and (17) follow from the definition
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of P(F). O

Now, we show the following theorem.
Theorem 4.7. The set of all the ideals of the signed poset P(F) coincides with the given F.
(Proof) Suppose that (X,Y) € 3V is an ideal of P(F). From Lemma 4.6 we have

(va) = (I—lveXF(‘H))) U (uveYF(_U))' (18)

Hence, (X,Y) € F.
Conversely, suppose (X,Y) € F. Then we have

(0,0) # F(+v) C (X,Y) (veX), (19)
0,0 C (X,Y) (veY). (20)

If (X,Y) is not an ideal of P(F), then we have the following (I) or (II):

(I) For some v € X we have one of the following three:

(a) There is a selfloop a such that da = 2v.
(b) There are a non-selfloop arc a and a vertex w ¢ Y such that da = v + w.
(c) There are a non-selfloop arc a and a vertex w ¢ X such that da = v — w.

(Il) For some v € Y we have one of the following three:
(a) There is a selfloop a such that da = —2v.
(b) There are a non-selfloop arc a and a vertex w ¢ X such that Ja = —v — w.
(¢) There are a non-selfloop arc a and a vertex w ¢ Y such that da = —v + w.

Case (I-a) is impossible since F(4v) # (0, 0) for v € X. In Case (I-b), we have w € F(+v)~
orv € F(+w)™. But w € F(+v)~ is impossible from (19) since w ¢ Y. So, we must have
v € F(4+w)~, whichimplies w € F(4+v)™ C Y (due to Lemma 4.3 and (19)), a contradiction.
Similarly as Case (I-b), Case (I-c) also leads us to a contradiction. Case (II) can be treated
similarly as Case (I).

Consequently, (X, Y) must be an ideal of P(F). O

Theorem 4.7 asserts that () defines an injection from the set of simple signed ring fam-
ilies, on V, containing ((), @) to the set of signed posets on V. We show that the mapping is
also onto.

For a signed poset P = (V, A;0) and a vertex v € V, when 2v ¢ 0A, define

I[(+v) = {w |v—w € A} U{v},{w | v+w € 0A}) (21
and when —2v ¢ 0A, define
I(—v) = ({w | —v—w e 0A}, {w | —v+w € 0A} U {v}). (22)

Also, if 2v € JA (or —2v € 9A), we define I(+v) = (0,0) (or I(—v) = (0,0)). We can
easily see that I(+v) and I(—v) are ideals of P and we call I(+v) the positive principal
ideal at v and I(—v) the negative principal ideal at v of P. (In fact, for a simple signed ring
family F on V and its corresponding signed poset P on V' we have I(+v) = F(+v) and
I[(—v) =F(—v) forv e V.)

Lemma 4.8. Let Z(P) be the set of all the ideals of a signed poset P on V. Then Z(P) is a
simple signed ring family on V with (0, 0) € Z(P).

10
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(Proof) First, we show that Z(P) is L,M-closed. Let (X;,Y;) (i = 1,2) be ideals of P. Let us
consider their intersection (X1, Y1) M (X2, Y3). For any a € A, if

(0Tan (X1N X)) U (0 an (Y1 NYs)) #0, (23)
then we have
(0 anY))U (@ anXy)#0, (0TanY)U(@ an Xs) # 0 (24)

since (X;,Y;) (i = 1,2) are ideals. Since we do not have 9~ a N X7 # P and dtaNYs # 0
(or 0tanY; # 0 and 0-a N Xy # 0) due to (23), it follows from (24) that we have
tan(Y1NYz) #Qord an (XN Xs) #0,ie.,

(0TanN(YINY2))U (0 an (X1NXa)) # 0. (25)

Hence, (X1, Y1) (X3, Y3) is an ideal of P. Let us now consider the reduced union (X7, Y7)U
(X2,Y3). Suppose that for an arc a € A

(0FTan(X1UX2)\ (Y1UY2) U@ an((Y1UY2) \ (X1UXa) #0.  (26)
Then we have (0TaNY;)U (0 anNXy) #Dor (0TanYe)U (0~ an Xy) # 0, ie.,
(07an (X1 U X2))U(8Tan (Y1 UYa)) #0, 27)

since (X;,Y;) (i = 1,2) are ideals. If 9Ta N (X7 U X2) N (Y1 U Y3)) # 0 (or 9~ a N
(X7 UX3) N (Y1UY3)) # 0), we must have 0~ a N (X7 U X3) \ (Y1 UY3)) # 0 (or
dtan (Y1 UYs)\ (X1 UX2)) # 0) due to (26). Hence, from (27) we have

(07an((X1UX2)\ (Y1UY2) U@ an((Y1UY2) \ (X1UXa)) #0.  (28)

Therefore, (X1, Y1) L (X2, Y>) is an ideal.

Next, we show that Z(P) is spanning. By the definition of the signed poset P = (V, A; ),
forany v € V we have 2v € dA or —2v ¢ OA. Therefore, there exists an ideal I(+v) # (0, 0)
or I(—v) # (0, 0) for any v € V. Hence from from Lemma 2.1 that every v € V belongs to
the support of Z(P), i.e., Z('P) is spanning.

Finally, we show that Z(P) is simple. For any distinct v, w € V, suppose 2v ¢ J A without
loss of generality. If w & I(+v)™ UI(4v)~, then we are done and if w € I(+v)* UI(+v)~,
then (I(+v) ™ \ {v},I(+v)7) is a desired ideal that separates v and w.

We conclude the proof by noting that (), ?) is also an ideal of P. O

Lemma 4.9. For two signed posets P = (V, A;0) and P’ = (V,A";0")on V, if 0A # 0’ A/,
then I(P) # Z(P’).

(Proof) If there exists some v € V such that 2v € A\ 9’A’ (or —2v € QA \ 9'A’), then
the positive (or negative) principal ideal at v of P’ is not contained in Z(P). So, suppose
that P and P’ have the same set of selfloops. If there exist distinct v,w € V such that
v—w €€ JA\ A then2v € 0’ A" or —2w ¢ I A’ If 2v & 9’ A’ (or —2w ¢ J' A’), then for
the positive (or negative) principal ideal W at v (or w) of P’ we have w ¢ W (orv € W™).
Hence, W is not an ideal of P. Other cases are treated similarly. O

11
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From Theorem 4.7, Lemma 4.8, and Lemma 4.9 we have the following theorem. This is a
signed-set version of the Birkhoff theorem of Reiner [32], described in terms of signed ring
family.

Theorem 4.10 (Reiner). There exists a one-to-one correspondence between the set of all the
simple signed ring families F C 3V on'V with (,()) € F and the set of all the signed posets
on 'V such that each such F is the set of all the ideals of the corresponding signed poset P. In
fact, such a one-to-one correspondence is obtained by making each F correspond to P(F).

5. General Signed Ring Families

In this section we investigate the representation of non-simple and/or non-spanning signed
ring families, which is important when we are given such a signed ring family and want
to decompose the associated discrete system into subsystems with a signed poset structure
on it. The decomposition of signed ring families described in this section is the signed-set
counterpart of the Birkhoff-Iri decomposition (Theorem 1.1) of ring families (distributive set
lattices).

Consider any signed ring family F C 3" Recall that because of Lemma 2.1 we can restrict
the underlying set V' to its support. Hence we assume that F is spanning.

Moreover, if a signed ring family on V' does not contain ((, (), then for the minimum
element (X, Yy) of F define

F ={(X\X0,Y\Yy) | (X,Y) e F}. (29)

Then F' is a signed ring family on V/ = V \ (X, U Yy) with (0,()) € F'. Hence we can
assume that ((), () € F.

Now, consider any spanning signed ring family 7 C 3V with (),)) € F. Define an
equivalence relation ~ on V as follows. For any v,w € V we have v ~ w if and only
if for each (X,Y) € F either v,w € X UY or v,w ¢ X UY. The equivalence classes
associated with the equivalence relation ~ give a partition II(F) of V. By the definition of
the equivalence relation we see that each component K € II(F) is divided into two sets K
and K (either but not both possibly empty) such that for each (X,Y) € Fwith K C X UY
we have either

(1) KiCXand Ko CY,or
(i) K1 CYand Ky C X.

Therefore, we should consider II(F) as a signed partition, where each component K € II(F)
is further partitioned into two sets K and K3 and is identified with a signed set (K1, K3) €
3V. More precisely, we consider as follows.

e For each K € II(F) the bi-partiton { K7, K5} is unique, and we choose an ordered
pair (K1, K») and fix it for each K € II(F) throughout the argument given below.
Consider II(F) as a signed partition { (K1, K2) | K € II(F)} of V.

We call (K3, K1) a reflection of (K1, K2). We show a way of representing a given spanning
signed ring family JF with (), )) € F in this section (Theorem 5.1), which is unique up to
reflections of components of the signed partition {(K7, K2) | K € II(F)} of V. For each
(X,Y) € F define a signed set (X,Y) € 31F) by

(X,Y) = ({K € I(F) | (K1, K2) C (X, )}, {K € [I(F) | (K2, K1) £ (X,Y)}) (30)
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and put
F={X, V)| (X,Y)€e F}. 31)

We can easily show that F is a simple signed ring family on the signed partition II(F). We
call Fa simplification of F. Hence F is the collection of ideals of a unique signed poset
P(F), due to Theorem 4.10.

Conversely, each (X,Y) € F is made to correspond to (X,Y) € F as follows.

(X,Y) =U({(K1, K2) | K € X}U{(K2, K1) | K €Y}). (32)

We can see that once every signed component (K, K) € II(F) is fixed, the correspondence
between (X,Y) € Fand (X,Y) € F is one-to-one.
We now have our main theorem as follows.

Theorem 5.1 (Reiner-AF). For any spanning family F of signed sets in 3V with (0, () € F,
the family F is a signed ring family if and only if there exist a signed partition I1(F) of V and
a signed poset P on the signed partition I1(F) such that for every (X,Y) € F there exists
an ideal (X,Y) of P such that (30) and (31) hold. m

This is a signed set-theoretical extension of Reiner’s theorem [32]. The relation between
the present theorem and Reiner’s is the signed-set counterpart of the relation between the
Birkhoff-Iri theorem and the Birkhoff theorem. Theorem 5.1 furnishes the decomposition
of bidirected graphs into strongly connected components with signed poset structures ([4]),
which further yields the Edmonds-Gallai decomposition of undirected graphs ([26, 27, 29]).

As is remarked above, for a spanning signed ring family 7 C 3V with (), )) € F the cor-
responding representation by a signed poset on a signed partition II(F) stated in Theorem 5.1
is not unique in general. It is uniquely determined up to the choice of signed components or
ordered bi-partitions (K7, K2) of components K € II(F), i.e., up to their reflections.

Example 2: See Figure 5 for two signed posets with signed partitions that represent the same
signed ring family 7 < 3{1,2:3456} Note that the signed component = ({6}, {5}) in
Figure 5 (b) is reflected from r = ({5}, {6}) in Figure 5 (a) and at the same time the signs of
arcs incident to r are reflected. For example, the representation in Figure 5(a) has the set of
maximal signed sets (in the simplification of F) given by

(g rhAr}), {adAp.r}), (0,{p,q,7}), (33)

while the one in Figure 5(b) has the set of maximal signed sets given by

({at:{p,r}), (ot A{p}), {rh{p,a})- (34)

Then, both (33) and (33) give the same set of maximal signed sets in JF as

({3,4,5},{1,2,6}), ({3,4,6},{1,2,5}), ({3,6},{1,2,4,5}). (35)
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Figure 5. (a) A signed poset representation and (b) its equivalent representation, where the vertices p, g, r are associated
with signed set components: in Figure 3(a): p = ({1,2},{3}), ¢ = ({4},0), and r = ({5}, {6}), while in Figure 3(b):
p=({1,2},{3}), ¢ = ({4},0), and r = ({6}, {5}).

6. Concluding Remarks

Although the original version [1] of this paper has been left unpublished, the signed-set de-
composition of signed ring families shown in Sections 4 and 5 has played crucial roles for
minimizing bisubmodular functions in (strongly) polynomial time in [12, 17, 30], decompo-
sition of skew-symmetric matrices in [26, 27], and the principal partition of bisubmodular
systems in [16]. Since the bisubmodularity and its extensions have recently drawn much at-
tention of researchers (see, e.g., [12, 15, 18, 19]), the detailed discussions and proofs given in
the present paper will be useful for further investigation on the related research subjects.
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