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Abstract. We study properties of semi-elementary imsets and elementary imsets introduced by
Studeny [10]. The rules of the semi-graphoid axiom (decomposition, weak union and contraction)
for conditional independence statements can be translated into a simple identity among three
semi-elementary imsets. By recursively applying the identity, any semi-elementary imset can be
written as a sum of elementary imsets, which we call a representation of the semi-elementary imset.
A semi-elementary imset has many representations. We study properties of the set of possible
representations of a semi-elementary imset and prove that all representations are connected by
relations among four elementary imsets.
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1. Introduction

The method of imsets introduced by Studeny [10] provides a very powerful algebraic
method for studying conditional independence statements which hold under a probability
distribution. In this paper we prove some facts on semi-elementary imsets when they are
represented as non-negative integer combinations of elementary imsets. In particular we
prove that all representations of a semi-elementary imset are connected by relations among
four elementary imsets.

Let N denote a finite set of random variables and let A, B, C' denote disjoint subsets
of N. The union AU B of two sets A, B is abbreviated as AB. As usual A 1l B|C denotes
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that the random variables in A are conditionally independent of those in B given the
variables in C'. Three rules of the semi-graphoid axiom, i) decomposition, ii) weak union
and iii) contraction, can be summarized in the following single equivalence

XUYY5|Z & XUYi|Zand X ULY,V12 (1)

for any disjoint subsets X, Y7,Ys, Z of N.
Let P(N) denote the power set of N. For each triplet of disjoint subsets of N, denoted
by (A, B|C), Studeny [10] defined the semi-elementary imset u a4 g|c) : P(N) = Z by

1 ifS=ABCor S=C
uap|cy(S)=¢ -1 if S=AC or S=BC (2)

0 otherwise.

In terms of semi-elementary imsets, (1) is written as an identity

UXY1Ys|Z) = WX,)Y,|Z) T WX Yy |Y1Z) (3)

among three semi-elementary imsets. From the definition (2) it is easily seen that (3)
holds. See Figure 1. (3) is very convenient, because it can be regarded as an identity
among three 2/V-dimensional integer vectors.

XY\ 7Y,

X7z Y12Y5
XZ Y12

A

Figure 1: Sum of two semi-elementary imsets

When A and B are singletons, written with lower-case letters as a and b, u(,3|c) is
called an elementary imset. By recursively applying (3), i.e., splitting a semi-elementary
imset into two semi-elementary imsets, any semi-elementary imset u 4 g| ) can be written
as a sum (more precisely a non-negative integer combination) of elementary imsets w1y,
where a € A, b € B and C CT' C ABC. This corresponds to the fact that elementary
imsets are extreme rays of the cone generated by semi-elementary imsets (Studeny [10]).

We call a sum of elementary imsets which is equal to wia p|c) a representation of
u(a,B|cy by elementary imsets. Depending on the order of applications of (3) to various
subsets of A and B, there are many representations of a semi-elementary imset w4 g|c)-
Furthermore, as we show in this paper, there are representations which can not be obtained
by recursive application of (3). See Figure 3 below. For a given (A4, B|C), let F4 5| c)
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denote the set of all possible representations of w4 g|cy. We call Fi4 g|cy the uia p|c)-
fiber. In this paper we study the properties of this fiber.

Let X,Y7,Y5 be singletons a,by,be in (3) and let C C Z =T C ABC. Then by
changing the roles of b; and b, we obtain the following relation

Uiabr |T) T Uaby | biT) = Uaby |T) T Uaby |bol)- (4)

We call this relation and the similar relation wi, b 1) + %ayb|a1T) = Wazb|T) T U(ayr,b| asl)
a two-by-two basic relation. In this paper by a relation we mean an equality between two
non-negative combinations of elementary imsets. We call the difference of two sides of a
two-by-two basic relation a two-by-two move.

We say that two representations 6,60 € Fia,B|c) are adjacent if they just differ by
a two-by-two basic relation, i.e. § — 6’ is a two-by-two move. Furthermore we say that
Fa,B|c) is connected by two-by-two basic relations if for any two representations 0, VS
F(A,B|c) there exists a sequence of representations 6 = 6o, 61, ...,0k = ', such that 0,_;
and 60 are adjacent, 1 < k < K. Now our main result is stated as follows.

Theorem 1. Every Fi 4 p|c) s connected by two-by-two basic relations.

From the viewpoint of toric ideals and Markov bases (e.g.[11],[2],[3]), this result is
closely related to connectivity of a specific fiber by a subset of a Markov basis. See
[4],[1],[12] for relevant results. Since a Markov basis for the whole configuration of elemen-
tary imsets is very complicated ([5]), it is remarkable that Fa,B|c) is connected by the
two-by-two basic relations.

The organization of the paper is as follows. In Section 2 we set up our notation and
summarize basic facts on imsets. In Section 3 we state our results, including a sketch of
the proof of Theorem 1. In Section 4 we show some numerical and computational results
on the fiber F4 p|cy, when the cardinalities of A and B are small. Long proofs of some
lemmas and Theorem 1 are given in Section 5.

2. Preliminaries

In this section we set up our notation and definitions following [10] and [6]. Let N be
a finite set and let P(N) = {A | A C N} denote its power set. An integer-valued multiset
f:P(N) — Z is called an imset. We write the union AU B as AB. A singleton set {a}
is simply written as a.

For a triplet (A, B |C) of disjoint subsets of N, the semi-elementary imset w4 g|c) is
defined as (2). When A = a and B = b are singletons, usq | ¢y is called elementary. The
set of all elementary imsets for N is denoted as E(N). If A =) or B = (), then u4 g|cy
is the zero imset. Hence we usually assume that A, B are non-empty. On the other hand
C may well be an empty set.

For a given triplet (A, B|C), we consider the following set of elementary imsets:

g(A,B|C> = {U(a,b|1“> |la€e Ajbe B,C CT' C ABC}.
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The cardinality of &4 p|¢) is given by [E4 50y = |A|2141-1B|2IBI=1 Starting from
a given u4 p|cy, consider recursively applying (3). Then u 4 p|¢) is written as a non-
negative integer combination of elementary imsets from £ 4 | c):

wagiey= Y. fuu, B, €N={0,1,2...}. (5)

u€5<A,B ke

We call the right-hand side a representation of u 4 p|cy. There are many representations.
We call the set of possible representations the u 4 g|cy-fiber and denote it by F4 p|c)-
Even for the case |A| = 1, |B| = 2, the two-by-two basic relation in (4) shows that there
are two representations of u, p,p, | cy- If A = a is a singleton, it is easily seen that there are
|B|! different representations of uy, g|c). However for the general case |A| > 2, |B| > 2,
it is not trivial to enumerate Fi4 p|cy-

Now consider writing w4 p|cy as a 2IN|_dimensional integer column vector and u €
5(A,B|C) into a 2V x |5<A,B\C>| integer matrix U(A,B|C>- For example u{amg,lnbg\C) is
written as in Table 1. We call U 4 p|cy the configuration for the semi-elementary imset
u(a,B|cy- Then a representation (5) is written in a matrix form as

Table 1: Configuration Ua, ay,5,5, | ) Of elementary imsets in 4 a5,8104 | C)

OO
233380800000 _______
§ § 5§ F§LHEL 55 FFFEFTVLVLULDO
£ &5 8588848848848 .848 .8
f§fgggsggssgggegess
arazbibC|1 1 1 1.0 0 0 00 00 00 0 0 0
asbibsC |-1 -1 0 0 1.0 1.0 000 00 0 0 0
abibsC |0 0 -1 -1 0 1 0 1 000000 0 0
arasbC [-1 0 -1 0 0 0 0 0 1 0 1 00 0 0 0
aazbC [0 -1 0 -1 0 0 00 0 1.0 100 0 0
bibC |0 0 0 0 -1 -1-1-1000 0000 0
azbeC |1 0 0 0 -1 0 0 0 -1 0 0 0 1 0 0 0
azb:C |0 1 0 0 0 0 -1 00-1000 10 0
abC |0 0 1 0 0 -1 000 0-1000 10
abC |0 0 0 1 000 -1000-1000 1
@a:C [0 0 0 0 00 0 0 -1-1-1-1020 0 0
bC [0 0 0 0 1 1000000 -10-10
BC [0 0 0 000 1 100000 -0 -1
aC |00 000000 1 100-1-100
aC |0 0000000 0O0T1T100--1
c 000000000000 T1 111

waB|c) =Ua | )b,

where 6 is the column vector of coefficients 6, in (5). From now on we identify a non-
negative integer combination of elementary imsets from &4 p|cy with the vector of non-
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negative integer coefficients. Then F 4 | is written as

Fiapioy ={0 e NEasiol |y, pioy =Uapc)0}- (6)

In this form it is evident that F 4 g|c) is a particular fiber in the theory of Markov basis.

Note that the configuration U4 | ¢y is a subconfiguration of the set of all elementary
imsets £(N). It is known that the elementary imsets in £ 4 p|¢) are the extreme rays
of a face of the cone generated by all the elementary imsets. Hence the subconfiguration
Uia,B|cy generates a combinatorial pure subring in the sense of Ohsugi, Herzog and Hibi
(I8, 7, 9]).

From the form of U4 p|cy in Table 1, it is evident that the structure of the fiber
Fa,B|c) only depends on [A| and |B|. Therefore for our study of the structure of the
fiber F 4 B|c), we can assume that C' = () and N = AB, without loss of generality.

For the rest of this section, for the purpose of illustration, we write out the fiber
f<a1a2,b1b2 | ) - If we Spht blbg ﬁI‘St, we have u<a1a2,b1b2 [0y = u(alag,bl | @) + u<a1a2’b2|b1> or
Uaras,biba |0) = Wlaras,bs |0) TU(aras,br |be)- Consider the former case. Then we can split ajas,
independently in two terms on the right-hand side. Then we have four representations:

Warasbibs |0) = Uar b |0) + Uaz,by [ar) + Ular bz [b1) F Ulazba |arbr) (7)
= Ulag,by | 0) + Ulay,by | az) + U(ay,by | b1) + WUlag,bs | a1br)
= U(ay,by | 0) + U(as,by |a1) + U(ag,by | b1) + W(ay,ba | asbr) (8)

Ulag,by [0) T War,br |az) T Wag,ba |b1) T Wiar,bs|aghi)-

When we enumerate the representations, apparently we have 16 representations. However
in fact there are 12 distinct representations of F4,q, 5,6, |0)- If we consider symmetry with
respect to the interchanges a; <> as and by <+ ba, there are three types of representations
as shown in Figure 2. Note that two types of representations have “rifts”, which will be
discussed in Sections 3 and 5. The representations of the first and second types in Figure 2
are obtained in (7) and (8). By splitting ajas first, the representation of the third type in
Figure 2 is given as follows:

Ularanbiby |0) = Way by |0) T Wag,bs |ar) T Uarb [51) T Ulan,by | a1bs)- (9)

The type without rifts is obtained by applying the same splitting to two intermediate
terms on the right-hand side of w4, ay.5,5 [0) = W(aras,br |0) T Ularaz,bz |b1) OF Yiaras,bibs |0) =
U(aranbs |0) T Wlayaz,by [be)- LHIS is an important fact in proving Theorem 1.

3. Main results

In this section we establish some facts on the fiber of representations F 4 g|c). At the
end of the section we give a sketch of a proof of Theorem 1. Some long proofs are given
in Section 5.

First we show that a representation always involves |A| x | B| elementary imsets. This
fact is obvious if a representation is obtained by recursive application of (3). However
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(7

ajasbibo a1a2b1ba

Figure 2: Three types of representations of % (q,a,,515, | 0)

since there are representations not obtained by recursive application of (3), we need to
show this fact for all representations.
As before we consider an elementary imset u € 4 |y as a function from P(N) to

Z C R or a 2/V-dimensional integer vector. We define the inner product of two functions
f,yg from P(N) to R by the standard inner product of 2IN|_dimensional vectors.

Z f(S =fD)g®) + -+ F(N)g(N).

SeP(N

For w = gy ry € EaB|c), let s = [ANT],t = [BNT]. Then 0 < s < |A] -1,
0<t<|B| -1 Let

gS,t

aploy={u€&apic)ls=1ANT|,t=|BNT}.

Classifying the terms in a representation, we can rewrite (5) as

|A|-1]B|-1

wasiey=3 Y, D, fuu

0 t=0 s,t
$= u€8<AB|C>

We now prove that a representation is a sum of |A||B| terms and each term is taken just
once from E(A B|CY:
Proposition 1. Let 0 : uiqp|cy = Zu€g<A 5o Ouu be a representation. Then for each
(s,t), 0 <s<|Al—1,0 <t <|B|-1, there is 0neu€5<AB|C> such that 6, = 1 and

0. = 0 for other u’ €8<AB|C u' # u.

Proof. For 0 < s <|A|—1 and for S C A let g5 : P(A) — Z be defined as

1 if|S]>s

0 otherwise.

9s(S) = Lfjs)>s) = {
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Let ht : P(B) — Z be similarly defined. Let f(S) = gs(ANS)h:(BNS). We consider the
inner product of f with u = w41y € 4,8 c)- Write A" = ANT, B' = BNT. It is easily
seen that the inner product of f with w1y is given as

(fru@pry) = Laar>sy — Lyassp) Appr >ty — 1B/ >61)-

Hence

st
(fou) = {1 lf“€5<AB|C>

0 otherwise .

On the other hand (ui4 g|cy, f) = (1 —0)(1 — 0) = 1. Hence we have

1= Z 0,,.

s,t
UEE) B o)

O

Since 6, are non-negative integers we have the proposition.

From this proposition, given a representation 0 : w4 g|cy = >_ 6uu, for each 0 < s <

|A] — 1,0 <t < |B| — 1, there exists u(s,t) = ug(s,t) € gleltBlC> such that
|A|-1]B|-1
AB\C’ Z Zuest (10)
s=0 t=0

We often omit the subscript 6 in ug(s,t) and simply write u(s,t) for notational simplicity.

We say that a representation (10) is o-decomposable if it is obtained by recursive appli-
cation of (3). Here o stands for “semi-graphoid”. A precise definition of o-decomposability
is given as follows. It is analogous to the definition of decomposable graphs. We first define
separability of a representation.

Definition 1. Let 1 < 59 < |A| — 1. Then we say that a representation (10) is (so,*)-
separable if there is some Ag C A such that |Ag| = so and

so—1|B|—1 |A|—-1]B|-1
wagpicy =Y. > uf UWA\AQLB A0y = D, Y uls,t). (11)
s=0 t=0 s=sg t=0

Similarly, for 1 <ty < |B| — 1, we say that a representation (10) is (x,ty)-separable if
there is some By C B such that |By| = to and

[A]=1t5—1 |A]-1|B|-1
wa B )= O, D ulst), wamp o) = 2, Y ulst). (12)
s=0 t=0 s=0 t=to

For example, a representation
Ulaaz,brba |0) = u(07 0) + u<17 0) + U(O, 1) + u(17 1)
Uay,b1 | 0) + Uas,by | a1) + Ulag,bo | b1) + U(ay,bs | asbr)

s (%, 1)-separable with By = b1, but not (1, x)-separable.
Now o-decomposability is recursively defined as follows.
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Definition 2. We say that a representation (10) of u(a | ¢y is o-decomposable if at least
one of the following conditions is satisfied:

(i) 14] = |B| = 1.

(ii) There is some 1 < so < |A| — 1 such that (10) is (so, *)-separable and two represen-
tations in (11) are respectively o-decomposable.

(11i) There is some 1 < tg < |B| — 1 such that (10) is (x,to)-separable and two represen-
tations in (12) are respectively o-decomposable.

If a representation is not o-decomposable, we call the representation o-indecomposable.
The following proposition will be proved in Section 5.

Proposition 2. All of the representations of uwia g|c) by elementary imsets in E4 | c)
are o-decomposable if and only if |A| <2 or |B| < 2.

We now consider the case of uiy p|cy where |[A] > 3 and [B| > 3. In this case,
we can construct counter-examples, i.e., representations of w4 p|cy by elementary im-
sets which are o-indecomposable. Now, let us consider the following representation of

U(arazasz,bibobs | 0)-

U(arazas,bibabs | 0) U(ay,by |0) T Wag,by |ar) T Waz,bs | aras)

FUag,by |b1) T Ular,bs |azbi) T Uiaz,by | arasbs)

+u<a2,b3 | b1b2) + U{az,ba | azb1bs3) + W{ay,bs | azazbibs)- (13)

See Figure 3. From the definition of o-decomposability and Figure 3, it is clear that
the representation of (13) is o-indecomposable. Furthermore, from Proposition 2, the
counter-example given by (13) is the smallest representation which is o-indecomposable.
The counter-example (13) can be extended to |A| > 3 or |B| > 3 as in Figure 5 below.

In the rest of this section, we give only a sketch of a proof of Theorem 1. We will give
the complete proof in Section 5.

First we note that every representation of u 4 p|cy has its rift pattern. Intuitively,
a rift pattern is a rectangle consisting of |A| x |B| cells with some rifts, where each cell
corresponds to an elementary imset u(s,t) in (10). For example, (13) has a rift pattern
with nine cells and four rifts (of length 2) as shown in Figure 3. A precise definition of
rifts and rift patterns will be given in Definition 3.

We label elements of A and B as A = {ai,...,q4} and B = {b1,...,bp/}. As
discussed in the last paragraph of Section 2, representations without rifts are obtained by
applying the same splitting rules of (3) to the related intermediate terms recursively. In
particular, we can obtain the following representation without rifts:

|A] |B]
WABICY = D D Wanb; |arai_1bi.b;_1C)- (14)

i=1 j=1
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aiaza3bibabs

arazazbibs azasbibabs

al a2a3b3

Figure 3: A counter-example which is not o-decomposable

We call the above representation the standard representation of us g cy. It is easily
seen that every other representations without rifts are obtained by permuting a;’s and b;’s
independently in the standard representation. The converse is also true, i.e., any represen-
tations obtained by permuting a;’s and b;’s independently in the standard representation
have no rifts. By the following proposition, it suffices to show that we can eliminate all of
the rifts in the representations by applying two-by-two basic relations.

Proposition 3. Any representations of w4 p|cy without rifts are obtained by applying
two-by-two basic relations to the standard representation in (14).

Proof. First, note that any permutation is constructed from adjacent transpositions
a; <+ aj41 and bj <+ bj1. Therefore, we only need to show that any adjacent transposition
is constructed by two-by-two basic relations. For example, suppose that we want to inter-
change ay <> ao in the standard representation in (14). Then, this adjacent transposition
is realized by applying |B| two-by-two basic relations:

Ulay,by |C) T Wag,by |a1C) =  Wag,by |C) T Uay,by|asC)s
Ulay by [b1C) T Wag,ba |a1biC) =  W(ag,by [b1C) T W(ay by | aghiC)s
Wiaybyp| |b1.-bp|—1C) T Wazbyp) [arbr..bjp-1C) = Wazbyp b1..bp-1C) T Warbyp |azby..byz -, C)-

In the same way, we can show that any adjacent transpositions a; <> a;+1 in arbitrary
representations without rifts are constructed by using two-by-two basic relations. The
proof for any adjacent transpositions b; <+ b;y1 is also similar to the proof for a;’s. O
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asas3 bl bS
az b3

Figure 4: Elimination of rifts

Rather than stating the method to eliminate the rifts in general, let us work through
an example to see how we can do it. Here, we use the example of (13) to explain the
method to eliminate the rifts. First, by applying a two-by-two basic relation w,, 3, gy +
Wiag by [ar) = Waz,by |0) T U(ar by az)> WE can change the representation (1) in Figure 4 into
(2) in Figure 4 and eliminate the lower left rift. Note that the shaded areas in Figure 4
represent the elementary imsets to which we are applying two-by-two basic relations. In
the same way, we can eliminate the lower right rift by applying wi, p, 16,) + W(ayg,bs [bib2) =
W(ag by |by) T Wlag by |brbs)- Lhe third step changing from (3) to (5) in Figure 4 is rather
complicated. We can eliminate the upper left rift by applying u(a, b, |a2) T W(ay,bs [azb) =
Wiay by |az) T Ulay,br | asbs)- HOwever, this operation also generates a lower left rift as in (4)
of Figure 4. In this case, we must apply further two-by-two basic relation g,y gy +
Uag by |br) = Wlag,bs |0) T Uias,by |b), TO eliminate the rift generated by side effects of a two-
by-two basic relation. The operation of the fourth step changing from (5) to (7) in Figure 4
is almost the same as in the third step. In this manner, we can eliminate all the rifts in the
representations. Note that, in the first step, we can not apply w(a, b, |as) + U(ay,bs [azb) =
Uay by |az) T Wa1 by |azbs) Which is used in the third step to eliminate the upper left rift.
This means that order of eliminations of the rifts is important. The rigorous definition of
these operations and the detailed proofs about the properties are given in Section 5.
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4. Some numerical and computational results

We report numerical and computational study to enumerate all of the representations
of uisp|c)- In this section, we identify two representations that one is obtained by
permuting a;’s and b;’s independently in another, and count the number of representatives
of the representations under this equivalence relation. Note that if the permutation is not
identity, the two representations are different from each other since they are distinguished
by, for example, u(s,0)’s and u(0,t)’s in (10). Hence each equivalence class has |A|!|B|!
elements. We call the set of all of the rifts of a representation a rift pattern. See Definition
3 for the precise definition. Note that two representations may have the same rift pattern.

First, let us consider the number of rift patterns. As will be explained in Section 5, rift
occurs at (|A| —1)(|B|—1) points in P(N) and rifts never intersect one another, i.e., each
point in P(N) has only three patterns: no rift, slash rift and backslash rift. The precise
definitions of slash rift and backslash rift are given in Section 5 (See Figure 8 below).
Therefore, the number of rift patterns is given by 3UAI=DUBI=1) " The list of all the rift
patterns are also given by this enumeration.

For each rift pattern, we can enumerate all the representations which are consistent
with the rift pattern by making an exhaustive investigation. If we only want to count
the number of representations, then we can compute it as follows. First, note that the
diversity of representations is given by rifts, and, for each rift, the degree of freedom is
decided only by the “length of the rift”. Intuitively, in Figure 8 in Section 5, the length of
the rift is given by ¢ty — tp, for a slash rift and sy — sp, for a backslash rift. The following
lemma is useful for counting the degree of freedom.

Proposition 4. For any rift with length |, we can compute the degree of freedom d(l) by
the following recurrence formula:

d(l)y =11=Y (1—k)ld(k), 1>2, (15)

where d(1) = 1.

We will give the proof of the above proposition in Section 5. Since the diversity
increases in a multiplicative fashion independently for each rift, the number of all of the
representations for a rift pattern is obtained by taking the products of the degree of
freedoms for all of the rifts. Hence, by summing the number of representations for all of
the rift patterns, we can count the number of representations.

The number of o-indecomposable representations is calculated by applying the recur-
sive algorithm given in Definition 2 to each rift pattern.

If |A] = 1 or |B| = 1, then there is no rift. Therefore, the numbers of rift patterns
and representations of w4 g|¢) for |A| = 1 or |B| = 1 are both 1. Furthermore, from
Proposition 2, the number of o-indecomposable representations of w4 p|cy for |A] <2 or
|B| < 2 is zero.

Next, let us consider the case for |A| = 2. In this case, we have the following lemma.
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Proposition 5. Let ro(|B|) denote the number of representatives of the representations
of uia,g|cy for |A| = 2. Then, we have the following recurrence formula:

m—1

ro(m) = m! + Zk!m(m—k), m =2, (16)
k=1

where 19(1) = 1.

We will give the proof of the above proposition in Section 5.

For the case of 2 < |A|,|B| < 5. we give the numbers of rift patterns, representations,
o-indecomposable rift patterns, o-indecomposable representations of u(4 p|cy in Table 2.
We also give some examples of g-indecomposable rift patterns in Figure 5. The left-hand
side of Figure 5 is an example of o-indecomposable rift pattern for |A| = 3, |B| = 4. This
can be seen as an extension of the counter-example of Figure 3 for |A| = 3,|B| = 3. The
example in the middle of Figure 5 is an example of o-indecomposable rift pattern for
|A| = 4,|B| = 4 and also can be seen as an extension of the counter-example of Figure 3.
It is easily seen that we can construct an example of o-indecomposable rift pattern in
general case by extending the counter-example of Figure 3 as in the right-hand side of
Figure 5.

Table 2: Number of rift patterns, representations, o-indecomposable rift patterns and o-indecomposable repre-
sentations for each |A| and |B|

o-indecomposable o-indecomposable

|A| |B| rift patterns representations rift patterns representations

2 2 3 3 0 0

2 3 9 11 0 0

2 4 27 47 0 0

2 5 81 231 0 0

3 3 81 161 2 2

3 4 729 2971 40 96

3 ) 6561 69281 562 3582

4 4 19683 241291 2436 19996

4 5 531441 25897047 102576 3420918

5 5) 43046721 12606896129 12833474 2714509138
5. Proofs

Let us fix an arbitrary representation 6 and let

5(9A,B|C) ={ue&up|oy|0<Is < |A[=1,0 < 3t < [B]—1 s.t. u = uy(s, 1) GSZZ,BIQ}'

Then there exist ag, bs; and I'sy € P(N) for every up(s,t) € S?A B|C) such that ug(s,t) =
Ufay by |Ts)-  We define four functions from SfAB‘Q to P(N) as qf(ue(s,t)) = Iy,
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Figure 5: o-indecomposable rift patterns

qr(u) = abl’
q—(u) =al’ q—(u) = b

q(u) =T
Figure 6: Four functions from £.4 | ¢) to P(N)

q?_(ue(s,t)) = agulst, qi(ue(s,t)) = byl and q?(ue(s,t)) = agbsgl'st. See Figure 6.
We often omit the superscript 6 in qf, q?_, q9_>, q? and simply write q|, g, g, ¢4 for nota-
tional simplicity. Then we have the following lemma.

Lemma 1. For every v € g(HA,B|C)’ the following equations hold.
[ANg ()] +1=]ANg(v)| =[ANg ()| +1=[ANg(v)],
[BNgquv)|+1=[BNge(v)|+1=[BNg(v)|=|BNg(v)]

Proof. This follows immediately from the definitions of ¢, ¢, ¢, and g;. O
Let Q = Uvege

(A,B|C)

{q1(v),q(v),q-(v),q+(v)}. Then we have the following lemma.
Lemma 2. For any Q € Q, let s = |[ANQ| and t = |BNQ|. Then each of qll(Q),
121(Q), (@) and g (@) has at most one element: q71(Q) =0 or {u(s, 1)}, 421(Q) =

0 or {u(s —1,t)}, ¢=1Q) = 0 or {u(s,t — 1)} and qT_l(Q) =0 or {u(s—1,t —1)}.

fsiiecially, q; (g, (v)) = {v}, ¢ (g (v)) = {v}, 45 (g (v)) = {v} and ¢; ' (gr(v)) = {v}

Proof. This follows immediately from Proposition 1. O
For the four “vertices” of the representation, we have the following lemma.

Lemma 3. For the four points C, AC, BC, ABC € P(N), the following four properties
hold.
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1. g1 (C) = {u(0,0)}, ¢ (C) = ¢51(C) = ¢; 1 (C) = 0
2. ¢ (AC) = {u(|A] - 1,0)}, ¢ (AC) = ¢! (AC) = ¢; ' (AC) = 0
3. 45 (BC) = {u(0,|B| = 1)}, ¢, (BC) = ¢.'(BC) = ¢; |(BC) = 0
4. ;' (ABC) = {u(|A| = 1,|B| = 1)}, q; '(ABC) = ¢ (ABC) = ¢5'(ABC) = §

Proof. We give the proof for the property in 2. The proofs for 1, 3 and 4 are almost
the same as in 2.
Let us consider qjl(AC'). Assume that there exists v € 5<9A B|C) such that v €

Jl(AC). Then, from Lemma 1 and [ANg;(v)| = |A|, we have [ANg.(v)| = |A| +1. This
is a contradiction. Therefore such v € S<9A B|C) does not exist.
Next, from BN AC = (), we have ¢! (AC) = qT_l(AC) = (). Furthermore, because

uap|cy takes —1 at AC' and ¢='(AC) = 0, ¢.'(AC) must have at least one element.
Hence, from Lemma 2, we have ¢_1(AC) = {u(|A] — 1,0)}. O

Let us define the four “edges” Qy, Qir, Qui, Qur of the representation as follows:

A = {q(u(s,
Qr = {g-(u(0
Qu = {Q<—(U(|A! - 1), )) |0<t<|B|-2},
Qur = {Q—>(U(

For the four edges, we have the following lemma.

Lemma 4. For Oy, O, Qui, Qur, the following four properties hold.

1. For u(s,0) € Qu, q; (q(u(s,0))) = {u(s + 1,0)}, ¢ (g (u(s,0))) = {u(s,0)},
451 (g (u(5,0))) = 0 and g5 (g (u(s,0))) = 0 hold.

2. Foru(0,t) € Q. q; (g (u(0, 1)) = {u(0, t+1)}, ¢ (a-(u(0, 1)) = 0, 45 (g (u(0,1))) =
{u(0,t)}, and q_l(qﬁ(u(o,t))) = () hold.

3. For u(s,|B| — 1) € Qu, q; '(g1(u(s,|B| = 1))) = 0, ¢ (g+(u(s,|B| — 1)) = 0,
a5 (gr(u(s, | B|=1))) = {u(s+1,|B|=1)} and ;' (g+(u(s, |B|-1))) = {u(s,|B|-1)
hold.

4. Foru(|A| = 1,t) € Qur, ¢, (gr(u(|Al = 1,1))) = 0, ¢ (g (w(|A] = 1,1))) = {u(|A] -
Lt+1)}, 5 (u(|Al = 1,1))) = 0 and ¢; ' (gr(u(|A| = 1,2))) = {u(|A| = 1,8)} hold.

Proof. We give the proof for the property in 1. The proofs for 2, 3 and 4 are almost
the same as in 1.
First, from Lemma 2, we have ¢! (g (u(s,0))) = {u(s,0)}.
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Next, since B N g.(u(s,0)) = 0, we have ¢! (g (u(s,0))) = qT_l(q<_(u(s, 0))) = 0.

Finally, we consider qil(qﬁ(u(s,()))). Because ui4 p|cy takes 0 at g, (u(s,0)) and
qT_l(qe(u(s,O))) =0, qll(qH(u(s,O))) must have at least one element to cancel out the
value —1 of ¢-*(g.(u(s,0))). Hence, from Lemma 2, we have qjl(qg(u(s,O))) = {u(s+
1,0)}. O

For the “inner points” of the representation, we have the following lemma.

Lemma 5. Let Q; = Q\ ({C,AC,BC,ABC} U QU Qi UQyu U Qy), and s = |[ANQ),
t=|BNQ| for Q € Q;. For each Q € Q;, one of the following five properties holds.

1 ¢ Q) = {u(s,t)}, ¢1(Q) = {u(s = 1,0)}, ¢5Q) = {u(s,t — 1)}, ¢7(Q) =
{u(s —1,t — 1)} ((1) in Figure 7)

2.4 1(Q) = {u(s,0)}, ¢1(Q) = 0, ¢51Q) = {uls,t=1)}, ¢, 1(Q) = 0 ((2) in Figure 7)

3. ¢.1(Q) =0, ¢ Q) = {u(s = 1,0)}, ¢51(Q) =0, ¢7(Q) = {u(s = 1,t = 1)} ((3) in
Figure 7)

4. QJl(Q) = {u(s, 1)}, ¢.HQ) = {u(s—1,1)}, ¢51(Q) = 0, q{l(Q) =0 ((4) in Figure 7)

5.4.1(Q) =0, ¢.1(Q) =0, ¢51Q) = {uls,t =)}, ¢ (Q) = {u(s = L,t = 1)} ((5) in
Figure 7)

Proof. Let Q € Q;. First, we show that at least one of qil(Q) and q{l(Q) is not
empty. If qu(Q) and ¢ 1(Q) are both empty, then ¢-'(Q) and ¢='(Q) must be empty

because 1) the value at ) € Q; is zero, ii) qu(Q) and q{l(Q) have the value 1 by (2) and

iii) ¢-1(Q) and ¢=}(Q) have the value —1 by (2). This contradicts Q € Q;. Then, from
Lemma 2, the possible patterns are classified as follows.

(I) We consider the case where both qu(Q) and ¢ 1(Q) are non-empty. In this case,
¢ (@) and ¢='(Q) must be non-empty in order to cancel out the value 2 by qll(Q)
and qT_l(Q) at (). This is the case of 1 in Lemma 5.

(IT) We consider the case where qil(Q) is non-empty and ¢, 1(Q) is empty. In this case,
one of ¢-1(Q) and ¢=!(Q) must be non-empty and another must be empty in order
to cancel out the value 1 at Q. If ¢-1(Q) is non-empty and ¢=!(Q) is empty, then
this is the case of 4 in Lemma 5. If ¢_1(Q) is empty and ¢='(Q) is non-empty, then
this is the case of 2 in Lemma 5.

(III) We consider the case where qJI(Q) is empty and ¢, 1(Q) is non-empty. In this case,
one of ¢_*(Q) and ¢='(Q) must be non-empty and another must be empty in order
to cancel out the value 1 at Q. If ¢-(Q) is non-empty and ¢-!(Q) is empty, then
this is the case of 3 in Lemma 5. If ¢_(Q) is empty and ¢5!'(Q) is non-empty, then
this is the case of 5 in Lemma 5.
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(1)

a—(u(s,t = 1))

gr(u(s —1,t -1 —(u(s — 1,1))

(4) (5)

ay(u(s, 1)) g—(u(s,t — 1))

= g (u(s — 1,¢)) s
gr(u(s —1,t —1))

Figure 7: Five types of inner points

>

O

In order to prove Proposition 2, we use the following lemma.

Lemma 6. Let 1 < sq < |A|—=1. Then (10) is (so, *)-separable if and only if ¢ (u(so,1t)) =
q—(u(so,t — 1)) for all 1 <t < |B| —1. Similarly, for 1 <ty < |B| —1, (10) is (*,t0)-
separable if and only if q|(u(s,t0)) = q(u(s — 1,19)) for all1 < s < |B| —1.

Proof. This follows immediately from Lemma 4 and 5. O

Proof of Proposition 2

Proof. We prove the proposition by induction. If |A] = |B| = 1, then (10) is o-
decomposable from the definition. If |A| = 1 and |B| > 2, then (10) is (x, to)-separable
for any 1 <ty < |B| — 1 and therefore o-decomposable by induction. The case |B| = 1
is similarly proved. Now assume |A| = 2 and |B| > 2. If (10) is (1, *)-separable, then
the two representations in (12) after separation are o-decomposable. Hence (10) is o-
decomposable. Now assume (10) is not (1, x)-separable. Then, by Lemma 6, q;(u(1,t)) #
g—(u(l,t — 1)) for any 1 < t < |B] — 1. Therefore ¢ (u(1,t)) = g (u(0,t)) for any
1 <t < |B|—1. This means that, by Lemma 6 again, (10) is (x,t)-separable for any
1 <t < |B|-1. By induction, we obtain o-decomposability of (10). The case |A| > 2 and
|B| = 2 is similarly proved. O

Next, we consider the rigorous definition of the “rifts” of w4 g|c). Let Q1 be
Q = {QeQ|1<3Is<|A-1,1<TFHt<|B|—1, s.t.
Q= q(u(s,t)) = gr(u(s — 1,1 = 1))}.

Note that @ = q|(u(s,t))
17t)) = Q—>(u(37t - 1))

qr(u(s —1,t — 1)) is equivalent to Q = q;(u(s,t)) = qe(u(s —
gr(u(s — 1,t — 1)). Hence each element of Q; satisfies 1 of
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g—(u(s,ty — 1)) q—(u(sy — 1,t))

Slash rift Backslash rift

q(u(s, tL)) a1 (u(s — 1ty — 1)) qy(u(sp,t))

qT(u(sU — 1,t — 1))

q—(u(s = 1,t1.)) q—(u(sr,t — 1))

Figure 8: Definitions of slash rift and backslash rift
Lemma 5. Let Q' be
Q9 = {C,AC,BC,ABC}U QU Q;, UQu,UQ, - UQj.
Furthermore, let Q" = Q\ Q'. Then we have

Q" = {q(u(s,t),qr(u(s—1,t—1)) |1 <3Is < |A]—1,1 < Tt <|B| -1, s.t.
Q¢(u(3at)) 7é QT(U(S -1t - 1)>}

Each element of Q" satisfies one of 2, 3, 4 and 5 of Lemma, 5.
Let 3(Q) = |[AN Q| and £(Q) = |[BN Q| for Q € Q. Now we define slash rifts and
backslash rifts for a representation of u4 g|cy-

Definition 3. For any Q € Q" such that Q = q;(u(s,t)) # q(u(s—1,t)), let tr, = t1(Q)
be the mazimum numbert’ such that q (u(s,t")) = g (u(s—1,t')) and t’ < t. Furthermore,
let ty = ty(Q) be the minimum number t' such that g (u(s,t’ — 1)) = gp(u(s — 1,¢' — 1))
and t' > t. Then we define Rs(s;tr,ty) = {Q € Q13(Q) = s,tr, < Q) < ty} and call it
a slash rift. See the left-hand side of Figure 8.

We also define another type of rift. For any Q € Q" such that Q = q(u(s,t)) #
g (u(s — 1,t)), let s = sp(Q) be the mazimum number s’ such that g (u(s',t)) =
g (u(s',t — 1)) and s < s. Furthermore, let sy = sy(Q) be the minimum number s’
such that q—(u(s' — 1,t)) = gp(u(s’' — 1,t — 1)) and t' > t. Then we define Ry(sz, sy;t) =
{Q € Qs <3Q) < sy, t(Q) =t} and call it a backslash rift. See the right-hand side
of Figure 8.

A rift is any slash rift or backslash rift, and a rift pattern is a set of rifts which do not
intersect each other.

Note that the existence of the maximizer and minimizer in Definition 3 is assured by
Lemma 4. We denote the set of all of the slash rifts by Rs = {Rs(5(Q);t2(Q),tv(Q)) | Q €
Q"} and the set of all of the backslash rifts by Ry = {Rp(s1(Q), su(Q); t(Q)) | Q € Q"}.
Furthermore, note that rift occurs only at (|A| — 1)(|B| — 1) pairs of (3(Q),#(Q)) for
Q c Q//-
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Proof of Proposition 4

Proof. The degree of freedom for any rift with length [ is given by subtracting the
number of cases where the rift is collapsed in the middle i.e., ¢ (Q) = ¢+(Q) holds for a
QQ in the inner points of the rift, by permutations, from the number of permutations I!.
Therefore, we obtain (15). O

Proof of Proposition 5

Proof. We will use induction on m. First, it is easily seen that ro(1) = 1. Now we
assume that (16) is true for m — 1. If a backslash rift first appears in ¢ (u(1,k)), i.e., there
is no backslash rift in ¢ (u(1,0)),..., ¢ (u(1, k—1)), then such a representation can be split
in two representations: one is represented as 2, Z?;é u(7,1) and another is represented

as Z?:o > iy u(i,1). In this case, since the former has k! representations and the latter
has ro(m — k) representations from the assumption, there are klro(m — k) representations.
Therefore, by summing the number of representations for k € [1,m — 1] and m! which is
the number of representations with no backslash rift, we obtain (16). O

The following lemma implies that there exists at least one rift which can be eliminated
for any representation of u 4 p|cy-

Proposition 6. Assume that Rs or Ry is non-empty. Let us denote by R, the subset
of all the Ry(s';t),t;;) € Rs such that, for any Re(s";t],t];) € Rs, neither s < s’ nor
(t,t5) N (th,ty;) # 0 holds where (t7,t;;) means open interval. Let us denote by R} the
subset of all the Ry(s), sy5t") € Ry such that, for any Ry(s], si;;t") € Ry, neither t" < t'
nor (s7,s{;) N (s, sy) # 0 holds. Then at least one of the following two properties holds.

1. There exists Rs(s;tr, ty) € R, such that, for any Ry(sr, su;t) € Ry, either t ¢
[t + 1ty — 1] or s < s, holds.

2. There exists Ry(sr, su;t) € Ry such that, for any Re(s;tr,ty) € Rs, either s ¢
[sp +1,sy — 1] ort < tr, holds.

Proof. If Ry is non-empty, then Rs(5(Q);tL(Q), tr(Q)) with the smallest s in R is
clearly one of the element of R/. This means that R is non-empty if R is non-empty.
The same thing holds for Ry and R;.

If either R, or Ry is empty, then either 1 or 2 in the statement of Proposition 1 holds.

In the following, we consider the case where neither R/, nor R; is empty. We show by
contradiction that either 1 or 2 holds. Suppose that neither 1 nor 2 holds.

Now we choose one element from R/, and denote it by Rg(s(; tg), t%})). By assumption
that 1 does not hold, we can choose Ry(sy, sy;t) € Ry such that ¢ € [t(Ll) +1, t;}) —1] and
s > s; hold for Rs(s(l);t(Ll),tS)).

If Ry(sr,sust) € Ry holds, then we denote it by Rb(s(Ll), 58);15(1)). If not, we choose
Rb(s(Ll), 38); tW) € R, such that t(1) < ¢ and (S(Ll), 38)) N(sp,sy) # 0 hold. In both cases,
we have t(M) < t(Ul) — 1.
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Next, by assumption that 1 does not hold, we can choose one element from Rg(s; ¢z, ty) €
Rs such that s € [S(Ll) +1, 38) —1] and t™ > t7, hold for Ry(s (L) sé),t(l)). In this case, we
have ¢(1) > ¢;;. This can be shown as follows. If t() > ¢;; does not hold, i.e., t;, < t() < ty,
then Q = ¢ (u(s,t™))) belongs to both Re(s; tr,, t7) and Rb(sé), (1), t(l)). This contradicts
Lemma 5 and hence we have t(1) > ty.

If Ry(s;tr,ty) € R, holds, then we denote it by Re(s@;t? 12y € RL. If not, we
choose Rg(s(?); t(LQ),tg)) € R’ such that s?) < s and (t(L), (2 )) N (tr,ty) # 0 hold. In both
(1) — 1. Furthermore, by considering the relation t(L) <ty < ) < <

( ) — 1 and the fact that both R, (s(D); t( ) ¢! )) and Rs(s (2);t$:2),t§]2)) are the elements of
R;, we have (t(L),tg)) (t(L), 8)) = 0. Th1s means that t(2) < t(Ll) holds. By applying
much the same way as above to RS(S(Q);t(Lz),t(Uz)), we can choose Rb(s(L), (2),75(2)) € R,
such that sg) < 55:1) holds.

Therefore, for Ry(s(); t(L),t(l)), R, (s®); t(L),t(2)) Rb(sg),sg);t(l)) and RS(S(Q);tg),tg)),
we obtain the following inequalities:

cases, we have 52 < sy

60 < ) < D) < 1) 4 < ) D an)

If neither 1 nor 2 holds, we can repeat the above procedure indefinitely. However,
from (17), s and t decrease in each step. This means that the same rift never appear more
than once in the procedure. The procedure stops in finite times and this is contradiction.
Therefore either 1 or 2 in the statement of Proposition 6 holds. O

Now we give the proof of Theorem 1.
Proof of Theorem 1

Proof. 1t suffices to show that any representation of u 4 p|¢)y and the standard rep-
resentation in (14) are connected by two-by-two basic relations. Remember, from Propo-
sition 3 in Section 3, that the representations without rifts are connected by two-by-two
basic relations. Therefore, from Proposition 6, it suffices to show that we can eliminate
the rift which satisfies either 1 or 2 in the statement of Proposition 6. We prove this in
the case where a rift satisfies 2 of Proposition 6. The proof for the case of 1 is similar to
the proof of the case of 2 and will be omitted.

Let us consider a representation:

|[A[-1|B|-1

waBlcy= D, Y ug(sb). (18)

s=0 t=0

In the rest of the proof, we omit the subscript 6 in ug(s,t). Assume that a rift in this
representation satisfies 2 of Proposition 6. Then there exists Ry(sy, sy;t) € Ry such that
either s ¢ [sp + 1,sy — 1] or t < tr, holds for any Rs(s;tr,tr) € Rs. We show that we can
eliminate the backslash rift Ry(sz, sy;t) by applying two-by-two basic relations.
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Let I" = q(u(sz,0)), B'= BN g~ (u(sg,t — 1)) and A" = AN {g(u(sy —1,0)) \ I'"}.
Then we obtain the following representation of u 4/ p/|rvy:

sy—1 t—1

U BTy = Z Z u(s',t) (19)

s'=sp t'=

From the assumption, i.e., 2 of Proposition 6, it is easily seen that the representation in
(19) has no rift. Let a®) = g, (u(s'+s —1,0)) \ g (u(s' +s5 —1,0)) for 1 < s’ < sy — 5.
Note that the sequence aV), ..., a5v=sL) is ordered with respect to the upper side of the
rift. In the same way, let b%) = ¢, (u(sp,t' — 1)) \ ¢ (u(sp,t’ — 1)) for 1 <# < t. Let us
consider the following representation without rifts:

SU—SL

Wty = ) Zuaw) B0 @) _als' Db pt'~D Y- (20)
s'=1 t'=1

Remember that the terms in the representation of (19) also appear in the represen-
tation of (18). Hence, in the representation of (18), if we replace the terms used in the
representation of (19) with the terms used in the representation of (20), then we can elim-
inate the backslash rift Ry(sr, sy;t) in the representation of (18) because of the definition
of a'*) and ). Furthermore, from Proposition 3, this replacement is realized by applying
two-by-two basic relations. Therefore we can eliminate the backslash rift Ry(sz, sy;t) by
applying two-by-two basic relations.

This completes the proof of Theorem 1. O
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