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Abstract

This thesis, which consists of two parts, focuses on characterizations and descriptions of classes
of idempotent n-ary semigroups where n > 2 is an integer. Part I is devoted to the study of vari-
ous classes of idempotent semigroups and their link with certain concepts stemming from social
choice theory. In Part II, we provide constructive descriptions of various classes of idempotent
n-ary semigroups.

More precisely, after recalling and studying the concepts of single-peakedness and rectangu-
lar semigroups in Chapters 1 and 2, respectively, in Chapter 3 we provide characterizations of the
classes of idempotent semigroups and totally ordered idempotent semigroups, in which the latter
two concepts play a central role. Then in Chapter 4 we particularize the latter characterizations to
the classes of quasitrivial semigroups and totally ordered quasitrivial semigroups. We then gener-
alize these results to the class of quasitrivial n-ary semigroups in Chapter 5. Chapter 6 is devoted
to characterizations of several classes of idempotent n-ary semigroups satisfying quasitriviality
on certain subsets of the domain. Finally, Chapter 7 focuses on characterizations of the class of
symmetric idempotent n-ary semigroups.

Throughout this thesis, we also provide several enumeration results which led to new integer
sequences that are now recorded in The On-Line Encyclopedia of Integer Sequences (OEIS). For
instance, one of these enumeration results led to a new definition of the Catalan numbers.

Keywords. Semigroup, n-ary semigroup, band, quasitrivial semigroup, semilattice, Abelian group,
reducibility, enumeration, Catalan numbers.
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Introduction

Throughout the first part of this manuscript, X is a nonempty set and n > 1 is an integer. We
often use the symbol X, if X contains n > 1 elements, in which case we assume without loss of
generality that X,, = {1,...,n}. When considering enumeration problems, we often denote the
empty set by Xj. Also, we denote the size of any set S by |S|. Finally, as we will only consider
totally ordered algebraic structures we will often say that these algebraic structures are ordered.

A semigroup (X, F') is a nonempty set X together with an associative binary operation F'.
Natural examples of semigroups are the set of integers together with the addition and the set of
functions from a set to itself together with the composition of functions. Since the concept of
semigroup is very natural and fundamental to define the concepts of groups and rings, it can be
said that the concept of semigroup has been omnipresent in mathematics since its earliest origins.
However, the algebraic theory of semigroups is a much more recent development. Indeed, its
origin stems back to the 20th century with most of the developments taking place after the Second
World War. We refer to [55] for further historical background on the development of the algebraic
theory of semigroups.

Among the pioneers of the algebraic theory of semigroups, Clifford [15] introduced and stud-
ied in 1954 the class of bands (i.e., idempotent semigroups), that is the class of semigroups whose
associated binary operation [’ satisfies F'(x,z) = x for all z € X. In particular, he showed that
any band is a semilattice of rectangular semigroups, where a rectangular semigroup is nothing
other than a direct sum of a left zero semigroup and a right zero semigroup up to isomorphism
(as shown later in 1958 by Kimura [64]). At the same time, Clifford [16-20] also studied from a
topological point of view the class of totally ordered semigroups, that is the class of semigroups
whose associated binary operation I’ preserves a given total order on X. Then in 1962, Saito [91]
provided a technical characterization of the class of totally ordered bands based on properties of
tree semilattices. In 1973, he also provided a characterization of the class of orderable bands [92],
that is the class of bands for which there exists a total order on X that is preserved by its associ-
ated binary operation. Also, in 1971, Lyapin [72] provided a characterization of the class of qua-
sitrivial semigroups, that is the class of semigroups whose associated binary operation F' always
outputs one of its input values, i.e. F(z,y) € {z,y} for all z,y € X. In particular, he showed
that a semigroup is quasitrivial if and only if it is an ordinal sum of projections (see also [73]).
Prior to this, in 1928, Dornte [44] proposed a generalization of the concept of semigroup to n-
ary operations, where n > 2 is an integer. This generalization has been further developed by
Post [82] in 1940 in the framework of n-ary groups. Since then, many authors have investigated
the classes of n-ary semigroups and n-ary groups (see, e.g., [23,37,38,40—43,51,66,68-70,75]).
In this context, several authors have been interested in the quest for conditions under which an
n-ary associative operation can be expressed as a composition of a single associative operation
(see, e.g., [1,23,39,43,66,70,74,75]). In that case, the n-ary associative operation is said to be
reducible to that associative operation. For instance, Dudek and Mukhin [43] showed in 2006 that
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2 CHAPTER 0. INTRODUCTION

an n-ary semigroup is reducible to a semigroup if and only if one can adjoin a neutral element to
the n-ary semigroup. However, this result does not entirely solve the reducibility problem as it
is in general not easier to check whether one can adjoin a neutral element to an n-ary semigroup
than to check whether it has a binary reduction. Moreover, it seems that the class of idempotent 7-
ary semigroups has been barely investigated in the literature thus far. For instance, Ackerman [1]
provided only in 2011 a characterization of the class of quasitrivial n-ary semigroups in terms of
binary reductions. More precisely, he showed that almost every quasitrivial n-ary semigroup is
reducible to a semigroup.

In this thesis, we essentially provide and investigate characterizations and descriptions of
classes of idempotent semigroups as well as some relevant subclasses of idempotent n-ary semi-
groups.

The first part is devoted to the study of several classes of ordered bands and their surprising
link to some concepts arising in social choice theory such as single-peakedness. More precisely,
in Chapter 1 we introduce and extend several concepts related to single-peakedness for weak
orders. In particular, we provide characterizations of these concepts that enable us to visualize
them through the Hasse diagram of the considered weak order. Then in Chapter 2 we investi-
gate the class of rectangular semigroups that will be useful in the subsequent chapters. Chapter
3 is devoted to the study of the class of bands. Specifically, we recall characterizations of sev-
eral subclasses of bands, including the class of ordered bands. Then we particularize the latter
characterization to the class of commutative ordered bands by introducing a generalization of the
concept of single-peakedness to semilattice orders. Surprisingly, the enumeration of the class of
commutative ordered bands provides a new definition of the Catalan numbers. In Chapter 4, we
investigate the class of quasitrivial semigroups. In particular, we recall a characterization of this
class and particularize it to the subclass of ordered quasitrivial semigroups, in which the concept
of single-peakedness plays a central role. Then we further investigate the class of quasitrivial
semigroups by classifying its elements into subclasses defined by relevant equivalence relations.
We also provide several enumeration results, which lead to new integer sequences that are now
available in The On-Line Encyclopedia of Integer Sequences (OEIS) [94].

The second part of this thesis is devoted to the study of classes of idempotent n-ary semi-
groups, which have been barely investigated in the literature thus far. Chapter 5 focuses on the
class of quasitrivial n-ary semigroups. After recalling the main results obtained by Ackerman [1],
we show that every quasitrivial n-ary semigroup is reducible to a semigroup. Then we provide
necessary and sufficient conditions for which this binary reduction is quasitrivial and unique. In
particular, we provide characterizations of the class of quasitrivial n-ary semigroups based on
binary reductions which are essential to construct those n-ary semigroups. In Chapter 6, we in-
vestigate the class of idempotent n-ary semigroups that satisfy quasitriviality on certain subsets
of the domain. This investigation leads to nested subclasses of idempotent n-ary semigroups
for which we provide various characterizations. In particular, we show that every n-ary semi-
group in these classes is reducible to a semigroup. This result provides an easy way to construct
those n-ary semigroups. In Chapter 7, we provide a characterization of the class of symmetric
idempotent n-ary semigroups in terms of strong semilattices of right zero semigroups and n-ary
extensions of Abelian groups whose exponents divide n — 1. This characterization enables us to
easily construct symmetric idempotent n-ary semigroups. Moreover, in contrast to the previous
n-ary semigroups, we observe that symmetric idempotent n-ary semigroups are in general not re-
ducible to semigroups. Therefore, we also provide necessary and sufficient conditions that ensure
the existence of a binary reduction for a symmetric idempotent n-ary semigroup.



The main results of this thesis constitute new contributions to the problems of characteriz-
ing and enumerating classes of idempotent n-ary semigroups. Most of these contributions are
reported in the following articles:

[22]

[24]

[25]

[26]

[31]

[32]

[33]

[34]

[35]

[36]

M. Couceiro and J. Devillet. Every quasitrivial n-ary semigroup is reducible to a semi-
group. Algebra Universalis, 80(4), 2019.

M. Couceiro, J. Devillet, and J.-L. Marichal. Characterizations of idempotent discrete uni-
norms. Fuzzy Sets and Syst., 334:60-72, 2018.

M. Couceiro, J. Devillet, and J.-L.. Marichal. Quasitrivial semigroups: characterizations
and enumerations. Semigroup Forum, 98(3):472—-498, 2019.

M. Couceiro, J. Devillet, J.-L. Marichal, and P. Mathonet. Reducibility of n-ary semi-
groups: from quasitriviality towards idempotency. Contributions to Algebra and Geometry,
submitted for revision. arXiv:1909.10412.

J. Devillet. Bisymmetric and quasitrivial operations: characterizations and enumerations.
Aequat. Math., 93(3):501-526, 2019.

J. Devillet and G. Kiss. Characterizations of biselective operations. Acta Math. Hungar.,
157(2):387-407, 2019.

J. Devillet, G. Kiss, and J.-L. Marichal. Characterizations of quasitrivial symmetric nonde-
creasing associative operations. Semigroup Forum, 98(1):154—171, 2019.

J. Devillet, J.-L. Marichal, and B. Teheux. Classifications of quasitrivial semigroups. Semi-
group Forum, in press. https://doi.org/10.1007/s00233-020-10087-5.

J. Devillet and P. Mathonet. On the structure of symmetric n-ary bands. arXiv:2004.12423.

J. Devillet and B. Teheux. Associative, idempotent, symmetric, and order-preserving oper-
ations on chains. Order, in press. https://doi.org/10.1007/s11083-019-09490-7.

We end this introduction by giving a list of the top five of the new contributions presented in
this thesis:

1.

We provide characterizations of single-peakedness and related properties (see Propositions
1.5, 1.9, and 1.12) to establish descriptions of classes of ordered quasitrivial semigroups
(see Proposition 4.21 and Corollary 4.31). These results reveal surprising links between
semigroup theory and social choice theory.

. By solving several enumeration issues, we show that the number of ordered commutative

bands on X, is precisely the nth Catalan number (see Proposition 3.36).

. We prove that every quasitrivial n-ary semigroup is reducible to a semigroup (see Corollary

5.6). We also provide necessary and sufficient conditions for this binary reduction to be
unique and quasitrivial (see Theorem 5.26).
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4. We provide a characterization of the class of quasitrivial n-ary semigroups in terms of
binary reductions which enables us to easily construct those n-ary semigroups (see Corol-
laries 5.25 and 5.28).

5. We characterize and describe the class of symmetric idempotent n-ary semigroups (see
Theorem 7.22). We also provide necessary and sufficient conditions that ensure the re-
ducibility of any symmetric idempotent n-ary semigroup to a semigroup (see Theorem
7.26).



Part 1

Idempotent semigroups and
single-peakedness






Chapter 1

Single-peakedness and related properties

Single-peakedness is a property of total orders that arose in social choice theory,! where it pro-
vides a way to overcome the Condorcet paradox [10]. In this chapter, we recall the definition of
single-peakedness and extend it to the general case where the domain X may be infinite. To this
extent, we first recall some concepts related to ordered and preordered sets (Section 1.1). Then we
introduce and study other properties stemming from social choice theory that extend the single-
peakedness property to weak orders [9—11,71]. In particular, we provide characterization results
based on these properties in terms of properties of the Hasse graph of the corresponding orders
(Section 1.2). These properties will be used in Chapter 4 in order to characterize the classes of or-
dered and orderable quasitrivial semigroups, respectively. When X is finite, we compute the sizes
of various classes of orders satisfying those properties (Section 1.3). Most of the contributions
presented in this chapter stem from [25,31, 33, 34].

1.1 Ordered and preordered sets

In this section, we introduce some relevant concepts from order theory and set up the terminology
that will be used throughout this chapter. We refer to [29, 50] for an introduction to order theory.
Recall that a binary relation /2 on X is said to be

e total if Vz,y: xRy or yRx;

reflexive if Va: v Rx;

transitive if Vx,y, z: xRy and y Rz implies x Rz;

antisymmetric if Vz,y: xRy and y Rz implies © = y;
e asymmetric if Vz,y: xRy implies —(yRx);

o symmetric if Vx,y: xRy if and only if y Rx;

'Social choice theory is a multidisciplinary research field that lies at the intersection of welfare economics, de-
cision theory, and voting theory. In particular, it focuses on the aggregation of individual inputs (such as votes or
preferences) into collective outputs (such as collective decisions or preferences). We refer to [11] and [71] for a
historical background on social choice theory.
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It is easy to see that any total binary relation on X is reflexive.

An equivalence relation on X is a binary relation on X that is reflexive, transitive, and sym-
metric. In what follows, unless stated otherwise, we use the notation ~ for any equivalence
relation.

A partial order on X is a binary relation < on X that is reflexive, transitive, and antisymmet-
ric. In that case, the ordered pair (X, =) is called a partially ordered set (or a poset for short). We
denote the asymmetric part of < by <. Also, if a partial order < on X is total, then it is called a
total order and (X, =) is called a rotally ordered set (or a chain). In what follows, unless stated
otherwise, we use the notation < for any total order. For any integer n > 1, the pair (X,,, <,)
represents the set X,, = {1,...,n} endowed with the total order <,, defined by 1 <,, - - - <,, n.

More generally, a preorder on X is a binary relation = on X that is reflexive and transitive.
The ordered pair (X, 3) is then called a preordered set . We denote the symmetric and asymmetric
parts of 3 by ~ and <, respectively. Thus, we have x ~ y if and only if x = y and y 3 2. Also,
we have < y if and only if x S y and —(y = x). Recall also that ~ is an equivalence relation
on X and that < induces a partial order on the quotient set X /~. Thus, defining a preorder on X
amounts to defining a partially ordered partition of X. For any a € X, we use the notation [a].
to denote the equivalence class of a for ~, i.e., [a]. = {x € X: z ~ a}. Also, we say that two
elements x,y € X are incomparable, and we write = || y, if + Z yandy 2 x. Forany Y C X,
we denote by Z|y the restriction of =X to Y. For simplicity, we often write (Y, =) for (Y, Z|y).
Moreover, for any nonempty subsets Y, Z of X we write Y 2 Z if y 2 z for any y € Y and any
z € Z. Finally, if a preorder X on X is total, then it is called a weak order and (X, 3) is called a
weakly ordered set.

If (X, X) is a preordered set, then an element a € X is said to be maximal (resp. minimal ) for
= if for any z € X such that a = x (resp. = a) we have a ~ z. We denote the set of maximal
(resp. minimal) elements of X for < by max< X (resp. min< X). Note that this set need not be
nonempty (consider, e.g., the set Z of integers endowed with the usual total order <).

Recall that for a given preorder < on X the dual preorder of = is the preorder 3¢ on X
defined by < y if and only if y = x.

A nonempty subset I of a preordered set (X, ) is an ideal if it is a directed lower set, that
is, if x € X and y,z € [ are such that x = y, then x € [ and there exists u € [ such that
y 2 wand z 3 u. A nonempty subset H of a preordered set (X, 3) is a filter if it is an ideal in
(X, 3%). For every element x of a preordered set (X, 3), the sets (z]< = {y € X: y 3 z} and
[z)< = {y € X: x 2 y} are the ideal and the filter generated by z, respectively.

An ideal [ is said to be principal if there is x € X such that I = (z]<. Principal filters
are defined dually. In particular, in a finite preordered set, all ideals are principal. In a partially
ordered set (X, <), we set [a,b]<x = {r € X: a 2 x < b} and |a,b[<= {z € X: a <z < b} for
every a =< bin X. When there is no risk of confusion, we might write [a, b] (resp., |a, b]) instead
of [a, b]< (resp., |a, b[<). A subset C of a partially ordered set (X, <) is said to be convex (for <)
if it contains [a, b] for any a,b € C with a < b.

If (X, 2) is a preordered set, then an element x € X is said to cover an element y € X, and
we write y < x, if y < = and there exist no z € X suchthaty < z < x.

Now, let 3 be a preorder on X . The Hasse graph of (X, ) is the undirected graph (X/~, F),
where

E = {{lz]w [yl~}: [2]w < [y)~ or [yl =< [2]~}-

We can always represent the Hasse graph of (X,,, X) in the following way. To any element in

ny ~v

X/~ we assign exactly one point in the plane R?. Also, an edge joins two points [z]., [y]~ €
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X, /~if {[z]~, [y]~} € E. Finally, we draw a point [z].. € X,,/~ below another point [y]. €
X/~ if [y]~ covers [z].. This representation of the Hasse graph of (X,,, ) is also called the

ny ~v

Hasse diagram of (X,,, 3). For instance, the Hasse diagram of the preordered set (X5, =), where

ny ~v

Zisdefinedby 1|/2,1 < 3,2 < 3,and 3 < 4 ~ 5, is depicted in Figure 1.1.

[4]~

Figure 1.1: Hasse diagram of (X5, 3)

Let (Y, 3) and (Z, Z') be two preordered sets. Recall that the preorders 3 and 3 are said to
be isomorphic, and we write = ~ ', if there exists a bijection ¢: Z — Y such that

3y & o) Zely), wyeZ

The bijection ¢ is then said to be an isomorphism from (Z, ') to (Y, 3). It is said to be an
automorphism of (Y, 2) if (Y, Z) = (Z,Z'). The latter concepts are used in Chapter 4 in order
to classify and enumerate the class of quasitrivial semigroups.

1.2 Characterizations of single-peakedness

The following example [89] provides a motivation for the use of single-peakedness in social
choice.

Example 1.1. Suppose you are asked to order the following six objects in decreasing preference:

0 sandwich

1 sandwich

2 sandwiches

3 sandwiches

4 sandwiches

more than 4 sandwiches

OO W N~

We write ¢ <’ j if 7 is preferred to j. We list below four possible rankings.

After a good lunch: 1 </ 2 </ 3 </ 4 </ 5 </ 6.

If you are starving: 6 <j; 5 <3 4 <3 3 <j; 2 <j 1.

1 M M 1 M . !/ / / / /
A possible intermediate situation: 3 </, 4 <_ 5 </ 6 </ 2 <[ 1.

A quite unlikely preference: 6 <} 3 <45 <2 <54 <} 1.

We observe that, for any ¢ € {«, 3,7} and any i, j, k € X such that i <g j <g k, we have j <} i
or j <, k. In social choice theory, the total order <} is then said to be single-peaked for <q. We
now see that <j is not single-peaked for <g since 3 < 5 <g 6 and 6 <§ 3 <} 5.
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The concept of single-peakedness was first introduced for finite chains by Black [9, 10] (see
[8,49] for more recent references). We can easily generalize this concept to arbitrary chains as
follows.

Definition 1.2 (see [33]). Let < be a total order on X. A total order <’ on X is said to be
single-peaked for < if for any a, b, c € X,

a<b<c = b<'a or b<ec (1.1)

Note that the single-peakedness condition is self-dual with respect to the total order <, that
is, a total order <’ on X is single-peaked for < if and only if it is single-peaked for <.

Example 1.3. There are exactly four total orders <’ on X3 that are single-peaked for <3, namely
1<'2<3,2<1<3,2<3<,and3<"2<"1.

Let < be a fixed (reference) total order on X, for some integer n > 1. For any weak order
=< on X, let also G< be the graph of the identity function ix,: X,, — X, represented in the
Cartesian coordinate system obtained by considering the reference totally ordered set (X,,, <) on
the horizontal axis and the dual version of the weakly ordered set (X,,, =) on the vertical axis.

Example 1.4. Let us consider the reference totally ordered set (X, <g) and the weak order = on
X defined by 2 ~ 3 ~ 4 <1 <5~ 6. The associated graph G< is represented in Figure 1.2.

1 2 3 4 5 6
Figure 1.2: Example 1.4

Figure 1.3: The two patterns excluded by condition (1.1)

Black [10] observed that the single-peakedness property of a total order <" on X, for <,, can
be easily checked by analyzing its corresponding graph G<. In fact, the total order <’ is single-
peaked for <, if and only if G-/ is “V-free” in the sense that we cannot find three points (i, ),
(7,7), (k, k) in V-shape in G/, which means that the patterns shown in Figure 1.3 are forbidden.
Equivalently, the function whose graph is represented by G<, has only one local maximum.
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=7

DO Ot e W
=~ D Ot W Oy

1 2 3 4 5 6 1 2 3 4 5 6
Figure 1.4: <! is single-peaked (left) while <j is not (right)

For instance, Figure 1.4 gives the graphs G<; and G/ defined in Example 1.1 for the reference
total order <¢. We see that the function whose graph is given by G<, has only one local maximum
while it has two local maxima in the case of Qgg.

The following result provides characterizations of single-peakedness. The equivalence among
(1), (iv), and (v) was shown in [33].

Proposition 1.5. Let < and <’ be two total orders on X. The following assertions are equivalent.
(i) <'is single-peaked for <.
(ii) Every ideal of (X, <') is a convex subset of (X, <).
(iii) Every principal ideal of (X, <') is a convex subset of (X, <).
(iv) For any xq,x1,x9 € X such that xqo <' x1 and xo <' x5 we have

To< T < Ty OF Ta<x1<T0 = 1< 9. (1.2)

If X has a minimal element o for <', then any of the assertions (i) — (iv) is equivalent to the
following one.

(v) (1.2) holds for any x,, x5 € X.

Proof. We first prove the implication (i) = (ii). So, suppose that <’ is single-peaked for <
and suppose to the contrary that there exists an ideal I of (X, <’) that is not a convex subset of
(X, <). Then there exist a,b,c € X satisfying a < b < ¢ such that a,c € I and b ¢ I. This
means that a <’ b and ¢ <’ b, which contradicts our assumption. The implication (i7) = (4i7) is
obvious. Now, let us show that (i7i) = (iv). So, suppose that every principal ideal of (X, <’) is
a convex subset of (X, <) and suppose to the contrary that there exist zo, x1,z2 € X satisfying
2o <' x1 and x¢ <’ xo for which (1.2) fails to hold, i.e., either (z¢g < x1 < w9 and xg <’ 19 <’ 1)
or (r2 < 1 < xp and zy <" o <’ x1). But then the principal ideal (x2]</ is not a convex subset
of (X, <), which contradicts our assumption. The implication (iv) = (v) is obvious. Finally, let
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4 4
3 1
2 3
1 2

Figure 1.5: Hasse diagrams of (X, <) and (X, <').

us show that (v) = (i). We proceed again by contradiction. Suppose that there exist a, b, c € X
satisfying a < b < ¢ such that a <’ b and ¢ <’ b. Since z, is the minimal element of (X, <'),
we must have xo # b. If g < b, then setting 1 = b and x5 = ¢, we obtain ¢ < x; < x5 and
29 <" 21, which contradicts (1.2). We arrive at a similar contradiction if b < x. O]

Proposition 1.5 is of particular interest as it enables us to check whether a total order <’ on
X is single-peaked for a reference total order < on X simply by looking at the Hasse diagram
of (X, <’). For instance, the total order <’ on X, defined by 2 <’ 3 <’ 1 <’ 4 is single-peaked
for <. Indeed, it is not difficult to see that every principal ideal of (X, <’) is a convex subset of
(X4, <4); see Figure 1.5.

It is natural to use weak orders in election systems, where two or more candidates can be
considered as equivalent by the voters. In this context, the property of single-peakedness for finite
chains was generalized to weak orders by Black [9, 10] and this generalization was reformulated
mathematically by Fitzsimmons [46]. We now extend this concept to arbitrary chains, possibly
infinite.

Definition 1.6. Let < be a total order on X. A weak order =X on X is said to be single-plateaued
for < if the following two conditions hold.

(a) Forany a,b,c € X suchthata < b < ¢, wehaveb S aorb 3 c.
(b) Forany a,b,c € X suchthata # cand b < a ~ ¢, wehave a < b < corc < b < a.

Remark 1.7. Let (X, <) be a chain, let X be a weak order on X, and let P C X be such that the
restriction |p of 3 to P is a total order. Then 3| p satisfies condition (a) of Definition 1.6 for
<|p if and only if it is single-peaked for <|p.

Black [10] observed that the single-plateauedness property of a weak order = on X, for <,
can be easily checked by analyzing the graph G<. Actually, condition (a) of Definition 1.6 says
that the graph G< is V-free, i.e., we cannot find three points (i,4), (J, j), (k, k) in V-shape in G=.
Condition (b) of Definition 1.6 says that the graph G« is both reversed L-free and L-free, which
means that the two patterns shown in Figure 1.6 (reversed L-shape and L-shape), are forbidden.

Example 1.8. The weak order 3’ on X, defined by 2 ~' 3 <’ 4 <’ 1 is single-plateaued for <,.
Indeed, the graph G+ is V-free, reversed L-free, and L-free; see Figure 1.7 (left). However, the
weak order X on X, defined by 1 < 2 ~ 3 < 4 is not single-plateaued for <,. Indeed, the graph
G< is not L-free as the points (1, 1), (2,2), and (3, 3) are in L-shape; see Figure 1.7 (right).

The following proposition provides a characterization of condition (a) of Definition 1.6 in
terms of ideals of (X, 3).
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u ‘
2~'3 G 1 g<
4 2~3
1 4
1 2 3 4 1 2 3 4 ]

Figure 1.7: Example 1.8

Proposition 1.9. Let < be a total order on X and let = be a weak order on X. The following
assertions are equivalent.

(i) Condition (a) of Definition 1.6 holds.
(ii) Every ideal of (X, 3) is a convex subset of (X, <).
(iii) Every principal ideal of (X, 3) is a convex subset of (X, <).

Proof. The implication (i) = (ii) is straightforward. Also, the implication (ii) = (éi7) is
obvious. Let us show that (i7i) = (¢). For the sake of a contradiction, suppose that there exist
a,b,c € X suchthata < b < c¢,a <b,and c < b. Setty = cif a < ¢, and ty = a, otherwise. We
then have a, ¢ € (to]<. By convexity for < we also have b € (y)<. Therefore we have a < b 3 ¢
and ¢ < b = ty, which contradicts the definition of . O

Proposition 1.9 is of particular interest as it allows us to check whether a weak order 3 on X
satisfies condition (a) of Definition 1.6 for a reference total order < on X by analyzing the Hasse
diagram of (X, 3). For instance, the weak order 3 on X, defined by 2 < 1 ~ 3 < 4 satisfies
condition (a) of Definition 1.6 for <,. Indeed, it is not difficult to see that every principal ideal
of (X4, 2) is a convex subset of (X, <4); see Figure 1.8.

In what follows, we provide several characterizations of single-plateauedness. To this extent,
we first introduce the notion of plateau.

Definition 1.10 (see [25]). Let < be a total order on X and let = be a weak order on X. We say
that a subset P of X of size |P| > 2 is a plateau for (<,3) if P is convex for < and if there
exists z € X such that P C [z]..

Remark 1.11. Let < be a total order on X and let = be a weak order on X. A set C' € X/~ with
|C'| > 2 is a plateau for (<, ) if and only if it is convex for <.

The following proposition provides characterizations of single-plateauedness.
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4
3 [4]~
2 1]~
1 2]~

Figure 1.8: Hasse diagrams of (X4, <4) and (X4, 3).

Proposition 1.12 (see [25]). Let < be a total order on X and let = be a weak order on X. The
Jfollowing assertions are equivalent.

(i) = is single-plateaued for <.
(ii) For any a,b,c € X suchthata < b < ¢, we haveb < aorb <cora ~b~ c.

(iii) For any a,b,c € X such that a < b < ¢, we have

a<b= b=<c,
c<b= b<a.

(iv) Condition (a) of Definition 1.6 as well as the following one hold.

(b’) If P C X, |P| > 2, is a plateau for (<, 3), then it is =X-minimal in the sense that for
every a € X satisfying a = P there exists z € P such that z ~ a.

Proof. Let us first show that (i) = (7). Suppose to the contrary that there exist a, b, ¢ € X with
a <b<csuchthata 3 band ¢ 3 band =(a ~ b ~ ¢). By condition (a) of Definition 1.6 we
have a < b ~ cor ¢ < a ~ b, which contradicts condition (b) of Definition 1.6. Now, let us show
that (i7) = (i4i). Suppose to the contrary that there exist a, b, ¢ € X with a < b < ¢ such that
any of the following conditions hold.

e a <bandc = b.
e c<banda =X b.

This clearly contradicts condition (i7). Now, let us show that (iii) = (iv). It is easy to see that
condition (a) of Definition 1.6 holds. So, suppose to the contrary that there exists a plateau P
for (<, 3) that is not Z-minimal, that is, there exist a,b, ¢ € X with a < ¢ such that a,c € P,
b <a~c andb ¢ [a,c]. This clearly contradicts condition (i77). Finally, let us show that
(iv) = (i). Let a,b,c € X such that a < cand b < a ~ c and suppose that b ¢ [a, ¢]. Assume
without loss of generality that b < a. If [a, c| is a plateau for (<, 3), then it cannot be <-minimal,
which contradicts (b'). Hence [a, ¢] is not a plateau for (<, <), which means that there exists
z € la, c] such that —=(z ~ a). By condition (a) of Definition 1.6 we then have z < a. But then
the triplet (b, a, z) violates condition (a) of Definition 1.6 since z < a and b < a. O
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Remark 1.13. Let < be a total order on X and let =X be a weak order on X. It is easy to see that =
satisfies condition (') of Proposition 1.12(iv) whenever it satisfies condition (b) of Definition 1.6.
The converse is not true in general. For instance, consider the chain (X}, <,) and the weak order
< on X, defined by 1 < 2 ~ 4 < 3. Then 3 satisfies condition (V') of Proposition 1.12(iv) but it
does not satisfy condition (b) of Definition 1.6. Indeed, we have 1 < 2 ~ 4 and 1 <4 2 <4 4.

Given a weak order = on X, we now provide a necessary and sufficient condition on 3 that
ensures the existence of a total order on X for which = is single-plateaued.

Definition 1.14 (see [34]). We say that a weak order = on X is 2-quasilinear if there are no
pairwise distinct a, b, c,d € X such thata < b ~ ¢ ~ d.

Thus, a weak order = on X is 2-quasilinear if and only if every set C' € X/~ that is not
minimal for X contains at most two elements of X.
The following proposition provides a quite surprising characterization of 2-quasilinearity.

Proposition 1.15 (see [34]). A weak order on X is 2-quasilinear if and only if it is single-
plateaued for some total order on X.

Proof. (Necessity) Let 3 be a 2-quasilinear weak order on X. For any x € X, let S| be a total
order on [z]..

Consider the binary relation < on X whose symmetric part is the identity relation on X and
the asymmetric part < is defined as follows. Let 2,y € X be such that z # y and = = v.

xSy, thenwesetx <y.

— If z~y and
Y Sz v, then wesety < x.

Yy = mins[y]N ]~ then we set y < .

— If <y and
y = maxg,, [y].and|[[y]l.| =2, thenwesetz <y.

Let us show that, thus defined, the relation < is a total order on X. It is clearly total by
definition. It is also antisymmetric. Indeed, it is clear that there are no z,y € X such that z < y
and y < z. Finally, let us prove by contradiction that it is transitive. Suppose that there are
x,y,z € X suchthat z < y, y < z, and 2 < z. Also, suppose for instance that z ~ y < z
(the other 12 cases can be verified similarly). Since y < z, we must have z = maxg, [z]~ and
|[z]~| = 2. Also, since z < z, we must have z = ming, [z]~, a contradiction.

Let us now show that = is single-plateaued for <. To this extent, we only need to show that
condition (ii) of Proposition 1.12 holds. So, let a,b,c¢ € X such thata < b < ¢, =(a ~ b ~ ¢),
and ¢ X b. We only need to show that b < a. We have two exclusive cases to consider.

e If ¢ ~ b, then we clearly have b .Sy, c. It follows that we cannot have a < b and b =
maxg, [b]~ and [[b].| = 2. We cannot have a ~ b either for we have =(a ~ b ~ ¢).
Therefore, we must have b < a.

o If ¢ < b, then we have b = ming, [b].. It follows that we cannot have @ < b and
b = maxgy, [b]. and |[b].| = 2. Clearly, we cannot have a ~ b and a Sy b either.
Therefore, we must have b < a.
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(Sufficiency) We proceed by contradiction. Suppose that there exist pairwise distinct a, b, c,d €
X such thata < b ~ ¢ ~ d. Assume without loss of generality that b < ¢ < d. If a < b < ¢,
then the triplet (a, b, c) violates single-plateauedness of =. If b < a < ¢, then the triplet (a, ¢, d)
violates single-plateauedness of <. In the two other cases the triplet (b, c,a) violates single-
plateauedness of <. O

In the finite case, i.e. when X = X, for some n > 1, an algorithm can be easily derived from
Proposition 1.15 to construct a total order on X,, for which a given 2-quasilinear weak order is
single-plateaued. For any weak order X on X, let £ = |X,,/~| and let C1, ..., C} denote the
elements of X,,/~ ordered by the relation induced by =%, thatis, C; < --- < C} (where C; < C;
means that we have x < y forall z € C; and all y € (). For a 2-quasilinear weak order =
on X, the total order < on X, mentioned in Proposition 1.15 can be very easily constructed as
follows. First, choose a total order S; on each set C; (¢ = 1,..., k). Then execute the following
four-step algorithm.

1. Let L be the empty list.

2. Fori =k, ...,2, append the element ming, C; to L.

3. Append to L the elements of C; in the order given by 5.

4. Fori =2,...,k such that |C;| = 2, append the element maxg, C; to L.

The order given by L defines a suitable total order < on X,,. For instance, suppose that we have
the following 2-quasilinear weak order = on Xj:

1~2~3<4~5<6<7~8.

Ineachset C; (1 = 1,2, 3,4), we let S; be the restriction of <,, to C;. The list constructed by the
algorithm above is then given by L = (7,6,4,1,2,3,5,8) and provides the following total order:

T<6<4<1<2<3<hHh<8

Finally, we can readily verify that =< is single-plateaued for < (see Figure 1.9).

T 6 4 1 2 3 5 8

Figure 1.9: 3 is single-plateaued for <
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Remark 1.16. In order to aggregate votes in a consistent way, social choice theorists usually face
the problem of finding a reference total order, if any, for which a number of given weak orders
are single-plateaued. To formalize this concept, let £ > 1 be an integer and let {3, ..., Sk} be
a set of weak orders on X,,. The set {Z1,..., Sk} is said to be single-plateaued consistent [46]
if there exists a total order < on X, such that =; is single-plateaued for < forany i € {1,... k}.
Single-plateaued consistency was characterized in [46] by means of properties of matrices. We
observe that if a set of weak orders on X, is single-plateaued consistent, then each weak order
must be 2-quasilinear by Proposition 1.15. However, the converse is not true in general. For
instance, it is not difficult to see that the weak orders =; and =, on X3 defined by 1 ~; 2 <; 3
and 3 <5 1 ~y 2, respectively, are 2-quasilinear but the set {1, 32} is not single-plateaued
consistent.

For any total order < on X and any weak order = on X, we say that < extends (or is subor-
dinated to) 3 if, for any x,y € X, we have that x < y implies x < y.

Definition 1.17 (see [31]). We say that a weak order = on X is quasilinear if there are no pairwise
distinct a, b, c € X such thata < b ~ c.

Thus, a weak order X on X is quasilinear if and only if every set C' € X/~ that is not minimal
for < contains exactly one element of X. Clearly, such a weak order is also 2-quasilinear. We
also have the following proposition, which is the counterpart of Proposition 1.15 for quasilinear
weak orders.

Proposition 1.18 (see [34]). A weak order on X is quasilinear if and only if it is single-plateaued
for any total order on X that extends it.

Proof. (Necessity) Let S be a quasilinear weak order on X. Suppose that there exists a total
order < on X that extends = and such that =< is not single-plateaued for <. That is, there exist
a,b,c € X suchthata < b <c¢,cXb,a 3 b,and =(a ~ b~ ¢). Then we must have a < b ~ ¢,
which contradicts quasilinearity.

(Sufficiency) Let = be a weak order on X that is single-plateaued for any total order on X
that extends it. Suppose that = is not quasilinear, that is, there exist pairwise distinct a, b, ¢ € X
such that a < b ~ c. It is then clear that = is not single-plateaued for any total order < on X that
extends . Thus, we reach a contradiction. ]

Remark 1.19. For any integer n > 1, the weak orders on X, that are quasilinear are known in
social choice theory as top orders (see, e.g., [46]). Several election systems such as the Borda
count can be extended for top orders (see, e.g., [46]).

Now, we provide a characterization of quasilinearity under single-plateauedness.

Proposition 1.20 (see [31]). Let < be a total order on X and let = be a weak order on X that is
single-plateaued for <. The following conditions are equivalent.

(i) = is quasilinear.

(ii) If there exist a,b € X, with a < b, such that a ~ b, then [a,b] is a plateau for (<, 3) and
it is 3-minimal in the sense that for every a € X satisfying a =S P there exists z € P such
that z ~ a.
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Proof. Let us first show that (i) = (ii). We proceed by contradiction. Let a,b € X with a < b,
such that a ~ b and suppose that [a, b] is not a plateau for (<, ). But then there exists u € |[a, b
such that either u < a ~ b which contradicts quasilinearity, or a ~ b < u which contradicts
single-plateauedness. Thus, [a, b] is a plateau for (<, <) and it is Z-minimal by quasilinearity.
Now, let us show that (i7) = (7). We proceed again by contradiction. Suppose that there exist
pairwise distinct a, b, ¢ € X such that a < b ~ c. We can suppose without loss of generality that
b < c. But then [b, ] is a plateau for (<, X) which is not Z-minimal, a contradiction to (i7). [

When X = X, for some n > 1, Proposition 1.20 is of particular interest as it enables us to
easily check whether a weak order = on X, is quasilinear and single-plateaued for <,,. Indeed,
as discussed, single-plateauedness says that the graph G< is V-free, L-free, and reversed L-free.
Also, by Proposition 1.20, quasilinearity says that any two elements which have the same position
on the vertical axis form a plateau. For instance, the weak order 3 on Xg whose graph G« is
depicted in Figure 1.9 is not quasilinear since the elements 7 and 8 have the same position on the
vertical axis but do not form a plateau.

We conclude this section by studying another extension of single-peakedness for weak orders
[46,67].

Definition 1.21. Let < be a total order on X. A weak order 3 on X is said to be existentially
single-peaked for < if it can be extended to a total order <’ that is single-peaked for <.

Remark 1.22. The concept of existential single-peakedness was first introduced for finite chains
in social choice theory [46,67]. In Definition 1.21 we extended this concept to arbitrary chains.

Example 1.23. The weak order < on X3 defined by 3 < 1 ~ 2 is existentially single-peaked for
<3. Indeed, the total order <’ on X3 defined by 3 <’ 2 <’ 1 extends 3 and is single-peaked for
<3. Also, it is not difficult to see that the weak order =’ on X3 defined by 1 ~' 3 <" 2 is not
existentially single-peaked for <;.

The following proposition provides a characterization of existential single-peakedness.

Proposition 1.24. Let < be a total order on X and let =X be a weak order on X. The following
assertions are equivalent.

(i) = is existentially single-peaked for <.
(ii) Condition (a) of Definition 1.6 holds.

Proof. The implication (i) = (i7) is straightforward. Let us show that (i) = (7). Consider the
binary relation <’ on X whose symmetric part is the identity relation on X and the asymmetric
part <’ is defined as follows. Let z,y € X be such that z # y and x = .

— If z <y, then we set x <" y.
dz € Xsuchthat z < yandy < z, thenwesety < x.

—Ifx~y, x<y, and
A2 Xsuchthatz < yandy < z, thenwesetz <’ .

Let us show that, thus defined, the relation <’ is a total order on X . It is clearly total by definition.
It is also antisymmetric. Indeed, it is clear that there are no x,y € X suchthatz <’ yandy < x.
Finally, let us prove by contradiction that it is transitive. Suppose that there are x, y, 2 € X such
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that x <’ y, y <’ 2, and z <’ x. By definition of <’ we must have x ~ y ~ z. Also, suppose for
instance that z < y < z (the other 5 cases can be verified similarly). Since z <’ z and = < z,
there exists u € X such that © < z and z < u, which contradicts the fact that y <’ z.

Let us now show that <’ is single-peaked for <. So, let a,b, ¢ € X such that a < b < ¢ and
¢ <" b. We only need to show that b <’ a. We have two exclusive cases to consider.

e If ¢ < b, then by condition (ii) we have b 3 a. By definition of <’ we then have b <’ a.

e If ¢ ~ b, then by definition of <’, there exists u € X such that u < ¢ and ¢ < u. We first
observe that we cannot have a < b. Otherwise, we would have a < ¢ < u, a < ¢, and
u < ¢, which would contradict condition (i7). Therefore, we have two exclusive subcases
to consider.

— If b < a, then by definition of <’ we have b <’ a.

— If a ~ b, then since u < b and b < u, we must have b <’ a. O

Remark 1.25. The equivalence between conditions (i) and (ii) of Proposition 1.24 was stated
without proof for finite chains in [46]. It was then recently proven for finite chains in [47]. Here
we provide a constructive proof of this equivalence for arbitrary chains.

When X = X, for some n > 1, Proposition 1.24 is of particular interest as it enables us to
easily check whether a weak order is existentially single-peaked for <,,. In fact, by Proposition
1.24, a weak order 3 on X, is existentially single-peaked for <,, if and only if the graph G< is
V-free.

Example 1.26. The weak order = on X5 defined by 4 ~ 5 < 3 < 1 ~ 2 is existentially single-
peaked for <;. Indeed, the graph G~ is V-free; see Figure 1.10 (left). For instance, the total
order <’ on X5 defined by 4 <’ 5 <’ 3 <’ 2 <’ 1 extends 3 and is single-peaked for <j5; see
Figure 1.10 (right).

A y
4
4~5r
5
G+ G
3
3k
2
1~2+ 1
I I I I I . .
1 2 3 4 5 1 2 3 4 5

Figure 1.10: Example 1.26

Let < be a total order on X. By Proposition 1.24, we observe that if a weak order on X is
single-plateaued for <, then it is existentially single-peaked for <. However, the converse of the
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latter statement is not true in general. For instance, the weak order = on X3 definedby 1 < 2 ~ 3
is existentially single-peaked for <5. However, it is not single-plateaued for <3. The following
result shows that the latter two properties are equivalent for quasilinear weak orders.

Proposition 1.27 (see [31]). Let < be a total order on X and let = be a quasilinear weak order
on X. Then = is single-plateaued for < if and only if it is existentially single-peaked for <.

Proof. (Necessity) This follows from Proposition 1.24.

(Sufficiency) Suppose that = is existentially single-peaked for <. Then = satisfies condition
(a) of Definition 1.6 by Proposition 1.24. Also, = satisfies condition (b) of Definition 1.6 by
quasilinearity. Thus, 3 is single-plateaued for <. ]

1.3 Enumeration results

In this section we consider the problem of enumerating the special weak orders introduced in
Section 1.2. For instance, for any integer n > 1, we provide in Proposition 1.28 the exact number
of 2-quasilinear weak orders on X,,. We posted the corresponding sequence in Sloane’s On-Line
Encyclopedia of Integer Sequences (OEIS, see [94]) as sequence A307005.

The results reported in this section will not be used in the subsequent chapters. The reader
who is less interested in enumeration issues may want to skip this section.

We often consider either the (ordinary) generating function (GF) or the exponential generating
function (EGF) of a given integer sequence (s, ),>0. Recall [53] that, when these functions exist,
they are respectively defined by the formal power series

S(z) = anz” and S(z) = an;—T

n>0 n>0

Recall [53] also that for any integers 0 < k < n, the Stirling number of the second kind {7 }

is defined by
k
n o 1 k—1 k 20
U= a ()

For any integer n > 0, let p(n) denote the number of weak orders on X,,, or equivalently, the
number of totally ordered partitions of X,,. Setting p(0) = 1, the number p(n) is explicitly given
by

k=0
Actually, the corresponding sequence (p(n)),>o consists of the ordered Bell numbers (Sloane’s
A000670) and satisfies the following recurrence equation

st = 3 (7)o, wzo

k=0

with p(0) = 1. Moreover, its EGF is given by P(z) = 1/(2 — €?).
Now, for any integer n > 0, let ¢(n) be the number of 2-quasilinear weak orders on X, and let
r(n) be the number of quasilinear weak orders on X,,. By convention, we set ¢(0) = r(0) = 1.
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The next two propositions [31, 34] provide explicit expressions for these sequences. Also, the
first few values are given in Table 1.1.2

Proposition 1.28. The sequence (q(n)),>o satisfies the second order linear recurrence equation
1
q(n+2):1+(n—|—2)q(n+1)—|—§(n+2)(n+1)q(n), n=>1,

with q(1) = 1 and q(2) = 3, and we have

n!
C](”):kzm(;k, n>1,
0

where G, = \/Tg (LB _ V3 (1*2‘/3)". Moreover, its EGF is given by

~

Q(2) = (27 — 22 — 2% /(2 — 22 — 7).

Proof. We clearly have ¢(1) = 1 and ¢(2) = 3. Now, let n > 3, let 3 be a 2-quasilinear
weak order on X,,, and let m be the number of maximal elements of X,, for <. By definition
of 2-quasilinearity, we necessarily have m € {1,2,n}. Moreover, the restriction of = to the
(n — m)-element set obtained from X,, by removing its maximal elements for = is 2-quasilinear.
It follows that the sequence ¢(n) satisfies the second order linear recurrence equation

o) = 14 naln—1)+ gnln—1gn—2), n>3

as claimed. Thus, the sequence (a(n)),>o defined by a(n) = g(n)/n! for every n > 0 satisfies
the second order linear recurrence equation (with constant coefficients)

a(n):—+a(n—1)+%a(n—2), n > 3.

The expression for the EGF of (¢(n)),>0 (Which is exactly the GF of (a(n)),,>¢) follows straight-
forwardly. The claimed closed form for ¢(n) is then obtained by solving the latter recurrence
equation (using the method of variation of parameters). ]

Proposition 1.29. The sequence (1(n)),>o satisfies the linear recurrence equation
r(n+1)—(n+1)r(n) = 1, n>1,
with r(1) = 1, and we have the explicit expression
r(n) = n!il, n>1.
=
We also have the closed-form expression r(n) = |n!(e — 1) | for every n > 1. Moreover, its EGF

is given by R(z) = (¢ — 2)/(1 — 2).

2 Actually, we have r(n) = A002627(n) for every integer n > 1.
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Proof. We clearly have

& n
T(n):Z(il 1)7 n =1,

i=1

.....

I,...,ninto (n — ¢ + 1) classes of sizes i,1,...,1. The claimed linear recurrence equation
as well as the EGF of (7(n)),>o follow straightforwardly. We then have r(n) = A002627(n) for
n > 1 and the closed-form expression of (7(n)),>o follows immediately [94]. O

n p(n) q(n) r(n)

1 1 1 1

2 3 3 3

3 13 13 10

4 75 71 41

5 041 486 206

6 4683 3982 1237

OEIS | A000670 A307005 A002627

Table 1.1: First few values of p(n), g(n), and r(n)

Now, we focus on the enumeration of both single-plateaued and existentially single-peaked
weak orders.
Assume that X, is endowed with <,,. For any integer n > 0, we denote by

e u(n) the number of total orders <’ on X, that are single-peaked for <,,,

e v(n) the number of weak orders = on X, that are single-plateaued for <,,,

e w(n) the number of weak orders = on X, that are existentially single-peaked for <,,,
e s(n) the number of quasilinear weak orders X on X, that are single-plateaued for <,,.

As a convention, we set u(0) = v(0) = w(0) = s(0) = 1. Itis known (see, e.g., [8]) that there are
exactly u(n) = 2" single-peaked total orders on X,, for <,,. However, to our knowledge, the
number of single-plateaued weak orders on X,, for <,, was unknown prior to the contributions
recorded in [25]. Propositions 1.31 and 1.33 below provide explicit formulas for the sequences
(v(n))n>0 and (w(n)),>o. The first few values of these sequences are shown in Table 1.2.°

Lemma 1.30 (see [25]). Let < be a total order on X and let =X be a weak order on X that is single-

plateaued for <. Assume that both min< X and max< X are nonempty and let a = min< X and
b =max< X. [f max< X # X, then max< X C {a,b}.

Proof. By Proposition 1.15 the set max< X contains at most two elements. Now suppose that
there exists * € (max< X) \ {a,b}. Then the triplet (a,x,b) violates single-plateauedness of
=<, 0

3Note that the sequences A048739 and A007052 are shifted versions of (v(n)),>0 and (w(n)),>o, respectively.
More precisely, we have v(n) = A048739(n — 1) and w(n) = A007052(n — 1) for every integer n > 1.
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Proposition 1.31 (see [25]). The sequence (v(n)),>o satisfies the second order linear recurrence
equation
v(in+2)—2v(n+1)—v(n) =1, n>1,

with v(0) = v(1) = 1 and v(2) = 3, and we have

20(n) +1 LA+ V2 + 11— v2)rt!

= D i>0 (") 2" n=>1
Moreover, its GF is given by V(2) = (22 + 22 — 224+ 1) /(2® + 2% — 32 + 1).

Proof. We clearly have v(0) = 1 and v(1) = 1. So let us assume that n > 2. If = is a weak
order on X, that is single-plateaued for <,,, then by Lemma 1.30 either max< X,, = X, or
max< X, = {1}, or max< X,, = {n}, or max< X,, = {1,n}. In the three latter cases it is
clear that the restriction of < to X,, \ max< X, is single-plateaued for the restriction of <,, to
X, \ max< X,,. It follows that the number v(n) of single-plateaued weak orders on X,, for <,
satisfies the following second order linear equation

vin) = 14+ov(n—1)+v(n—1)+v(n—2), n>2.
The claimed expressions of v(n) and the GF of (v(n)),>o follow straightforwardly. O

Lemma 1.32. Let = be a weak order on X, that is existentially single-peaked for <,, and let
k € {l,...,n}. Then |max< X, | = k if and only if max< X,, = [1,i — 1] U [n — k + i,n] for
somei € {1l,.... k+1}.

Proof. (Necessity) By Proposition 1.24(ii) we have that 1 € max< X,, or n € max< X,,. Thus,
if k € {1,n — 1,n}, then the result follows immediately. Now, suppose that k € {2,...,n — 2}
and suppose to the contrary that

max< X, # [1,i —1]U[n—k+1i,n], ie{l,....k+1}. (1.3)
We have three cases to consider.

o If 1 € max< X, and n ¢ max< X,,, then there exist a,b € X such that1 <, a <, b <, n
and a < 1 ~ b by (1.3). But then the triplet (a, b, n) violates existential single-peakedness
by Proposition 1.24(ii).

o If 1 ¢ max< X, and n € max< X,,, then there exist a,b € X such that1 <, a <, b <, n
and b < a ~ n by (1.3). But then the triplet (1, a, b) violates existential single-peakedness
by Proposition 1.24(ii).

e If 1,7 € max< X,, then k > 3 by (1.3). Also, by (1.3), there exist a,b,c € X such that
l<p,a<,b<,c<,ma<1l~b~mn,andc < 1~ b~ n. Butthen the triplet (a, b, ¢)
violates existential single-peakedness by Proposition 1.24(ii).

(Sufficiency) Obvious. ]



24 CHAPTER 1. SINGLE-PEAKEDNESS AND RELATED PROPERTIES

Proposition 1.33. The sequence (w(n)),>o satisfies the second order linear recurrence equation
w(n+2)—4w(n+1)+2w(n) = 0, n>1,
with w(0) = w(1) = 1 and w(2) = 3, and we have

wn) = 2+V2)"+3(2-V2)"
= Pz () 2770 nzl.
Moreover, its GF is given by W (z) = (1 — 3z + 22) /(1 — 4z + 22?).

Proof. We clearly have w(0) = w(1) = 1 and w(2) = 3. Now, let n > 3, let < be an existentially
single-peaked weak order on X,,, and let k£ be the number of maximal elements of X, for 3. By
Lemma 1.32, we have max< X,, = [1,i—1]U[n—k+i,n| forsome ¢ € {1,...,k+1}. Moreover,
the restriction of < to X, \ max< X, is existentially single-peaked for the restriction of <,, to
X, \ max< X,,. Thus, it follows that the sequence w(n) satisfies the linear recurrence equation

n—1

win) = 1+ (k+wn—k), n>3

k=1

We then conclude that the sequence w(n) satisfies the second order linear recurrence equation
w(n) —4w(n — 1) 4+ 2w(n — 2) = 0 for every n > 3. The expression for the GF of (w(n)),>0
follows straightforwardly. The claimed closed form for w(n) is then obtained by solving the latter
recurrence equation. L

Lemma 1.34 (see [31]). Let = be a quasilinear weak order on X, that is single-plateaued for
<p. Ifmax< X,, # X,, then max< X,, C {1,n} and | max< X, | = 1.

Proof. We proceed by contradiction. Since 3 is quasilinear, the set max< X,, contains exactly
one element. Suppose that max< X,, = {z}, where z € X,, \ {1,n}. Then the triplet (1, z,n)
violates the single-plateauedness of 3. O]

Proposition 1.35 (see [31]). The sequence (s(n))n>o satisfies the linear recurrence equation
s(n+1) = 2s(n) + 1, n>1,
with s(0) = s(1) = 1, and we have the closed-form expression
s(n) = 2" —1, n > 1.
Moreover, its GF is given by S(z) = (222 — 22 +1)/(22* — 32 + 1).

Proof. We clearly have s(0) = s(1) = 1. So let us assume that n > 2. If 3 is a quasilinear
weak order on X, that is single-plateaued for <,,, then by Lemma 1.34, either max< X,, = X,
or max< X,, = {1} or max< X,, = {n}. In the two latter cases, it is clear that the restriction of 3
to X,, \ max< X, is quasilinear and single-plateaued for the restriction of <,, to X, \ max< X,.
It follows that the number s(n) of quasilinear weak orders on X, that are single-plateaued for <,
satisfies the first order linear equation

s(n) = 1+s(n—1)+s(n—1), n > 2.

The stated closed-form expression of s(n) and the GF of (s(n)),,>o follow straightforwardly. [J
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n u(n) v(n) w(n) s(n)
0 1 1 1 1
1 1 1 1 1
2 2 3 3 3
3 4 8 10 7
4 8 20 34 15
) 16 49 116 31
6 32 119 396 63
OEIS | A011782 A048739 A007052 A000225

Table 1.2: First few values of u(n), v(n), w(n), and s(n)

Example 1.36. The w(3) = 10 weak orders on X3 that are existentially single-peaked for <3
are: 1 <2<3,2<1<3,2<3<1,3<2<1,1<2~32<1~3,3<1~2,
1~2<3,2~3<1,and1 ~ 2 ~ 3. v(3) = 8 of those are single-plateaued for <3, s(3) =7
of those are quasilinear and single-plateaued for <3, and u(3) = 4 of those are total orders that
are single-peaked for <j.

For any sequence

(t(n))nz0 € {(P(7))nz0, (2(12))nz0, (7(1))nz0, (W())nz0, (V(N))nz0, (W(N))nz0, (5(7))nz0},
we denote by

® (tiso(n))n>0 the number of those weak orders on X, that are defined up to an isomorphism.
As a convention, we set tis,(0) = 1.

e (t.(n))n>0 the number of those weak orders 5 on X, for which X, has exactly one minimal
element for <. As a convention, we set t.(0) = 0.

o (t,(n))n>o the number of those weak orders 3 on X, for which X, has exactly one maxi-
mal element for . As a convention, we set #,(0) = 0.

® (t4c(n))n>0 the number of those weak orders = on X, for which X, has exactly one mini-
mal element and exactly one maximal element for =, the two elements being distinct. As a
convention, we set t,.(0) = 0. Also, by definition we have t,.(1) = 0.

It is clear that the number of weak orders on X, that are defined up to an isomorphism is precisely
the number of totally ordered partitions of a set of n unlabeled items (Sloane’s A011782), that
is, Piso(n) = 2"~L for all n > 1. Also, for a weak order 3 on X, that is existentially single-
peaked for <,, we have | max< X,,| < n. Moreover, existential single-peakedness is a property
that depends on <,,. Thus, we conclude that wis,(n) = piso(n) = 2"~ forall n > 1. Finally, since
single-peakedness is also a property that depends on <,,, it is not difficult to see that the number
of single-peaked total orders on X, for <, that are defined up to an isomorphism is precisely
the number of total orders on X, that are defined up to an isomorphism, that is, u;,(n) = 1
for all n > 1. The next proposition, provides explicit formulas for the sequences (giso(1))n>0,

(Tiso(12))n>0, and (viso (1) )n>0-
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Proposition 1.37 (see [34]). We have qiso(n) = viso(n) = Fpo — 1 for every n > 1, where F, is
the nth Fibonacci number. Moreover, we have 1i,(n) = Siso(n) = n for everyn > 1.

Proof. Let us consider the sequence ¢z (). We clearly have giso(1) = 1 and ¢50(2) = 2. Let
n > 3. Proceeding as in the proof of Proposition 1.28, we see that the sequence g5, (1) satisfies
the second order linear recurrence equation

qiso(”) =1+ Qiso(n - 1) + Qiso<n - 2)7 n > 3.

The explicit expression for gis,(n) then follows immediately. Also, for a weak order <X on X,
that is single-plateaued for <,, we have | max< X, | < 2 by Lemma 1.30. Moreover, since single-
plateauedness is a property that depends on <,,, we conclude that vi;,(n) = ¢ (n) for every
n>1.

Let us now consider the sequence 7i5,(n). We clearly have ri,,(1) = 1. Let n > 2. Proceeding
as in the proof of Proposition 1.28, we see that the sequence ris,(n) satisfies the first order linear
recurrence equation

Tiso(n) = 14 rigo(n — 1), n>2.

The explicit expression for 75, (1) then follows immediately. Moreover, since single-plateauedness
is again a property that depends on <,,, we conclude that s;s,(n) = riso(n) foreveryn > 1. [

It is clear that the number of weak orders = on X, that have exactly one minimal element
(resp. maximal element) is precisely the number of totally ordered partitions of X, such that
the minimal (resp. maximal) set C' € X/~ is a singleton (Sloane’s A052882), that is, p.(n) =
pa(n) = np(n — 1) for all n > 1. Also, we observe that p,.(n) = np.(n — 1) for all n >
1. Similarly, for all n > 1, we have ¢,(n) = ng(n — 1) and g,e(n) = ng.(n — 1). Also, a
straightforward adaptation of the proof of Proposition 1.28 shows that g.(n) = n!G,, foralln > 0,

where G,, = \/Tg (#)”—\? (£522)™. Moreover, it is clear that u. (n) = u,(n) = te(n) = u(n)
for all n > 1. Furthermore, for all n > 2, it is not difficult to see that 7.(n) = r,.(n) = n! and
ro(n) = r(n) — 1. Finally, for all n > 2, it is easy to see that s.(n) = s.e(n) = u.(n) and
Sq(n) = s(n) — 1.

Propositions 1.38 and 1.40 below provide explicit formulas for the remaining sequences. The
first few values of these sequences are shown in Tables 1.3 and 1.4.* It turns out that the sequence

(ve(n))n>0 consists of the so-called Pell numbers (Sloane’s A000129).

Proposition 1.38 (see [25]). The sequence (v.(n)),>¢ satisfies the second order linear recurrence
equation
Ve(n+2) —2v.(n+1) —ve(n) = 0, n >0,

with v.(0) = 0 and v.(1) = 1, and we have

ve(n) = R(1+V2)" = (1 -v2)
- Zkzo (21;11) Qk’ nz=0.
Moreover, its GF is given by V,(z) = —z/(2* + 2z — 1). Furthermore, for any integer n > 1, we
have v,(n) = 2v(n — 1) and vee(n) = 2v.(n — 1).

*Note that the sequences A163271, A003480, and A006012 are shifted versions of (vae(n))n>0, (We(1))n>0,
and (wq(n))n>0, respectively. More precisely, we have vqe(n) = A163271(n — 1), w.(n) = A003480(n — 1), and
wq(n) = A006012(n — 1) for every integer n > 1.
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Proof. The formula describing the sequence (v.(n)),>¢ is obtained by following the same steps
as in the proof of Proposition 1.31, except that in this case we always have max< X,, # X,.
As for the sequence (v,(n)),>0 We note that max< X,, must be either {1} or {n} and that the
restriction of = to X, \ max< X, is single-plateaued for the restriction of <,, to X, \ max< X,,.

We proceed similarly for the sequence (vse(n))n>0- O
n ve(n) va(n) Vae(N)
0 0 0 0
1 1 1 0
2 2 2 2
3 5 6 4
4 12 16 10
5 29 40 24
6 70 98 58
OEIS | A000129 A293004 A163271

Table 1.3: First few values of v.(n), v,(n), and v,.(n)

Example 1.39. The v(3) = 8 weak orders on X3 that are single-plateaued for <z are: 1 < 2 < 3,
2<1<3,2<3<1,3<2<1,2<1~31~2<32~3<1landl ~ 2~ 3.
ve(3) = 5 of those have exactly one minimal element and v,(3) = 6 of those have exactly
one maximal element. v,.(3) = 4 of those have exactly one minimal element and exactly one
maximal element. These four weak orders correspond to the u(4) = 2371 = 4 total orders on X3
that are single-peaked for <s.

n we(n) we(n) Wee(N)
0 0 0 0
1 1 1 0
2 2 2 2
3 7 6 4
4 24 20 14
) 82 68 48
6 280 232 164
OEIS | A003480 A006012

Table 1.4: First few values of w(n), w,(n), and wq.(n)

Proposition 1.40. The sequence (w.(n)),>o satisfies the second order linear recurrence equation
we(n+2) —4we(n+1)+2w.(n) = 0, n > 2,
with we(0) = 0, we(1) = 1, we(2) = 2, and w.(3) = 7, and we have

we(n) = 2(2+V2)" - 22— 2)"
= Yo (o) 2772 n>2
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Moreover; its GF is given by W.(z) = 2(1 — 2)?/(1 — 4z + 22%). Furthermore, for any integer
n > 1, we have w,(n) = 2w(n — 1) and wee(n) = 2w.(n — 1).

Proof. The formula describing the sequence (w(n)),>o is obtained by following the same steps
as in the proof of Proposition 1.33, except that in this case we always have max< X,, # X,,. As for
the sequence (w,(n)),>0 we note that max~ X,, must be either {1} or {n} and that the restriction
of 3 to X, \ max< X, is existentially single-peaked for the restriction of <,, to X,, \ max< X,,.
We proceed similarly for the sequence (wge(n))n>0- O

Example 1.41. The w(3) = 10 weak orders on X3 that are existentially single-peaked for <3
are: 1 <2<3,2<1<3,2<3<1,3<2<11<2~32<1~3,3<1~2,
1~2<32~3<1,and1 ~ 2~ 3. w.(3) = 7 of those have exactly one minimal element
and w,(3) = 6 of those have exactly one maximal element. w,.(3) = 4 of those have exactly one
minimal element and exactly one maximal element. These four weak orders correspond to the
u(4) = 2371 = 4 total orders on X3 that are single-peaked for <3.



Chapter 2

Semigroups

Some sources (see, e.g., [21]) attribute the first use of the term semigroup in mathematical liter-
ature to J.-A. de Séguier in Eléments de la Théorie des Groupes Abstraits (Paris, 1904). Since
then the theory of semigroups has evolved with the study of its applications in other fields such
as automata theory and functional analysis. We refer to [21, 55] for a historical background on
semigroup theory.

In this chapter, we first introduce the basic semigroup theory needed in this thesis (Section
2.1). Then, we study the class of rectangular semigroups which is the key object towards the
characterization of the class of idempotent semigroups (Section 2.2). Most of the contributions
presented in this chapter stem from [32].

2.1 Preliminaries

The concepts introduced in this section are stemming from standard books on introductory semi-
group theory (see, e.g., [21,56,80,81]).
An operation F': X? — X is said to be

e associative if F(F(x,y),z) = F(x,F(y,z)) forall x,y, z € X,

e idempotent if F'(z,z) = x forall z € X;

quasitrivial (or conservative) if F(z,y) € {x,y} forall z,y € X;

commutative (or symmetric) if F'(z,y) = F(y,z) forall z,y € X;
e anticommutative if Vx,y € X: F(z,y) = F(y,x) =z =y.

Recall thatif F': X? — X is an operation, then the pair (X, F') is said to be a groupoid. Moreover,
if F': X? — X is an associative operation, then (X, F) is said to be a semigroup. An idempotent
semigroup is also said to be a band.

A groupoid (X, F) is said to be trivial if | X'| = 1. Also, we say that X is trivial if | X| = 1.

Recall that an element e € X is a neutral element of an operation F': X? — X if F(z,¢e) =
F(e,z) = z for every x € X. A semigroup (X, F') for which F' has a neutral element is
called a monoid. If F: X? — X is an associative operation that has no neutral element, then
we can adjoin to X a neutral element e for F'; that is, there is a binary associative operation
F*: (X U{e})* = X U {e} such that e is a neutral element for F* and F*|x> = F.

29
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Remark 2.1. Suppose that (X, F') is a monoid (otherwise, we can adjoin to X a neutral ele-
ment e for F' and consider the monoid (X U {e}, F'*)). We can define five equivalence relations
L,R,J, H,D on X by

e Ly & A{F(z,2):z2eX}={F(zy): z € X}, z,y € X.

e 1Ry <& A{F(r,2):2€X}={F(y,2): z € X}, z,y € X.

e vJy < {F(F(u,x),v):u,ve€ X} ={F(F(u,y),v): u,ve X}, z,y € X.
e rHy <« xLy and xRy, x,y € X.

e Dy <& dze X suchthat xLz and zRy, x,y € X.

These equivalence relations are called Green’s relations [54]. Green’s relations are fundamental
tools in the study of semigroups. They were used in order to understand the structure of several
classes of semigroups. In this thesis, we will not make use of Green’s relations but we will use
other tools that are convenient for the study of bands (see Chapter 3).

Recall that an equivalence relation ~ on X is said to be a congruence for F': X? — X ifitis
compatible with F', that is, for any x,y, 2 € X,

x~y = F(xr,z)~F(y,z) and F(z,z) ~ F(z,y).

In that case, ~ is also said to be a congruence on the groupoid (X, F'). Also, we denote by F the
operation induced by F' on X/ ~, that is,

F(lelw, [yl~) = [F(z,y)l~,  zyeX.

We denote the range of an operation F': X? — X by ran(F). Also, the diagonal section
dr: X — X of an operation F': X? — X is defined by dp(z) = F(x, ) forany x € X.

Two groupoids (X, F') and (Y, G) are said to be isomorphic if there is a bijection ¢: X — Y
such that ¢(F'(z,y)) = G(¢(x), ¢(y)) for every z,y € X. In that case, the operations F' and G
are said to be conjugate to each other. Also, two sets X and Y are said to be equipollent if there
exists a bijection ¢: X — Y.

Let Y be a nonempty set. For any operations F': X? — X and G: Y? — Y we define the
operation F' x G: (X x Y)? — X x Y by (F x G)((z,y), (u,v)) = (F(z,u),G(y,v)) for all
(x,y), (u,v) € X x Y. In that case, the groupoid (X x Y, F' x (3) is said to be the direct sum of
(X, F) and (Y,G). Itis easy to see that (X x Y, F' x G) is isomorphic to (Y, G) (resp. (X, F))
whenever X is trivial (resp. Y is trivial). Of course, if (X, F') and (Y, G) are semigroups, then
their direct sum (X x Y, F' x (3) is again a semigroup.

Recall that the projection operations m: X* — X and my: X? — X are respectively defined
by m1(z,y) = x and mo(z,y) = y for all x,y € X. In that case, the pairs (X, m;) and (X, my) are
called left zero semigroup and right zero semigroup , respectively.

The following fact will be useful as we continue.

Fact 2.2. Let F': X% — X be an operation, let Y be a set that is equipollent to X, and let
i € {1,2}. Then F = 7; if and only if (X, F) is isomorphic to (Y, m;).
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The preimage of an element z € X under an operation F': X? — X is denoted by F'~![z].
When X = X, for some integer n > 1, we also define the preimage sequence of F' as the
nondecreasing n-element sequence of the numbers |F'~![z]|, z € X,,. We denote this sequence
by |[F71|.

Example 2.3. Let i € {1,2} and let us consider the operation m;: X2 — X,,. Then we have
|77 = (n,...,n). Also, if max<, : X2 — X,, denotes the maximum operation on X, for <,
then |max_' | = (1,3,...,2n — 1).

Fact2.4. Let Y, Z be two non-empty sets and let F': Y? — Y and G : Z* — Z be two operations.
For any (u,v) € Y X Z we have that (F x G)™[(u,v)] is equipollent to F~'[u] x G~[v].

2.2 Rectangular semigroups

In this section we introduce and study the class of rectangular semigroups. In particular, we
provide characterizations of this class as well as enumeration results [32].

An associative operation F': X? — X is said to be rectangular [64] if F(x, F(y,z)) = x for
all x,y € X. It turns out that any such operation is idempotent.

Fact 2.5 (see [64]). If an associative operation F: X? — X is rectangular, then it is idempotent.

The converse of Fact 2.5 is not true in general. For instance, consider the chain (X, <)
together with the maximum operation max<: X? — X defined by max<(x,y) = yif v < y.
Then max< is associative and idempotent but not rectangular since max<(x, max<(y,x)) = y
whenever z < y.

A typical example of rectangular semigroup is given by the semigroup (X X Y, X 7s). The
next theorem shows that any rectangular semigroup is isomorphic to the direct sum of a left zero
semigroup and a right zero semigroup.

Theorem 2.6 (see [64]). An operation F': X? — X is associative and rectangular if and only if
there exist two non-empty sets Y, Z such that (X, F) is isomorphic to (Y X Z,m X m3).

Example 2.7. Let us construct an associative and rectangular operation on X,. To this extent,
we consider the bijection ¢: Xy — {1,2} x {3,4} defined by ¢(1) = (1,3), ¢(2) = (1,4),
#(3) = (2, 3), and ¢(4) = (2,4). The operation F': X7 — X, defined by

F(z,y) = ¢~ ((m x m)(6(2),0(y)), =,y € Xy,
is then associative and rectangular by Theorem 2.6.

The following corollary, which provides a characterization of quasitrivial rectangular semi-
groups, follows from Fact 2.2 and Theorem 2.6.

Corollary 2.8. Let F': X? — X be an associative and rectangular operation. Then F is qua-
sitrivial if and only if F = m; for some i € {1,2}.

The following corollary follows from Fact 2.4 and Theorem 2.6.

Corollary 2.9. If F: X? — X, is associative and rectangular, then |F | = (n,...,n).
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Remark 2.10. The converse of Corollary 2.9 is not true in general. For instance, let us consider
the operation F': X2 — X3 defined by the following conditions:

o F(x,z)=xforallz € Xj.

1,1) = F(1,2) = F(2,3).

(
o F(1,1)
F(2,2) = F(1,3) = F(3,2).
(3,3)

F(3,3
Then |F~!| = (3,3, 3) but F is neither associative nor rectangular. Indeed, we have
F(1,F(2,1)) = F(1,3) = 2 and F(F(1,2),1) = F(1,1) = 1.

For all integer n > 1, let a(n) (resp. #(n)) denote the number of associative and rectangular
operations on X,, (resp. the number of associative and rectangular operations on X,, that are
defined up to an isomorphism). In the following propositions we show that a(n) = A121860(n)
and S(n) = d(n) = A000005(n) (see [94]), where d(n) denotes the number of positive integer
divisors of n.

Proposition 2.11 (see [32]). For all integer n > 1, we have

n!
a(n) = Z A

dln

Proof. By Theorem 2.6, we clearly have o(1) = 1, a(2) = 2, and «(3) = 2. So, let n > 4 and
let F: X? — X, be an associative and rectangular operation. By Theorem 2.6, there exist two
sets Y, Z with |Y'|,|Z| > 1 such that (X,,, F') is isomorphic to (Y x Z,m X m3). Thus, due to
the usual representation of a rectangular semigroup as a direct sum of a left zero semigroup and
a right zero semigroup (see Figure 2.1 and Corollary 2.27), counting the number of associative
and rectangular operations on X, is equivalent to counting the number of ways to partition X,
into k equivalence classes of sizes [, . . ., [ and the number of bijections between two consecutive
equivalence classes. Thus, we have

(sz,)
a(n) = K Z k'l"
kl n

kl=n
where the multinomial coefficient ( ) provides the number of ways to put the elements 1, ..., n
into k classes of sizes [, ..., [ and [! is the number of bijections between two such classes. ]

Proposition 2.12 (see [32]). For all integer n > 1, we have 3(n) = d(n).

Proof. By Theorem 2.6, counting the number of associative and rectangular operations on X,
that are defined up to an isomorphism is equivalent to counting the number of finite sets Y, Z
such that |Y x Z| = |X,,| = n up to a bijection. Thus, 5(n) provides the number of ways to
write n into a product of two elements k, [ € {1,...,n}. This is in turn the number of divisors of
n. O
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The following corollaries are immediate consequences of Theorem 2.6 and Propositions 2.11

and 2.12.

Corollary 2.13 (see [32]). «(n) = 2 (resp. f(n) = 2) if and only if n is prime.

Corollary 2.14 (see [32]). Let F': X?> — X,, be an associative and rectangular operation. If n
is prime, then F = m; or F' = .

The following lemma provides a characterization of rectangular semigroups by means of al-
ternative properties.

Lemma 2.15 (see [56,64,78]). Let F': X?> — X be an associative operation. The following
assertions are equivalent.

(i) F'is rectangular.

(ii) F is surjective and F(F(x,y),z) = F(z,z) forall x,y,z € X.
(iii) F is idempotent and F(F(x,y),z) = F(x,2) forall z,y,z € X.
(iv) F'is anticommutative.

In view of Lemma 2.15, we now study the class of operations F': X? — X satisfying
F(F(x,y),2) = F(x, Fy,2)) = F(z,2),  w,yz2€eX. 2.1

Any rectangular operation F': X? — X satisfies (2.1) by Lemma 2.15. However, the converse
of the latter statement is not true in general. For instance, the operation F': X2 — X, defined by
F(z,y) = 1forall z,y € X satisfies (2.1) but it is not rectangular.

The following lemma provides a partial description of the latter class of semigroups.

Lemma 2.16 (see [64]). If F': X? — X satisfies (2.1), then (ran(dr), Fan(spy2) is a rectangular
semigroup and F(z,y) = F(F(z,z), F(y,y)) forall x,y € X.

We now introduce a simple functional equation that turns out to be equivalent to (2.1).

Definition 2.17 (see [32]). An operation F': X? — X is said to be (1, 4)-selective if
F(F(z,y), F(u,v)) = F(x,v), x,y,u,v € X.
If F: X% — X is (1, 4)-selective, then the groupoid (X, F) is said to be generalized diagonal

[86]. Moreover, if F' is also idempotent, then the groupoid (X, F') is said to be diagonal [85].

Remark 2.18. Leti,j € {1,2,3,4}. An operation F': X? — X is said to be (i, j)-selective [32]
if F(F(z1,22), F(x3,24)) = F(x;, ;) for all x1, x5, x3, 24 € X. This class of operations was
completely characterized in [32].

The following proposition provides a characterization of the class of operations F': X% — X
satisfying (2.1).

Proposition 2.19 (see [86,99]). Let F': X? — X be an operation. The following assertions are
equivalent.

(i) Fis (1,4)-selective.



34 CHAPTER 2. SEMIGROUPS

(ii) Flian(py2 is (1, 4)-selective and F(x,y) = F(F(x,x), F(y,y)) forall v,y € X.
(iii) F' satisfies (2.1).
The following corollary is an immediate consequence of Lemma 2.15 and Proposition 2.19.

Corollary 2.20. An operation F: X* — X satisfies (2.1) if and only if (ran(F), F|,an(ry2) is a
rectangular semigroup and F(x,y) = F(F(z,x), F(y,y)) forall z,y € X.

Corollary 2.20 is of particular interest as it enables us to easily enumerate the class of op-
erations F': X2 — X, satisfying (2.1). For all integer n > 1, let p(n) denote the number of
operations on X, satisfying (2.1). The following proposition provides an explicit formula for
p(n). Also, the first few values are given in Table 2.1.

Proposition 2.21. For all integer n > 1, we have

o) = 3 (7)o

k=1

Proof. We clearly have p(1) = 1. Soletn > 2,let F': X? — X,, be an operation satisfying (2.1),
and let k be the number of elements of ran(F"). We have that (ran(F), F'|;a(r)2) is a rectangular
semigroup by Corollary 2.20. Also, we have that F'(z,y) = F(F(z,x), F(y,y)) forall z,y € X
by Corollary 2.20. That is, for any x,y € X, the value of F'(z,y) is determined by the values
of F(z,x) and F(y,y). Thus, F'is completely determined by F'|,,n(r)2 and 6. Therefore, we
obtain the claimed formula where k"~* provides the number of functions from X \ ran(F) to

ran(F"). O
n am)  Bm) p(n)
1 1 1 1
2 2 2 4
3 2 2 17
4 8 3 79
5 2 2 407
6 122 4 2350
OEIS | A121860 A000005

Table 2.1: First few values of a(n), 5(n), and p(n)

For any operation F': X? — X we define two binary relations ~; and ~; on X by
r~y & Flryy) == x,y € X,
and
X~y <~ F(I,y):y xvyeX'
It is easy to see that ~ is reflexive if and only if ~5 is reflexive.

Remark 2.22. We observe that for all F': X? — X the binary relation ~, on X was already
introduced in [13] and was called the trace of F'.
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The following observation will be useful as we continue.
Fact 2.23 (see [32]). If F' is an associative operation, then ~1 and ~ are transitive.

Proposition 2.24 (see [32]). Let F': X? — X be (1,4)-selective. The following assertions are
equivalent.

(i) F is anticommutative.

(ii) F'is surjective.

(iii) F'is idempotent.

(iv) ~1 is an equivalence relation on X.
(v) ~o is an equivalence relation on X.

Proof. The equivalences (i) < (it) < (ii7) follow from Lemma 2.15 and Proposition 2.19.

Now, let us show that (i7i) = ((iv) and (v)). The binary relations ~; and ~5 are clearly
reflexive since F' is idempotent. Also, by Proposition 2.19 and Fact 2.23 we have that ~; and
~o are transitive. Now, let us show that ~; and ~- are symmetric. Let z,y,u,v € X such
that x ~1 y and u ~s v, thatis, F(z,y) = = and F(u,v) = v. Then, using idempotency and
(1, 4)-selectiveness, we get

F(y,z) = F(F(y,y), F(z,y)) = F(y,y) = v,

and
F(v,u) = F(F(u,v),F(u,u)) = F(u,u) = u,

thatis, y ~1 x and v ~5 u.
Finally, the implications (iv) = (i7i) and (v) = (¢ii) are obvious. O

Proposition 2.25 (see [32]). Let F': X? — X be an operation. The following assertions are
equivalent.

(i) F is (1,4)-selective and satisfies any of the conditions (i) — (v) of Proposition 2.24.

(ii) ~1 and ~q are equivalence relations on X such that [z]., N [y|~, = {F(z,y)} for all
x,y € X.

(iii) The following conditions hold.

(a) ~1 and ~4 are equivalence relations on X.
(b) Forally,z € X and all x € [y|~, there exists a unique u € [z|., such that x ~ u.

(¢) Forall x,y,z € X suchthaty ~y z we have F(x,y) = F(z, z).

Moreover, if any of the assertions (i) — (iii) are satisfied, then ~1 and ~4 are congruences for F

1 ~2
such that ' = myand F = ;.



36 CHAPTER 2. SEMIGROUPS

Proof. Let us first show that (i) = (ii). By Proposition 2.24 we have that ~; and ~ are
equivalence relations on X. Let x,y € X and let us show that [z]., N [y]~, = {F(x,y)}.
By Lemma 2.15 and Proposition 2.19 we have F'(z,y) € [z]., N[y]~,. Also, if z € [z]., N[y]~,,
then z ~; F'(x,y) and z ~9 F'(x,y) which by definition implies that z = F'(z,y).

Now, let us show that (i7) = (#ii). Condition (a) is clearly satisfied.

So, let z,y,z € X such that z € [y].,. By (i7), we have [z]., N [z]., = {F(z, 2)}, which
proves condition (b).

Now, let z,y,z € X such that y ~; z, thatis, [y]., = [z]~,. By (ii) and the previous
assumption, we get

{F(z,9)} = [t]w, 0yl = [2le, Nz, = {F(2,2)},

which proves condition (c).

Finally, let us show that (iii) = (i). Since ~; and ~, are equivalence relations on X,
it follows that /' is idempotent. Let z,y,u,v € X and let us show that F'(F(z,y), F(u,v)) =
F(x,v). We clearly have that ¢ € [t], forall¢ € X. By conditions (b) and (c), we have that there
exists a unique s € [y|., such that F'(x,y) = F(z,s) = s, thatis, z ~5 s. Also, by conditions
(b) and (c), we have that there exists a unique ¢ € [v]., such that F'(u,v) = F(u,t) = t, that is,
u ~y t. Moreover, by conditions (b) and (c), we have that there exists a unique z € [v]., such
that F'(s,t) = F(s,z) = z, thatis, s ~g z. By transitivity of ~, we have that x ~5 z and by
condition (b) we have that z is unique. Thus, we obtain F'(F(z,y), F(u,v)) = F(s,t) = z =
F(z,z) = F(x,v) which concludes the proof.

Now, assuming any of the conditions (i) — (7i7), it is not difficult to see that ~; and ~ are
~1 ~2
congruences for F' such that ' = m and F' = 7. ]

Remark 2.26. In Proposition 2.25(iii), conditions (b) and (c) can be replaced by the following
two conditions.

(0') Forally,z € X and all x € [y]., there exists a unique u € [z]., such that z ~; w.
() Forall z,y,z € X suchthaty ~o z we have F(y,z) = F(z,x).
The following corollary is an equivalent form of Proposition 2.25.

Corollary 2.27 (see [32]). An operation F: X? — X is (1, 4)-selective and satisfies any of the
conditions (i) — (v) of Proposition 2.24 if and only if the following conditions hold.

(i) ~1 and ~9 are equivalence relations on X and for all x,y € X there exists a bijection
[ [2ley = [yl~, defined by

flu) =v < u ~y o, u € [x]o),v € [y]~,-

(ii) Forall x,y,z € X such that y ~ z we have F(x,y) = F(x, z).

According to Corollary 2.27, any (1, 4)-selective and idempotent operation F': X? — X
gives rise to two partitions of X that group its elements in a grid form as follows. Two elements
x,y € X belong to the same column (resp. row) if and only if x ~ y (resp. z ~ y). Conversely,
any operation F': X2 — X such that ~; and ~ are equivalence relations that group the elements
of X in such a grid form with the convention that F'(z,y) = F(z, z) for all z,y, 2z € X such that
y ~1 z,1s (1,4)-selective and idempotent (see Figure 2.1).
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Figure 2.1: Partition of X for ~; and ~»

Example 2.28. Let us construct an associative and rectangular operation on X,. To this extent,
we first arrange the elements of X, in the grid form depicted in Figure 2.2. Let us now consider
the operation F': X7 — X, defined by the following conditions:

o F(z,x)=xforall x € Xy,

b F|{1,2}2 = 7T1|{1,2}2 and F|{3,4}2 = 7T1‘{3,4}2,

o F|{1,4}2 = 7T2|{1,4}2 and F|{2,3}2 = 7T2|{2,3}2,

e F(1,3) =4,F(3,1) =2, F(2,4) = 3,and F(4,2) = 1.

Then F'is associative and rectangular by Proposition 2.25. Now, let us consider the operation
G: X2 — X5 defined by the following conditions:

o Glxz = Fand G(5,5) = 4,
e G(z,5) =G(x,4) and G(5,z) = G(4,z) forall z € X,.

Then G satisfies (2.1) by Corollary 2.20.

Figure 2.2: Example 2.28
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Chapter 3

Idempotent semigroups

Semigroups are ubiquitous in mathematics, as many algebraic structures are defined with associa-
tive operations (groups, rings, Lie groups, efc). Semigroups also appear in the algebraic treatment
of classical and non-classical logics [14,57]. They have also been studied by several authors in
the theory of functional equations (see, e.g., [4,6,27] and the references therein). Among these
classes of semigroups, the class of idempotent semigroups is the center of our investigations.

In this chapter, we first introduce the basic semilattice theory needed in the rest of this thesis
(Section 3.1). Then we study the class of idempotent semigroups, which are one of the key objects
of this manuscript (Section 3.2). Finally, we focus on the study of ordered commutative bands
and provide a characterization of the latter class by means of a concept that extends the concept
of single-peakedness to semilattice orders (Section 3.3). When X is finite, the enumeration of
the class of ordered commutative bands leads to a definition of the Catalan numbers that was
previously unknown. Most of the contributions presented in this chapter stem from [36].

3.1 Semilattices

In this section we recall the concept of semilattice [29] which will be useful in the subsequent
sections.

An element z of a partially ordered set (X, <) is an upper bound of Y C X if y < z for
every y € Y. An upper bound z of Y is a supremum of Y if z < 2’ for every upper bound 2’ of
Y. Lower bounds and infimum are defined dually. Partial orders < on X for which every subset
{z,y} € X has a supremum z Y y are called join-semilattice orders, and in this case (X, <)
is called a join-semilattice. If < is a join-semilattice order, then it is known [21] that the join
operation Y : X? — X defined by Y (z,y) = x Y y is associative, symmetric, and idempotent,
and the pair (X, Y) is called the semilattice associated with <. We denote by V the join operation
of a total order <. Tt is easily seen that such an operation V is quasitrivial. Groupoids (X, F')
where F' is associative, idempotent, and symmetric are called semilattices, and F' is a semilattice
operation. Tt is well known [21] that every semilattice (X, F') is the join-semilattice associated
with the partial order <y defined by

r=py if F(x,y)=uy. 3.1)

That is, the join operation of <z is F'. We say that <y is the (join-semilattice) order associated
with F'; and we denote < by =< if no confusion is possible. The semilattice operation [ is qua-
sitrivial if and only if < is a total order. The mappings (X, <) — (X, Y)and (X, F) — (X, <F)

39
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are inverse to each other, and define a one-to-one correspondence between join-semilattices and
semilattices. By this correspondence, we use either (X, <) or (X, Y) to denote a join-semilattice,
and every semilattice order will be a join-semilattice order. Due to this convention, we write
semilattice for join-semilattice.

A semilattice (X, <) is said to be a tree semilattice [91] if for all z,y,u,v € X such that
u = x,v Xy, and z || y, we have u || v. For instance, any chain is a tree semilattice. The
following fact provides a characterization of tree semilattices.

Fact 3.1 (see [91]). A semilattice (X, <) is not a tree semilattice if and only if there exist a, b, c €
X such thata <b,a < ¢ andb||c.

Also, we say that a tree semilattice (X, <) is a binary semilattice if every x € X covers at
most two elements.

3.2 Characterizations of idempotent semigroups

In this section we recall characterizations of several classes of idempotent semigroups [15,78,81,
91,92].

Recall that a congruence ~ on a groupoid (X, F') is said to be a semilattice congruence if
(X/~, F) is a semilattice. The partition of X induced by a semilattice congruence is called
a semilattice decomposition of X. It is well known [84, 100] that every semigroup admits a
smallest semilattice congruence. For instance [81], the smallest semilattice congruence ~ on a
band (X, F') is defined by

v~y & F(F(r,y),z)=z and F(F(y,z),y) =y, z,y € X. (3.2)

Let (Y, Y) be a semilattice and let {(X,, F,,): & € Y} be a set of semigroups such that
XoNXg =@ forany a # 3. A groupoid (X, F') is said to be a semilattice (Y, Y) of semigroups
(Xo, Fo) if X = | X, Flx2 = F, forevery a € Y, and

acY

F(Xo x X3) C Xovs,  a,B€Y. (3.3)

In this case, we write (X, ') = ((Y, Y), (X4, F,)) and we simply say that (X, F') is a semilattice
of semigroups.

It is well known [56] that a semigroup (X, F') is a semilattice of semigroups if and only if
there exists a semilattice congruence on (X, F'). As a consequence, we obtain the following
result.

Corollary 3.2. A groupoid (X, F') is a semilattice of semigroups if and only if there exists a
semilattice congruence on (X, F) such that ([x), F|;)2 ) is a semigroup for any v € X.

Also, a semilattice of semigroups is in general not a semigroup. For instance, consider the
operation F': X2 — X; defined by the following conditions:

o F(z,x)=xforall x € X,

[ ] F|{273}2 = 7T2|{2’3}2 and F|{475}2 = 7T1|{4’5}2,

e F(z,y) = F(y,x) =yforallz € {1,2,3} and all y € {4,5},
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g

Figure 3.1: Hasse diagram of (Y, <)

o F(1,2) = F(2,1) =4and F(1,3) = F(3,1) = 5.

Then (X5, F) is a semilattice of semigroups. Indeed, consider the set Y = {«, 3, v} together with
the semilattice order < defined by o < 7, 8 <+, and « || 8. Moreover, consider the semigroups
(Xaa Fa) = ({1}7 F‘{l}Q)’ (Xﬂ7 FB) = ({2’ 3}7 F|{2,3}2)’ and (X'w F’y) = <{4’ 5}a F’{4,5}2)' Then
(X, F) = ((Y,Y),(Xa, F,)). However, I is not associative since F'(1, F'(2,3)) = F(1,3) =
5b#4=F(4,3) = F(F(1,2),3). The Hasse diagram of (Y, <) is depicted in Figure 3.1.

The next result provides a partial description of the class of bands.

Theorem 3.3 (see [15,78]). If (X, F) is a band, then it is a semilattice of rectangular semigroups.
Moreover, its semilattice congruence ~ is defined by (3.2).

The following immediate corollary of Theorem 3.3 is of particular interest as it characterizes
the idempotency property in the class of semigroups.

Corollary 3.4. Let F': X% — X be an associative operation. Then F' is idempotent if and only
if there exists a semilattice congruence ~ on (X, F') such that ([x]., F|2) is a rectangular
semigroup for any © € X. Moreover, the semilattice congruence ~ on (X, F') is defined by (3.2).

The following result follows from Facts 2.4 and 2.5, Theorems 2.6 and 3.3 and Corollary 2.9.

Corollary 3.5. Let F: X?> — X, be an associative operation. The following assertions are
equivalent.

(i) Fis rectangular.
(ii) F is idempotent and |F~| = (n,...,n).
Now, we provide a characterization of the class of idempotent semigroups.

Theorem 3.6 (see [81]). Let (Y, =) be a semilattice. For any v € Y, let L., and R., be nonempty
sets such that L,NLs = R,NRs = @ forany § € Y \{v}. Also, forany~y € Y, let S, = L, X R,,.
For any vy =< 0, assume that there exist functions f.s: Sy X Ly — Ls and g,5: S, X Rs = Rs
satisfying the following conditions.

(a) For any (i,j) € S,, any v € L., and any y € R,, we have f,.((i,7),x) = i and
g’Y:’Y((ivj)7 ):]

(b) For any (i,j) € S,, any (k,l) € Ss, any v € L.,y and any y € R.,y; we have

v a
f’y,vYé((@j)a f(s,WY(s((k? l),l')) =M and 95,7\(5((]5, l)?.g%'vYCS((Z'?j)a ?J)) = VfOr some (M? V) €
S’de-
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(c) Forany (i,j) € S,, any (k,l) € S5, any € = v Y 0, any x € L., and any y € R., we have

f'YY(S,E((/jJ? V>7 27) = f%ﬁ«ihj)? f5,6((k7 l)v LL’)) andg’y\(&ﬁ((:u’a V)v y) = 95,6((k7 l)? g’er((Z.7j)7 y))
for some (j1,v) € Syvs.

Let S = |J S, and define an operation I S* — S by

F((Zaj)v (k7l)) = (:uv V)v (Z’j) € S% (kvl) € S&a

where 1= [f4vs((i,7), fsyvs (K, 1), @) for any © € Lyvs and v = gses((K, 1), gy s ((6,5), )
foranyy € R,vs. Then (S, F) is a band, and conversely, any band can be so constructed.

It was observed in [81] that Theorem 3.6 illustrates how complicated the construction of
arbitrary bands can be. Indeed, the parameters in this theorem and the conditions they satisfy
are so technical that it is almost impossible to construct all bands from it. However, the sets and
functions appearing in this theorem can be considered as useful tools to derive the structure of
particular subclasses of bands as will be seen in Chapter 7.

Now, we consider characterizations of two subclasses of bands whose commutative counter-
parts will be further investigated in the next section.

Let < be a total order on X. We say that an operation F': X% — X is <-preserving if
F(z,y) < F(2',y') whenever x < 2’/ and y < ¢'. In that case, the groupoid (X, F') is said to
be ordered for <. Also, we say that an operation F': X 2 5 X is order-preservable [34] if it
is <’-preserving for some total order <" on X. In that case, the groupoid (X, F') is said to be
orderable. Finally, an operation F': X? — X is said to be internal [52] if x < F(x,y) < y for
all r < yin X.

The following theorems provide a characterization of the class of orderable idempotent semi-
groups and the class of ordered idempotent semigroups.

Theorem 3.7 (see [92]). Let F': X? — X be an associative operation. Then F is idempotent and
order-preservable if and only if there exists a congruence ~ on X for F' such that the following
conditions hold.

(a) (X/~, F) is a tree semilattice.
(b) For any x € X we have F ;2 = ;|2 for some i € {1,2}.

(c) Forany C € X/~ and x € X such that [x]. <p C we have |{F(z,y): y € C}| <2or
{F(y,z): y e C} <2

(d) Forany C € X/~ such that F|c2 = m1|c2 (resp. F|c2 = ma|c2) and any x,y, 2z € X such
that [F(z,y)]~ <z C and z € C we have F(x,z) = F(y, z) (resp. F(z,z) = F(z,y)).

(e) Forany C € X/~ such that F|c2 = m|c2 (resp. F|cz2 = ma|c2) and any x,y,z € X such
that v,y ¢ C, F(x,y) € C, z € C, and F(x,y) # F(z, z) (resp. F(y,z) # F(z,x)) we
have F(y,x) = F(y, 2) (resp. F(z,y) = F(2,y)).

(f) Forany C € X/~ such that F|c2 = m|c2 (resp. F|c2 = ma|cz2) and any x,y, 2z € X such
that z,y,z ¢ C, F(z,y) € C, F(z,y) = F(z,z2), and F(y,z) = F(y, z) (resp. F(y,x) =
F(z,2) and F(2,y) = F(z,y)) we have F(=,z) £ F(z,y) (resp. Flz,2) # F(y, )
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(g) Forany C € X/~ such that F|c2 = m1|c2 (resp. F|c2 = ma|c2) and any x,y, z € X such
that x,y ¢ C, F(z,y) € C, z € C,and F(x,z) = F(y,z) (resp. F(z,x) = F(z,y)) we
have z = F(x,vy) (resp. z = F(y, x)).

Moreover, (X /~, F) is a binary semilattice and the congruence ~ on (X, IF') is defined by (3.2).

Theorem 3.8 (see [91]). Let [': X? — X be an associative operation and let < be a total order
on X. Then F' is idempotent and <-preserving if and only if there exists a congruence ~ on X
for F such that the conditions (a) — (g) of Theorem 3.7 as well as the following three conditions
hold.

(a’) Every ideal of (X/~, F) is convex for <.
(b’) F'is internal for <.

(c’) Forany x,y,z € X such that x # z, x ~ z, and [y|~ <z [z]~, we have © < y < z or
z<y<m.

Moreover, (X/~, F) is a binary semilattice and the congruence ~ on (X, F') is defined by (3.2).

We observe that Theorems 3.7 and 3.8 illustrate how technical the construction of arbitrary
orderable bands and ordered bands can be. However, these theorems will be useful in the next
section in order to characterize the subclass of commutative orderable bands as well as the sub-
class of commutative ordered bands. Indeed, as we will see, the particularization of Theorems
3.7 and 3.8 to commutative bands will enable us to easily construct commutative orderable bands
and commutative ordered bands.

3.3 Characterizations of commutative idempotent semigroups

In this section, we provide an alternative characterization of the class of ordered commutative
bands by means of a concept that extends the concept of single-peakedness to semilattice orders.
In the case where the underlying set is finite, we enumerate various classes of semilattices. In this
respect, one of our main results is a new definition of the Catalan numbers.

If F: X? — X is an associative, idempotent, and commutative operation, then the equiva-
lence relation ~ on X defined by (3.2) reduces actually to the identity relation on X. Therefore,
we conclude the following characterization from Theorem 3.8.

Theorem 3.9 (see [91]). Let F': X2 — X be an operation and let < be a total order on X.
Then F'is associative, idempotent, commutative, and <-preserving if and only if the following
conditions hold.

(a) (X, F) is a binary semilattice for which every ideal is convex for <.
(b) F is internal for <.

Theorem 3.9 is of particular interest as it enables us to easily construct commutative ordered
bands. For instance, consider the semilattice order < on X3 defined by 1 < 2,3 < 2,and 1| 3.
Then its associated semilattice (X, Y) is ordered for <3 by Theorem 3.9 (see Figure 3.2).

We now provide an alternative characterization of the class of ordered commutative bands. To
this extent, we first introduce some definitions related to semilattice orders.
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Figure 3.2: A semilattice that is ordered for <s.

Definition 3.10 (see [36]). Let (X, <) be a chain. We say that a semilattice order < on X has the
convex-ideal property (CI-property for short) for < if for every a,b,c € X,

a<b<c = b<aYec (3.4)
We say that < is internal for < if for every a,b,c € X,
a<b<c = (a#bYc and c#aYDb). (3.5)

We say that < is nondecreasing for < and that the semilattice (X, Y) is nondecreasing for < if
=< has the CI-property and is internal for <.

The terminology introduced in Definition 3.10 is justified in Lemmas 3.13 and 3.14, and
Theorem 3.24. Note that conditions (3.4) and (3.5) are self-dual with respect to the total order <,
that is, if <?is the dual order of <, then a semilattice order < on X has the CI-property (resp., is
internal) for < if and only if it has the CI-property (resp., is internal) for <¢.

Remark 3.11. Let (X, <) be a chain, < be a semilattice order on X, and P C X be such that the
restriction <|p of < to P is a total order. Then =<|p is nondecreasing for <|p if and only if it is
single-peaked for <|p.

It follows from Remark 3.11 that those total orders that are nondecreasing for a given total
order < are exactly the single-peaked ones.

Remark 3.12. Condition (3.4) is clearly equivalent to
a<b<c = b=aYecg,

but the partial order < cannot be replaced by its asymmetric part in (3.4). Indeed, if < is the
partial semilattice order on X3 defined by 1 < 2,3 < 2, and 1 || 3, then = satisfies (3.4) for <3
but2 £ 1Y 3.

The following lemma is a generalization of Proposition 1.5 for semilattice orders.

Lemma 3.13 (see [36]). Let (X, <) be a totally ordered set and =< be a semilattice order on X.
The following conditions are equivalent.

(i) The semilattice order < has the Cl-property for <.
(ii) Every ideal of (X, <) is a convex subset of (X, <).
(iii) Every principal ideal of (X, =) is a convex subset of (X, <).

(iv) If ¢’ < x or 2’ || x then x is an upper bound or a lower bound of (x| < in (X, <).
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Proof. Let us first show that (i) = (7). Let I be an ideal of (X, <) and let a, ¢ € I. For every
b € X suchthata < b < cwehave b < a Y c by the Cl-property. If follows that b € [ since
I is an ideal of (X, <) that contains a and c. The implication (i) = (iii) is obvious. Now, let
us show that (iii) = (7). Leta < b < cin X. By (ii7), the ideal (a Y ¢]< is convex in (X, <).
Since it contains a and c, it also contains b. It follows that b < a Y c. Finally, the equivalence
(7i1) < (iv) is obvious. O

Now we give equivalent formulations of the internality property (3.5) for semilattice orders.

Lemma 3.14 (see [36]). Let (X, <) be a chain and < be a join-semilattice order on X. The
following conditions are equivalent.

(i) The order = is internal for <.
(ii) The join operation of = is internal.
(iii) There are no a,b,c € X suchthata <b<candaYb=">bY ¢ € {a,c}.

Moreover; if any of the conditions (1) — (1i1) is satisfied, then there are no pairwise incomparable
elements a < b < cof X suchthata Y b=0Y c.

Proof. Let us first show that (i) = (éi). For any a < bin X, we cannot have a Y b < a < b or
a < b < a Y b, since this would contradict internality of < for <. It follows that a Y b € [a, b]<.

Now, let us show that (i) = (i17). Leta < b < cin X. If a Y b = b Y ¢ = a, then
bYcglbc<.IfaYb=bYc=c,thenaY b ¢ [a,b<.

Finally, let us show that (iii) = (i). We show the contrapositive. Assume that there are
a <b<csuchthata = bYec. Thena Y b = bY ¢ = a. Similarly, if ¢ = a Y b then
bYyc=aYb=c.

Now, assume that any of the conditions (i) — (ii7) is satisfied, and that a < b < ¢ are pairwise
incomparable elements of X. If a Y band b Y c are equal to a common element d, it follows from
() that d € |a, b[. N]b, c[. = @, a contradiction. O

Corollary 3.15 (see [36]). Let (X, <) be a chain and F': X* — X be an operation. Then F is
associative, symmetric, and internal if and only if F is the join operation of a semilattice order
that is internal for <.

Remark 3.16. If < is a semilattice order that is internal for a total order <, there might be incom-
parable elements @ < b < ¢ such that a Y ¢ = b Y ¢. Consider for instance X = {a,b,c,d, e}
with @ < e < b < d < ¢ and the semilattice order < defined by a || b, a || ¢, b|| ¢, a Y b = e and
eY ¢=d. Then <isinternal for <anda Yc=0bY c.

Remark 3.17. The join operation Y of a semilattice order < that has the CI-property for a total
order < need not be <-preserving. For instance, if < is the semilattice order on X3 defined by
2 < 1,3 < 1and 2 || 3, then < has the Cl-property for <3 but 2 Y 2 = 2 >3 1 = 2 Y 3. This
example also shows that the CI-property for < does not imply internality for <.

Conversely, the join operation Y of a semilattice order =< that is internal for a total order <
need not be <-preserving. For instance, if < is the total order on X3 defined by 1 < 3 < 2, then
<isinternal for <3 but3 =3V 1 >3 2V 1 = 2. This example also shows that internality for <
does not imply CI-property for <.
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Definition 3.18 (see [36]). A partial order < on X is said to have the linear filter property if
every of its filters is totally ordered.

Remark 3.19. Partial orders that have the linear filter property are also called forests [28].

The following lemma characterizes the linear filter property.

Lemma 3.20 (see [36]). A partial order on X has the linear filter property if and only if no pair
{a, b} of incomparable elements of X has a lower bound.

Proof. (Necessity) If < is a partial order on X that has the linear filter property and if there is a
pair {a, b} of incomparable elements of X that has a lower bound ¢, then [c)< is a filter that is not
totally ordered.

(Sufficiency) Obvious. O]

The following proposition characterizes tree semilattices and binary semilattices in terms of
the linear filter property.

Proposition 3.21. Let < be a semilattice order on X. The following conditions hold.
(a) (X, =) is a tree semilattice if and only if < has the linear filter property.

(b) Assume that X = X, for some integer n > 1. Then (X, =) is a binary semilattice if and
only if = has the linear filter property and there are no pairwise incomparable elements
a,b,cof X suchthata Y b=1>bY c.

Proof. Condition (a) follows from Fact 3.1 and Lemma 3.20. So let us show condition (b).
Suppose first that (X, <) is a binary semilattice. By condition (a) we have that < has the linear
filter property. Now, suppose to the contrary that X has three incomparable elements a, b, ¢ such
that @ Y b = b Y c. Then, there are elements a’, V', ¢ € X suchthata < d/,b <XV, c < ¢, and
that are covered by a Y b = b Y ¢, which contradicts the definition of a binary semilattice. The
converse implication essentially follows from condition (a). Ol

The following proposition constitutes the last step towards the alternative characterization of
the class of ordered commutative bands.

Proposition 3.22 (see [36]). Let (X, <) be a totally ordered set and < be a semilattice order on
X. If X is nondecreasing for <, then it has the linear filter property.

Proof. We prove the contrapositive. Assume that < does not have the linear filter property. By
Lemma 3.20, there are incomparable elements a,b in X that have a lower bound c. Let us set
d = a Y band assume that a < b. If d < a or b < d, then < is not internal for <. Thus, we have
a<d<bIfc<d<b(a<d< c,respectively), then < does not have the CI-property for <
sinced AcYb=>b(d A aY c= a,respectively). O

Remark 3.23. The converse of Proposition 3.22 does not hold. On the one hand, Remark 3.17
shows an instance of a semilattice order that has the linear filter property but that is not internal
for a given total order <. On the other hand, if < is the semilattice order on X, defined by
1 <3,4=<3,3=<2,and 1|4 then < has the linear filter property for <4, but does not have the
CI-property for <,.
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The following theorem follows from Theorem 3.9, Lemmas 3.13 and 3.14, and Propositions
3.21 and 3.22.

Theorem 3.24 (see [36]). Let (X, <) be a totally ordered set and Y : X? — X be a semilattice
operation. The following conditions are equivalent.

(i) Y is <-preserving.
(ii) The order < associated with Y is nondecreasing for <.
The following result is a direct consequence of Theorem 3.24.

Theorem 3.25 (see [36]). Let (X, <) be a totally ordered set and F': X? — X be an operation.
The following conditions are equivalent.

(i) F'is a <-preserving semilattice operation.
(ii) F is the join operation of a semilattice order < on X that is nondecreasing for <.

The following result, which provides a characterization of the class of orderable commutative
bands, follows from Theorem 3.7.

Theorem 3.26 (see [92]). An operation F: X? — X is associative, idempotent, commutative,
and order-preservable if and only if (X, F') is a binary semilattice.

In the rest of this section we suppose that X = X, and we state the latter characterization in
terms of properties of the Hasse graph of (X,,, <). We also prove that the number of semilattice
operations that are <, -preserving is the nth Catalan number, providing yet another realization of
the sequence of Catalan numbers. Finally, given a binary semilattice order < on X,,, we consider
the problem of constructing the total orders on X,, for which < is nondecreasing.

Recall that a free is a connected undirected simple graph without cycle. An ordered pair (G, r)
is a rooted tree if G is a tree and r is a vertex of G. If {u, v} is an edge of a rooted tree (G, ),
we say that v is a child of u (or that u is the parent of v) if the unique path from r to v contains
u. In what follows, by binary tree we mean a rooted tree in which every vertex has at most two
children. A binary forest is a graph whose connected components are binary trees.

From Proposition 3.21(b) it follows that the binary semilattices (X, <) are exactly those
semilattices (X, <) whose Hasse graph are binary trees rooted at the top element of (X,,, <).

following conditions are equivalent.

Lemma 3.27 (see [36]). Let (X, <) be a semilattice. If < has the CI-property for <,, then the

(i) The order = is internal for <,,.

(ii) If 2" is a child of x, then * = min{z: z >, yforally € (2'|<} or x = max{z: z <,
yforally € (2']<}.

(iii) If x1 and x5 are two children of a vertex x in the Hasse graph of (X,,, X), then there are
i # jin {1,2} such that x is an upper bound of (x;|< and a lower bound of (x;]< in
(Xn, <n).
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Proof. Let us first show that (i) = (4). By Lemma 3.13, we have that (2] is convex in
(X, <,,) with x as lower bound or upper bound. Assume that z is a lower bound of (z']< (the
other case can be dealt with similarly). If x has only one child, then by Cl-property we have
r = max{z: z <, yforally € (2/]<}. If x has two children 2’ and z”, then we obtain by
internality that y <, = <, z for every y < z” and z =< 2’ (the case where z <, = <, y
can be dealt with similarly). It follows that + = max{z: z <, yforally € (2/]<} and z =
min{z: z >, yforally € (2”]<}. The implication (i7) = (¢i7) is obvious. Finally, let us show
that (7i7) = (i). We prove that < satisfies condition (i7i) of Lemma 3.14. Let z; and x5 be
incomparable elements, and assume that z; <,, z5. Let 2 and x/, be the children of z; Y x5 such
that x; < 2/, and x5 < 2,. We obtain by (i77) that 1 Y x5 is an upper bound in (X, <,,) of
(x)]< and a lower bound in (X, <,,) of (x}]<, which shows that =1 <,, 1 Y 9 <, 2. O

The next result follows directly from Lemma 3.27.

Corollary 3.28 (see [36]). If = is a semilattice order that is nondecreasing for <,,, then its top
element r has only one child in the Hasse graph of (X,,, X) if and only if r € {1,n}.

As stated in the next result, a similar equivalence as in Lemma 3.27 holds for semilattice
orders that satisfy the linear filter property.

Lemma 3.29 (see [36]). Let < be a semilattice order on X,, that has the linear filter property.
Then, conditions (i) and (iii) of Lemma 3.27 are equivalent.

Proof. Let us first show that (i) = (7i7). By internality, we know that z lies between z; and x5
in (X,,, <,). Assume that 1 <,, © <,, z3 (the case x5 <, <, x; is obtained by symmetry).
By the linear filter property we have (z1]< N (z2]< = @. Also, by the internality condition, there
are no y, z € X, such that {y, z} <, {«} (resp. {y,z} >, {z}), y € (x1]<, and z € (z3)<. It
follows that z is an upper bound of (z;]< and a lower bound of (z5]< in (X, <,).

The proof of the implication (iii) = (7) is the same as in Lemma 3.27. O

Lemma 3.30 (see [36]). Let (X, <,) be a finite chain and =< be a semilattice order on X,, with
top element 7.

(a) If =X has the Cl-property for <, and if r has only one child in the Hasse graph of (X,, <),
thenr € {1,n}.

(b) If = is internal for <,,, and if r is either 1 or n, then r has only one child in the Hasse graph
of (Xn, =)

Proof. Let us first show condition (a). If x is the child of r, then (z]< is a convex subset of
(Xn, <) with n — 1 elements.

Now, let us show condition (b). We prove the contrapositive. Assume that < is internal for
<,, and that z; and z5 are two children of 7 in (X, <). By internality, we know that x lies in
between x; and x5 in (X, <), which shows that z & {1, n}. O

The following result follows immediately from Lemmas 3.27, 3.29, and 3.30.

Corollary 3.31 (see [36]). Let (X, %) be a semilattice order with top element r. Assume that
= is internal for <, and has the CI-property for <,, or the linear filter property. If r has two
children x4, x4 in the Hasse graph of (X,, =), then 1 and n are incomparable. Moreover, if
1 < ayandn = xy, then (z1]< ={1,2,...,7 — 1} and (xo]< = {r+1,r+2,...,n}.
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Figure 3.3: Hasse diagrams of semilattices that are nondecreasing for <,.
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The following theorem provides an alternative characterization of the class of finite ordered
commutative bands.

Theorem 3.32 (see [36]). Let (X,,, <,,) be a finite totally ordered set and < be a semilattice order
on X,,. The following conditions are equivalent.

(i) The order = is nondecreasing for <,,.
(ii) (X,, =) is a binary semilattice that satisfies condition (ii) of Lemma 3.27.

Proof. The implication (i) = (i7) follows from Lemmas 3.14 and 3.27 and Propositions 3.21
and 3.22.

Now, let us show that (i7) = (7). By Lemma 3.13 we obtain that < has the CI-property for
<,. It follows by Lemma 3.27 that < is internal for <,,. ]

Recall that two undirected graphs G = (V, E) and G’ = (V' E') are said to be isomorphic,
and we write G ~ (', if there exists a bijection ¢: V' — V such that

{r.y}e ' & {o(x),0(y)} €L, azyeV.

The bijection ¢ is then called an isomorphism from G’ to G. It is called an automorphism of G if
G'=G.

Example 3.33. Let < be a semilattice order that is nondecreasing for <,. According to The-
orem 3.32, its Hasse graph is isomorphic to one of the binary trees depicted in Figure 3.3,
and = is one of the orders defined by the following labellings in Figure 3.3: (u,v,w,r) €
{(1,3,2,4),(2,4,3,1)}, or

(x,y,2,t) € {(3,4,1,2),(4,3,1,2),(1,2,4,3),(2,1,4,3)},

or

(a,b,c,d) € {(1,2,3,4),(2,1,3,4), (2,3,1,4), (2,3,4,1),
(3,4,2,1),(3,2,1,4),(3,2,4,1), (4,3,2,1)}.

Observe that a finite semilattice (X,,, <) has a neutral element e if and only if e is a lower
bound of X,,. The following result follows from the latter observation and Theorem 3.32.
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Corollary 3.34 (see [36]). Let Y: X2 — X,, be a <,-preserving semilattice operation. Then, Y
has a neutral element if and only if its associated order is a total order that is single-peaked for
<

—n-

Theorem 3.32 enables us to give the isomorphism types of semilattices that are nondecreasing
for <,,.

Corollary 3.35 (see [36]). The isomorphism types of semilattices that are nondecreasing for <,,
and the isomorphism types of semilattices that have the linear filter property and are internal for
<, coincide, and are the binary semilattices.

Proof. 1t follows from Lemma 3.14, Proposition 3.21, and Theorem 3.32 that any semilattice that
is nondecreasing for <, or that has the linear filter property and is internal for <,, is a binary
semilattice. Since any semilattice that is nondecreasing for <,, is internal for <,, and has the
linear filter property, it suffices to show that if (G is a binary tree with n vertices, then there is a
labeling of the vertices turning G into the Hasse graph of a semilattice that is nondecreasing for
<,. We proceed by induction on n > 1. For the induction step, if the root  of G has only one
child, then we define a labeling of the vertices of GG by labeling r with n, and labeling the vertices
of G —r with 1,...,n — 1 using induction hypothesis. If 7 has two children z; and x, let C; be
the connected component of G — r that contains x; for ¢ € {1,2}. We define a labeling of G by
labeling r by |C|+1, and by labeling the vertices of C; and Cy by 1, ..., |Cy| and |Cy|+2,...,n,
respectively, using induction hypothesis. ]

For every integer n > 0, let w(n) be the number of semilattice orders on X, that are nonde-
creasing for <,,. As a convention, we set w(0) = 1. The following result proves that w(n) is the
nth Catalan number (see, e.g., [95]).

Proposition 3.36 (see [36]). The sequence (w(n))n>o satisfies the recurrence relation

n

w(n) = Zw(n —Hw(i — 1), n>1. (3.6)

i=1
It follows that w(n) is the nth Catalan number % for everyn > (.

Proof. Let < be a semilattice order on X, that is nondecreasing for <,,. By Theorem 3.32, we
know that (X,,, <) is a binary semilattice. Let r be the top element of its Hasse graph, and set
X' = X,, \ {r}. By Corollary 3.28, if r € {1,n}, then <|x- is one of the w(n — 1) semilattice
orders that are nondecreasing for <|x.. By Corollaries 3.28 and 3.31, if » ¢ {1,n}, then <|y/ is
the union of one of the w(r — 1) semilattices orders on [1,7—1]<,, _ that are nondecreasing for
<y lp,r—1) with one of the w(n — r) semilattice orders on [r +1,n]<,|, ,, . that are nondecreasing
for §n|[T+17n]. O]

Definition 3.37. A planted binary tree is a tuple (V, E, r, c¢) such that (V, E) is a binary tree with
rootr € V,and c: V' \ {r} — {L, R} is a map such that c¢(z) # c(y) for every x # y that have
the same parent.

The two following results are direct consequences of Theorem 3.32. Proposition 3.39 provides
a bijection between the set of semilattice orders that are nondecreasing for <,, and the set of
planted binary trees with n vertices. It gives an alternative proof of Proposition 3.36, since it is
known that the number of planted binary trees with n vertices is the nth Catalan number (see,
e.g., [95,96]).
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Figure 3.4: (X, <) and f(=)

Lemma 3.38 (see [36]). Let < be a nondecreasing semilattice order for <,, with top element r,
and let c< be the map defined on X, \ {r} by

ex(y) = L ifthe parent x of y satisfies x < v,
WTAR if the parent x of y satisfies © > y.

Then, the map c turns the Hasse graph of (X,,, =) to a planted binary tree.

Proposition 3.39 (see [36]). For any semilattice order =< that is nondecreasing for <,,, set
f(2) = (Hx,cex),

where H is the rooted Hasse graph of (X, <), and c< is the map defined in Lemma 3.38. Then,
the map f is a bijection between the semilattice orders that are nondecreasing for <,, and the
ordered rooted binary trees with n vertices.

Figure 3.4 is an illustration of Proposition 3.39 in which we draw any vertex x such that
c(x) = L (resp. ¢(x) = R) on the left (resp. on the right) of their parent vertex.

Remark 3.40. We deduce from Proposition 3.39 that semilattice orders which are nondecreasing
for <,, are in one-to-one correspondence with the C-posets defined in [7]. In particular, Theorem
3.5 in [7] gives a characterization of the semilattice orders which are nondecreasing for <,, in
terms of permutation patterns avoidance. These observations are due to the anonymous reviewer
of [36].

Note that the proof of Propositions 3.36 and 3.39 give two ways to construct all the semilattice
orders that are nondecreasing for <,,. These results also count the number of semilattice orders
on X, that have the Cl-property and are internal for <,,. The Hasse graph of these semilattices
are binary trees verifying condition (ii) of Theorem 3.32.

Let < be a semilattice order on X,,. By Theorem 3.26, we have that (X,,, Y) is orderable
if and only if it is a binary semilattice. Now, assuming that < is a binary semilattice order, the
family of total orders < on X, for which < is nondecreasing can be constructed by recursion
using the following result.

Proposition 3.41 (see [36]). Let (X,,, <) be a binary semilattice with top element r and let G be

its Hasse graph. Let Cy and C5 be the connected components of G — r, with the convention that
Cy = D if v has only one child. The following conditions are equivalent.

(i) The order = is nondecreasing for <,,.
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Figure 3.5: Semilattice (X, <) whose Hasse graph is a binary tree

(ii) There exist total orders <, on C and <5 on Cy such that

(a) the order =, is nondecreasing for <; for every 1 < i < 2,

(b) the total order < is obtained by adding r as the top of <, and the bottom of <,, or
conversely.

Proof. Let us first show that (i) = (7). Since <¢, and <, have the CI-property for <; and <,
respectively, it follows by Lemma 3.13 that < has the CI-property for <. Similarly, we obtain by
Lemma 3.14 (i¢) that < is internal for <.

The proof of the implication (i) = (i7) is obtained by an easy induction on 7, using Lemma
3.30 and Corollary 3.31 in the induction step. O

The following corollary is obtained from Proposition 3.41 by an easy induction on n.

Corollary 3.42 (see [36]). Let (X,,, =) be a binary semilattice, and let L be the number of min-

imal elements in (X,,, X). The number of total orders for which < is nondecreasing is equal to
on-L,

Example 3.43. The eight total orders on X = {a,b,c,d,r} for which the semilattice order <
depicted in Figure 3.5 is nondecreasing are

r<b<a<c<d, r<b<a<d<c,
r<c<d<a<hb, r<d<c<a<hb,

and their dual orders.

It follows from Corollary 3.35 that the number 7(n) of isomorphism types of semilattices
that are <,-preserving is equal to the number A001190(n + 1) of unlabeled rooted binary trees
(see [94]; in such a tree, no order is specified on the children of a parent vertex).

Corollary 3.44 (see [94, A001190]). The number T(n) of isomorphism types of semilattices that
are nondecreasing for <,, satisfies 7(0) =1, 7(1) = 1 and

T(2n) = ; T())T(2n — 1 — 1)
T2n+1) = Y 7(i)7(2n — 1) + r(n) (1(n) +1)

foralln > 1.



Chapter 4

Quasitrivial semigroups

We let Q be the class of associative and quasitrivial operations F': X? — X. We will often
denote this class by Q,, if X = X, for some integer n > 1. Also, when considering enumeration
problems, we often denote the class of associative and quasitrivial operations on X by Q. Al-
though the class Q has been completely characterized (see Theorem 4.1 below), its structure can
be investigated by classifying its elements into subclasses. The purpose of this chapter is to define
and analyze such classifications by considering natural equivalence relations. The case where X
is finite also raises the interesting problem of enumerating the corresponding equivalence classes.

The outline of this chapter is as follows. In Section 4.1, we essentially recall a descriptive
characterization of the class Q. In Section 4.2, we introduce and investigate classifications of
the elements of Q by defining three natural equivalence relations. One of these classifications is
simply obtained by considering orbits (conjugacy classes) defined by letting the group' of per-
mutations on X act on Q. We also focus on the finite case, where we enumerate the equivalence
classes defined by each of these equivalence relations. In Section 4.3, we investigate the oper-
ations of Q that are order-preserving for some total order on X. In particular, we characterize
the above-mentioned orbits that contain at least one such order-preserving operation. We also
elaborate on the finite case, where the enumeration problems give rise to new integer sequences.
In Section 4.4, we examine further subclasses of Q by considering additional properties: commu-
tativity, anticommutativity, and bisymmetry. Most of the contributions presented in this chapter
stem from [24,25,31,34].

4.1 Characterizations of quasitrivial semigroups

Given a weak order = on X, the maximum on X for = is the partial commutative binary operation
max< defined on

X \A{(z,y) e X?ra~y, x#y},

by max<(z,y) = y whenever z 3 y. If 3 reduces to a total order, then clearly the operation
max< is defined everywhere on X 2. The minimum on X for =, denoted by minx, is defined
dually.

The following theorem provides a descriptive characterization of the class Q. As recently
observed in [1], this characterization can be derived from Theorem 3.3. A recent discussion and

IRecall that a group (X, F') is a monoid with neutral element e € X such that for any € X there exists a unique
y € X such that F(z,y) = F(y,x) = e.

53
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a direct elementary proof can be found in [25].

Theorem 4.1 (see [72]). We have F' € Q if and only if there exists a weak order = on X such
that

VA, B € X/~. 4.1)

P ) milaxs or mlaxs, ifA=DB,
AxB — .
* maX;j|A><B7 lfA%Ba

It is not difficult to see that the weak order = mentioned in Theorem 4.1 is unique. The
following proposition provides a way to construct it.

Proposition 4.2 (see [25]). The weak order 5 mentioned in Theorem 4.1 is uniquely determined
from F' and is defined by

r3y & F(r,y)=vy or Fy,z) =y, x,y € X. 4.2)
If X = X, then we also have the equivalence
23y & |F') < [F)l,  ayeX 4.3)
Moreover, we have
F 2]l = 2x[{z€Xn:2z=<a}+|{z € X,:2~2}, r € X,. (4.4)

Proof. Let us first show that the binary relation = defined on X by (4.2) is a weak order on
X. Indeed, this relation is clearly total. Let us show that it is transitive. Let z,y,2z € X be
pairwise distinct and such that x X y and y = 2. Let us assume for instance that F'(z,y) = y and
F(z,y) = z (the other three cases can be dealt with similarly). Then we have F(z,z) = z and
hence x = z. Indeed, otherwise we would have x = F(z,z) = F(x, F(2,y)) = F(F(x,z2),y) =
F(z,y) = y, a contradiction.

Now, assume that X = X,, and let us show that (4.4) holds. By quasitriviality, only points of
the form (z, z) or (z, z), with z € X,,, may have the same value as (z, x).

o If z < x,then F(x,2) = F(z,2) =z = F(x,x).
o If x < z, then F(z,2) = F(z,2) = z # F(x,x).

o If 2 ~ z and 2z # x, then either F(z, z) = m(z, z) or F(z,z) = m(x, z). In the first case,
we have F'(z,z) = x = F(x,z) # z = F(z,x). The other case is similar.

Finally, let us show that (4.3) holds. Let z,y € X,, such that x = y. We clearly have
HzeXn:z<z} < {zeX,:2=<y}

and
HzeXn:zZ32} < {zeX,:2Z2y}.

By (4.4), we then immediately have |F~![z]| < |F~![y]|. The (contrapositive of the) reverse

implication can be proved similarly. ]

Remark 4.3. Condition (4.3) was equivalently stated in [24] in terms of F'-degrees, where the
F-degree of an element z € X, is the natural integer deg,(2) = |F~1[z]| — 1.
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In what follows, the weak order = on X defined by (4.2) from any F' € Q will henceforth be
denoted by =p.

From the properties of the maximum operation in (4.1), we can observe the following fact.
Recall first that an element @ € X is said to be an annihilator of an operation F': X? — X if
F(a,z) = F(z,a) = a forevery z € X.

Fact 4.4 (see [25]). If F': X? — X is of the form (4.1) for the weak order = on X, then F has a
neutral element e € X (resp. an annihilator element a € X ) if and only if the weakly ordered set
(X, Zr) has a unique minimal element denoted by | (resp. a unique maximal element denoted
by T). In this case we have e = | (resp. a = T).

Remark 4.5. If F: X? — X is of the form (4.1) for some weak order X on X, then, by replacing
= with its dual relation <9, we see that F' is again of the form (4.1), except that the maximum
operation is changed to the minimum operation. Thus, choosing the maximum or the minimum
operation is just a matter of convention.

The following immediate corollary provides an alternative characterization of the class Q that
does not make use of the concept of weak order.

Corollary 4.6 (see [34]). We have F' € Q if and only if there exists a total order < on X, a
partition of X into nonempty <-convex sets {C; :i € 1}, and amap : I — {1,2} such that

iy (T, 1), if i € I such that x,y € C;,
F(x,y):{”<>(xy) if3i € L suchthat x,y Va,y € X.

max<(z,y), otherwise,

An operation F': X% — X of the form given in Corollary 4.6 is called an ordinal sum [72]
of projections on the totally ordered set (X, <). Such an operation is illustrated in Figure 4.1.
Combining Theorem 4.1 and Corollary 4.6, we can easily see that any /' € Q is an ordinal sum
of projections on (X, <) if and only if < extends =f.

(X,<) |

max§
1 Oor
T2
T or
max<
Up)

- (X, 9)

Figure 4.1: An ordinal sum of projections

Recall that the kernel of an operation F': X? — X is the equivalence relation

ker(F) = {{(2.), (w,v)}: Fle.y) = Flu,0)}.
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Let us now assume that X = X,,. Define the contour plot of any operation F': X? — X,, by the
undirected graph Cp = (X2, E), where

E = {{(z.y), (w,0)}: (z,y) # (u,v) and F(z,y) = F(u,v)}.

That is, F is the non-reflexive part of ker(F’). We observe that, for any z € X, such that
F~'z] # @, the subgraph of Cr induced by F'~1[z] is a complete connected component of Cr. It
is also clear that Cr has exactly |F(X?)| connected components. In particular, Cr has n connected
components for every F' € Q,,.

We can always represent the contour plot of any operation F': X? — X, by fixing a total
order on X,,. For instance, using the usual total order < on Xg, in Figure 4.2 (left) we represent
the contour plot of an operation F': XZ — Xg. To simplify the representation of the connected
components, we omit edges that can be obtained by transitivity. In this representation we also
assign a number to any element (x,r) € X2. This number is actually the value of F'(x, ). The
weak order = on Xg obtained from (4.3) is such that 3 ~ 4 < 2 < 1 ~ 5 ~ 6. In Figure 4.2
(right) we represent the contour plot of /' by using a total order < on X that extends 3. We then
obtain an ordinal sum of projections on <, which finally shows that F' € Qg and that 3 = =.

_N W e Ot O

w B~ N = ot O

1 2 3 4 5 6 3 4 2 1 5 6

Figure 4.2: An operation F' € Qg (left) and its ordinal sum representation (right)

This example clearly illustrates the following simple test to check whether a given operation
F: X? — X, is associative and quasitrivial. First, use condition (4.3) to construct the unique
weak order = on X, from the preimage sequence |F~!|. Then, extend this weak order to a total
order < on X, and check if F'is an ordinal sum of projections on <. This test can be easily
performed in O(n?) time.

For any integer n > 0, we denote by 7(n) the number of operations F' € Q,, (i.e., the number
of quasitrivial semigroups on an n-element set). As a convention, we set y(0) = 1. Also, for any
integer n > 0, we denote by

e 7.(n) the number of operations F' € Q,, that have neutral elements,
e 7,(n) the number of operations F' € Q,, that have annihilator elements,

® 7,.(n) the number of operations F' € Q,, that have distinct neutral and annihilator elements.
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As a convention, we set 7.(0) = 7,(0) = 7,(0) = 0. Also, by definition we have 7.(1) =
7a(1) = 1 and 7,.(1) = 0. Theorem 4.7 and Proposition 4.8 below provide explicit formulas for
these sequences. The first few values of these sequences are shown in Table 4.1.

Theorem 4.7 (see [25]). For any integer n > 0, we have the closed-form expression
n ' n—i _k
v(n) = Zz% > (-1)F (Z) {” Z, } (i+k)!, n>0. (4.5)
=0 k=0
Moreover, the sequence ((n)),>o satisfies the recurrence equation
1
o) = a2 3 (") ez
with (0) = 1. Furthermore, its EGF is given by T'(z) = 1/(z + 3 — 2¢7).

Proof. We clearly have v(0) = 1. Now, let n > 1, let F' € Q,, and let k£ be the number
of maximal elements of X,, for Xp. By Theorem 4.1, we have F’ ](max<F Xn)2 = Ti|(max <, Xn)?

for some ¢ € {1,2}. Moreover, the restriction of F' to (X, \ max<, X,)? is associative and
quasitrivial. Thus, it follows that the sequence y(n) satisfies the recurrence equation

yn) = m(n—1)+2§(2)7(n—m, n> 1.

The expression of the EGF of (y(n)),>o follows then straightforwardly.
Let us now establish Eq. (4.5). It is enough to show that the EGF of the sequence (7(n)),>0
defined by 7(0) = 1 and

H(n) = 22 :Zé(—l)k ({77 Faenn nz1

is exactly ['(z).
For any integer i > 0, consider the sequences (f?),,>0 and (g’,)»>o defined by

fo = (=1)"(n+1),
and gi = {"}. Define also the sequence (h,),>o by the binomial convolution of (f),>o and

(9% )n>0, that is,
by = Xn: (Z) (=) + k;)!{” B ’“}

k=0

Observing that {”;k} = 0if n — k < i, we see that

J(n) = > 2'n,,  n=>0 (4.6)
1=0
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Let F}(z), Gi(z), and H;(z) be the EGFs of the sequences ( f),>0, (4" )ns0, and (A )=, respec-
tively. It is known (see, e.g., [53]) that Fj(z) = i!(z + 1)""! and G;(z) = (e* — 1)?/i!. We then
have

Y otV
() = ARG =
Since hi = D" H;()|.o, using (4.6) we obtain
1— (2= 1 .
y(n) = D 2t = D! ————| = (DIT1)(0).
¥(n) Foz43—-2e* l:=0 F 243 —2e%l=0 (D:1)(0)
This means that the EGF of (3(n)),>0 is given by I'(z). This completes the proof. O

Proposition 4.8 (see [25]). For any integer n > 2, we have v.(n) = v,(n) = ny(n — 1) and
Yae(n) = n(n —1)~(n — 2).

Proof. Let us first show how we can construct an arbitrary associative and quasitrivial operation
F: X2 — X, having a neutral element. There are n ways to choose the neutral element e in X,,.
Then we observe that the restriction of F' to (X,, \ {e})? is still an associative and quasitrivial
operation, so we have (n — 1) possible choices to construct this restriction. This shows that
Ye(n) = ny(n — 1). Using the same reasoning, we also obtain 7,(n) = ny(n — 1) and 7., (n) =

n(n—1)y(n —2). O
n ) ve(n)  va(n)  Yea(n)
0 1 0 0 0
1 1 1 1 0
2 4 2 2 2
3 20 12 12 6
4 138 80 80 48
) 1182 690 690 400
6 12166 7092 7092 4140
OEIS | A292932 A292933 A292933 A292934

Table 4.1: First few values of v(n), v.(n), v,(n), and Y4 (n)

Let us now present a result that will be useful as we continue.

Proposition 4.9 (see [34]). For any two operations F: X? — X, and G: X? — X,,, we have
|F~'| = |G~ if and only if Cr ~ Cg.

Proof. (Sufficiency) Trivial.

(Necessity) Recall that the order of a graph is simply the number of its vertices. Thus, by
definition, |F~!| is the nondecreasing n-element sequence of the orders of the connected compo-
nents of Cr. If |71 = |G™!|, then it is not difficult to construct a bijection ¢: X2 — X? that
maps a connected component of Cr to a connected component of C of the same order. Since all
these connected components are complete subgraphs, we obtain that Cr ~ Cg. [l
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4.2 Classifications of quasitrivial semigroups

It is a fact that the class Q is generally very huge. In the finite case, the size of the class Q,, (a
sequence recorded in the OEIS as Sloane’s A292932; see [94]) becomes very large as n grows (see
Theorem 4.7).% It is then natural to classify the elements of Q by considering relevant equivalence
relations on this class. Before introducing such relations, let us recall some basic definitions.

Let G be the group of permutations on X. We will often denote this group by &,, if X = X,
for some integer n > 1. For any operation F': X? — X and any permutation 0 € &, the
o-conjugate of I is the operation F,: X? — X defined by

Fo(z.y) = o(F(0 ' (2),07'(y), =@yeX

A conjugate of F'is a o-conjugate of F' for some 0 € G.
Clearly, the map ¢: & x Q — Q defined by ¢ (o, F') = F, is a group action. We then can
define

e the orbit of F € Qby orb(F) = {F, : 0 € &},
e the stabilizer subgroup of & for F' € Q by stab(F) ={c € & : F, = F}.

We can readily see that, for any 0 € &, we have F' € Q if and only if F, € Q. Moreover,
using (4.2) we see that, for any o € G and any F' € O we have
r3ry < olx) 2k o(y), x,y € X. 4.7

Now, let g be the identity relation on Q. We also introduce relations p, s, r on Q as follows.
For any F, G € Q, we write

FpG, if Zr=Zc
FSG, if sz;jG
FrG, if Georb(F).

It is clear that each of the relations above is an equivalence relation and hence it partitions Q
into equivalence classes. Moreover, we clearly have that ¢ C p C s. Using (4.7), we also see
that ¢ C r C s. Furthermore, we observe that p and r are not comparable in general. Indeed,
if ' = m and G = m on X, then we have F'p G and —~(F' r G). Similarly, if /' = max< and
GG = min< for some total order < on X, then we have F'r G and —(F p G).

The following proposition provides further properties of the relations introduced above. Let
us first investigate the conjunction of relations p and 7.

We observe that, given an operation F' € Q, any permutation o € & for which o(z) ~p x
for all z € X is an automorphism of (X, Xr). We say that such an automorphism is trivial. It is
easy to prove by induction that all automorphisms of (X, <) are trivial whenever X is finite.

Lemma 4.10 (see [34]). Let F' € Q and 0 € &. Consider the following four assertions.

(i) FpF,.

2In fact, we have |Q,,| ~ ﬁ n! \"*2 as n — oo, where \ (= 1.71) is the inverse of the unique positive zero

of the real function x — = + 3 — 2e®.
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(ii) F' = F,.
(iii) o(x) ~F x for every x € X.
(iv) o is an automorphism of (X, Zr).

Then we have (iii) = (ii) = (i) < (iv). The implication (iv) = (iii) holds if and only if all
automorphisms of (X, X ) are trivial. The latter condition holds for instance if X is finite.
Proof. The equivalence (i) < (iv) is straightforward (simply use (4.7)). Also, the implications
(13i) = (iv) and (i7) = (i) are obvious. Now, let us show that (iii) = (ii). Let z,y € X.
Suppose first that  ~p y. By (4.7) and conditions (7i7) and (iv), we have

z ~p 0 (@) ~p 0T Y) ~p oy
Hence, by Theorem 4.1 there exists i € {1, 2} such that

Flo™(2),07(y) = mi(o~ (2),07(y)) = o (milz,y))
= o {(F(z,y)),

that is, F,(x,y) = F(x,y). We proceed similarly if z <z y or y <p z.
The last part of the lemma is trivial. [

Proposition 4.11 (see [34]). We have pV r = por = s. If X is finite, we also have p Ar = q.

Proof. Let us prove the first two identities. Since por C pV r, itis enough to show that s C por.
Let F, G € Q such that F' s G. That is, there exists ¢ € & such that

xr—ij A U(l’) r—jF 0<y)7 iL',yEX.
Using (4.7), we then see that

r3ry & o '(@)3co N y) & 36 Y, T,y € X,

~Y

which means that X = Z¢, . Therefore we have F'p G, r GG, from which we derive that s C por.
To prove the last identity, we only need to show that p Ar C ¢. Let F, G € Q such that F pG
and F'r G. By Lemma 4.10, we have I’ = G, thatis, F qG. ]

Remark 4.12. We can easily construct operations ' € Q for which (X, Xz) has nontrivial au-
tomorphisms. Consider for instance the operation /' = max< on X = Z, where < is the usual
order on Z, and take o(z) = = + 1. Then, we have F' € Q and 0 € &. Also, conditions (i),
(1), and (iv) of Lemma 4.10 hold but condition (7i7) fails to hold. Now, define the operation
F:7? — Zby

z, if (z,y) € {0,1}*

F(z,y) = qv, if (z,y) € Uppez joy {2m, 2m + 1}%
max<(z,y), otherwise,

where < is the usual order on Z. Take also o(x) = x —2. Then, again we have F' € Qand o € &.
Also, conditions (7) and (w) of Lemma 4.10 hold but condition (i77) fails to hold. Moreover, we
have F'(0,1) = 0 # 1 = F,(0, 1), which shows that condition (i7) fails to hold, and hence that

pPAT #q.
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Proposition 4.13 (see [34]). Foranyo € &, themap 6: Q/p — Q/p defined by 5(F/p) = F,/p
is a (well-defined) permutation.

Proof. Let 0 € &. For any F,G € Q, by (4.7) we have F pG if and only if F, pG,, which
shows that & is well defined and injective. Now, for any F' € Q, we have 6(F,-1/p) = F/p,
which shows that ¢ is also surjective. O]

In the rest of this section we restrict ourselves to the finite case when X = X, for some
integer n > 1. This assumption will enable us to enumerate the equivalence classes for each
of the equivalence relations introduced above. For any integer n > 1, define d(n) = |Q,/p|,
v(n) =19,/4q|, p(n) = |Q,/r|, and v(n) = |Q,,/s|. The first few values of these sequences are
given in Table 4.2.

n d(n) () pn) v(n)
1 1 1 1 1
2 3 4 3 2
3 13 20 7 4
4 75 138 17 8
5 541 1182 41 16
6 4683 12166 99 32
OEIS | A000670 A292932 A001333 A011782

Table 4.2: First few values of 6(n), y(n), u(n), and v(n)

By definition, §(n) is the number of weak orders on X, or equivalently, the number of totally
ordered partitions of X, (Sloane’s A000670). Thus we have d(n) = p(n). Also, we clearly have
~v(n) = |Q,| and this number was computed in Theorem 4.7 (Sloane’s A292932). Let us now
investigate the numbers y(n) and v(n).

For any F' € Q,, we set k = |X,,/~p| and let C1, ..., C} denote the elements of X,,/~p
ordered by the relation induced by Jp, thatis, C; <p --- <p C) (where C; <p C; means that
we have v <p y forall x € C; and all y € C}). Also, we set n; = |C;| fori = 1,..., k. We then
define the signature of F as the k-tuple (n4, ..., ns) and we denote it by sgn(F').

It is clear that the number of possible signatures in Q,, is precisely the number of totally
ordered partitions of a set of n unlabeled items (Sloane’s A011782), that is,

It follows that this number is also the number of weak orders on X, that are defined up to an
isomorphism. Thus, we have v(n) = 2"71 = p;,,(n) forall n > 1.
We actually have the following more general result.

Proposition 4.14 (see [34]). For any F,G € Q,, the following assertions are equivalent.
(i) FsQG.
(ii) Cr ~ Cg.
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(i) |F7'|=|G7Y.

(iv) sgn(F) = sgn(G).
Proof. The equivalence (i) < (iv) is straightforward. Also, the equivalence (ii) < (ii7) is a
special case of Proposition 4.9. Finally, let us show that (i) < (iii). Clearly, |F~!| = |G

holds if and only if there exists o € &,, such that |F~![z]| = |G ![o(z)]| for every z € X,,. The
claimed equivalence then immediately follows from condition (4.3). [

The following proposition provides explicit expressions (bounded above by n!) for |stab(F)|
and |orb(F)| for any F' € Q,,. In particular, it shows that |orb(F’)| is precisely the number of
ways to partition X, into k subsets of sizes nq, . .., n.>

Proposition 4.15 (sce [34]). Forany F € Q,,, we have

k
n
_ K =
|stab(F)| H n;! and |orb(F)| (m, o ,nk)'

i=1

Proof. The formula for [stab(F’)| immediately follows from Lemma 4.10. By the classical orbit-
stabilizer theorem, we have |orb(F)| x |stab(F)| = |&,,| for every F' € Q,,. This immediately
proves the formula for |orb(F)|. O

Recall that y4(n) is the number of orbits in Q,, under the action of G,,. Burnside’s lemma then
immediately provides the formula

1 a
’ O’EGn

where Q7 = {F € Q,,: F,, = F}.
The following proposition provides much simpler explicit expressions for p(n) and shows
that the corresponding sequence is known as Sloane’s A001333, where we have set ;(0) = 1.

Lemma 4.16. For every F' € Q,, there exists 0 € &,, such that F, is an ordinal sum of projec-
tions on <,,.

Proof. By Corollary 4.6, F'is an ordinal sum of projections on some total order < that extends
<. Take 0 € &, such that

ox) <, 0(y) & o<y, z,y € X,.

We then immediately see that <,, extends Zr . Hence F, is an ordinal sum of projections on
< O

—Nn-

Proposition 4.17. The sequence (ju(n))n>o satisfies the linear recurrence equation
p(n+2) = 2u(n+1) + pu(n),
with 11(0) = 1 and p(1) = 1. Its GF is M (z) = (1 — 2) /(1 — 2z — z?). Moreover we have
pn) = 3L+ V2" +3(1 - v2)" = ¥ (5) 2"

3Recall that k = | X,,/~p| and that n; = |C;| fori =1,... k.
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Proof. We clearly have 11(0) = p(1) = 1. Now let n > 2. By Lemma 4.16 the number x(n)
is nothing other than the number of ordinal sums of projections on (X, <,,) defined up to con-
jugation by trivial automorphisms. If F' is such an ordinal sum, then the restriction of F' to
X"? = (X, \ Cy)? is an ordinal sum of projections on (X', <,|x/). Since there are two possi-
ble projections on C, whenever n;, > 2, it follows that the sequence ((n)),>o must satisfy the
recurrence equation

pl) = pn=1)+23 pn—i),  n=2.

1=2

From this recurrence equation, we immediately derive the claimed one. The rest of the proposition
follows straightforwardly. [

Remark 4.18. We observe that an alternative expression for z(n) is given by

,u(n):Z Z HZ, n>1.

N>l =1
ni+-tng=n n;>2

Indeed, by Lemma 4.16 the number p(n) is precisely the number of ordinal sums of projections
on (X,, <,) defined up to conjugation by trivial automorphisms. To compute this number, we
need to consider all the unordered partitions of X,, and count twice each subset containing at least
two elements (because the two projections are to be considered for each such set). Actually, the
product provides the exact number of orbits in Q,, corresponding to the signature (n, ..., ng).

Figure 4.3 provides the contour plots of the v(3) = 20 operations of Q3, when X3 is endowed
with <3. These operations are organized in a 7 X 6 array. Those in the first column consist
of the 1(3) = 7 ordinal sums of projections on (X3, <3) defined up to conjugation by trivial
automorphisms. Each of the rows represents an orbit and contains all the possible conjugates
of the leftmost operation (we omit the duplicates). In turn, the orbits are grouped into v(3) =
4 different signatures. Also, all these 20 operations are grouped into §(3) = 13 weak orders
(represented by rounded boxes).

Proposition 4.13 can also be easily illustrated in Figure 4.3 as follows. Any permutation
o € G3 that maps F' to F, can be extended to a permutation of the corresponding rounded boxes
(within the same signature).

We end this section by a discussion on the concept of preimage sequence. We know from
Proposition 4.14 that the preimage sequence of any operation F' € Q,, contains the same infor-
mation as its signature. Also, it was shown in Proposition 4.2 that

IF7'2]| = 2x{{ze€ X,z =<pa}|+{z€X, i 2~pa}], x€X,  48)

From the latter identity we can actually derive the following formula:

FY = (n ,2n+ng,..., 2 i g ). 4.9)
~ S~ ——— —
ny ng ng
Conversely, the signature sgn(F') = (nq, ..., n;) can be obtained immediately by considering the

absolute frequencies of the sequence |F'~1|. That is, if dy, . .., d;, represent the distinct values of
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Figure 4.3: Classifications of the 20 associative and quasitrivial operations on (X3, <3)

the sequence |F~!| in increasing order, then n; is the number of times d; occurs in |[F~!|.* To
give an example, let F' € Qg be such that sgn(F') = (1,2,2,1, 3). Then

|F7Y = (1,4,4,8,8,11,15,15,15).

The following proposition solves the natural question of finding necessary and sufficient con-

ditions for a nondecreasing n-sequence (c1, . .., ¢,) to be the preimage sequence of an operation
FeQ,.
Proposition 4.19. Let ¢ = (¢4, . . ., ¢,,) be a nondecreasing n-sequence. Then there exists F' € Q,,

such that |F~'| = c if and only if
¢ = min{j:c¢; =¢}+max{j:c; =c¢}—1, 1=1,...,n. (4.10)

Proof. (Necessity) Replacing F' with one of its conjugates if necessary, we can assume that
|F711]| < -+ < |F~'[n]|. By (4.3), we then have 1 X --- = n. Forevery i € {1,...,n},
define

pi = min{j: [F7[j]| = [F7'[i]]},
gi = max{j: [F[j]| = [F[i]|}.

*In particular, we observe that, for any F' € Q,,, the number of distinct values in the sequence |F~!] is exactly
| X0/~ |-
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By (4.8), we then have |F[i]| =2(p; — 1) + (¢; — pi + 1) = pi +¢; — 1.

(Sufficiency) Let ¢ = (cy,. .., c,) be a nondecreasing n-sequence satisfying the stated con-
dition and let ny, ..., n; be the absolute frequencies of this sequence. Take any F' € Q,, such
that sgn(F) = (nq,...,ny). By definition, for any ¢ € {1,...,k}, all the components of ¢
corresponding to frequency n, are equal to the number

(icemi + 1)+ Qicpmi+ne) =1 = 237, ni + .

Equation (4.9) then shows that |[F~!| = c.

Let us provide an alternative proof that does not make use of (4.9). We proceed by induction
on n. The result clearly holds for n = 1. Suppose that it holds for any ¢ < n — 1 and let us prove
that it still holds for n.

Letc = (cq, ..., c,) be anondecreasing n-sequence satisfying the stated condition. If ¢; = ¢,
then we can take /' = m; or F' = mp on X,,. If ¢; < ¢,, thenlet { = max{j : ¢; < ¢,}. By the
induction hypothesis, there exists F; € Qy such that |F, | = (cy, ..., ¢,). Now, let F': X2 — X,
be defined by

Fy(x,y), ifz,y € Xy,
F(z,y) = m(z,y), ifz,y € Xn\ Xy,
max(z,y), otherwise.

Then it is not difficult to see that F € Q,, and that |F~!| = c. O

Remark 4.20. There are quasitrivial operations F': X2 — X, that are not associative and whose
preimage sequences |F~!| satisfy condition (4.10). The operation F': X2 — X3 whose contour
plot is shown in Figure 4.4 could serve as an example here.

3
e
1
Figure 4.4: A quasitrivial operation F': X7 — X3 that is not associative

4.3 Order-preserving operations

In this section we provide characterizations of the operations F' € Q that are order-preservable
(see Proposition 4.23 below). To this extent, we first provide a characterization of the operations
F € Q that are <-preserving for some given total order < on X. The latter characterization
follows from Proposition 1.9 and Theorems 3.8 and 4.1.

Proposition 4.21 (see [25]). Let < be a total order on X and let F € Q. Then F is <-preserving
if and only if 2 is single-plateaued for <.

Example 4.22. Let us consider the operation F': X7 — X, whose contour plot is depicted in
Figure 4.5 (left). We can see that this operation is of the form (4.1), where =< is the weak order
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on X, defined by 3 < 2 ~r 4 ~p 1; see Figure 4.5 (center). Since the weak order = is single-
plateaued for <, (see Figure 1.7 (right)) we conclude that F' is <s-preserving by Proposition
4.21.

3 G<r
[ )
2 ~p 4
1
[ )
1<42<43<44 3=<F2~F4=<F1 1 2 3 4

Figure 4.5: Example 4.22

Now, we are able to prove the following proposition.
Proposition 4.23 (see [34]). For any F' € Q, the following assertions are equivalent.
(i) F'is order-preservable.
(ii) There exists 0 € G such that F, is order-preservable.
(iii) F, is order-preservable for every o € G.
(iv) Zr is 2-quasilinear.

If X = X, for some integer n > 1, then any of the assertions above is equivalent to any of the
following ones.

(v) There exists 0 € S,, such that F, is <,,-preserving.

(vi) ng,...,ng € {1,2}, where (ny,...,n;) = sgn(F).
(vii) Every integer strictly greater than ¢, occurs at most two times in |F~'| = (cy, ..., cp).
Moreover, the equivalence among (i), (ii), (iii), and (v) holds for any operation F': X? — X.

Proof. The equivalences (i) < (ii) < (i) are straightforward. Also, the implication (v) = (i7)
and the equivalence (iv) < (vi) are obvious. Moreover, the equivalence (i) < (iv) follows from
both Propositions 4.21 and 1.15. Furthermore, the equivalence (iv) < (vii) follows from (4.3).
Let us now show that (i) = (v). Let < be a total order X, for which F' is <-preserving. Take
o € G,, such that

o(z) <,o(y) & z<y, z,y € X,.

Now let z,7’,y,y € X, such that z <,, 2/ and y <,, ¥/. We then have 0~!(z) < o~ !(2’) and
o1 (y) < o7 1(y). Since F is <-preserving, we have

F(o(z),07(y) < Flo(z),07' (),

that is, F,(z,y) <, F,(2",y). O
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Corollary 4.24 (see [34]). Let ¢ = (cy, . . ., ¢n) be a nondecreasing n-sequence. Then there exists
an order-preservable operation F' € Q,, such that || = c if and only if both Eq. (4.10) and
assertion (vii) of Proposition 4.23 hold.

Proof. This result immediately follows from Propositions 4.19 and 4.23. ]

For any F,G € Q such that sgn(F) = sgn(G), by Proposition 4.14 we have Zp ~ =g,
and hence =p is 2-quasilinear if and only if so is =Xg. By Proposition 4.23, it follows that F’
is order-preservable if and only if so is GG. In particular, for any 0 € &, we have that F' is
order-preservable if and only if so is F},, as also mentioned in Proposition 4.23. This observation
justifies the following terminology. For any order-preservable operation F' € O, we say that its
signature sgn(F') and orbit orb(F') are order-preservable.

Let us assume for the rest of this section that X = X, for some integer n > 1. It is not
difficult to see by inspection that all the signatures in Q,, are order-preservable when n < 3. For
n = 4, only the signature (1, 3) is not order-preservable. It consists of two non-order-preservable
orbits and corresponds to the preimage sequence (1,5,5,5). Figure 4.6 (left) shows the contour
plot of one of the eight non-order-preservable operations in Q.

Figure 4.6: A non-order-preservable operation in Q4 (left) and its ordinal sum representation
(right)

Let us now consider enumeration problems. For any integer n > 0, we denote by £(n) the
number of associative, quasitrivial, and <,,-preserving operations F': X2 — X,,. Also, we denote
by

e &.(n) the number of associative, quasitrivial, and <,,-preserving operations F': X2 — X,
that have neutral elements,

e &,(n) the number of associative, quasitrivial, and <,,-preserving operations F': X2 — X,
that have annihilator elements,

e &,.(n) the number of associative, quasitrivial, and <, -preserving operations F': X? — X,
that have distinct neutral and annihilator elements.

As a convention, we set £(0) = £.(0) = £,(0) = £..(0) = 0. Propositions 4.25 and 4.26 below
provide explicit formulas for these sequences. The first few values of these sequences are shown
in Table 4.3.

Proposition 4.25 (see [25]). The sequence ({(n)),>o satisfies the second order linear recurrence
equation
En+2)—26(n+1)—26(m) = 2, >0,
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with £(0) = 0 and (1) = 1, and we have

360 +2 = 200+ VBP + 550 - VB
- Zkzogk(2(;c)+3(2k11))’ n = 0.

Moreover; its GF is given by Z(z2) = z(z + 1) /(223 — 32 + 1).

Proof. We clearly have £(0) = 0 and £(1) = 1. So let us assume that n > 2. If F': X? — X,
is an associative, quasitrivial, and <, -preserving operation, then by Proposition 4.21 it is of the
form (4.1) for some weak order = on X, that is single-plateaued for <,,. By Lemma 1.30, either
max< X, = X, or max<X,, = {1} or max< X,, = {n} or max< X,, = {1,n}. In the first
case we have to consider the two projections /' = m; and F' = . In the three latter cases it is
clear that the restriction of F to (X, \ max< Xn)2 is associative, quasitrivial, and </ -preserving,
where <! is the restriction of <, to X, \ max< X,,. Also, in the last case we have to consider
the two projections F|(1 32 = 71 |{1,ny2 and F|g1 ny2 = 721 n)2. It follows that the number £(n)
of associative, quasitrivial, and <,-preserving operations F': X? — X,, satisfies the following
second order linear equation

En) =24+&Mn—-1)+&n—1)+2¢(n—2), n>2.
The claimed expressions of £(n) and the GF of (£(n)),>o follow straightforwardly. O

Proposition 4.26 (see [25]). The sequence (£.(n))n>o satisfies the second order linear recurrence
equation

Ee(n+2)—2&(n+1) —2&(n) = 0, n >0,
with £.(0) = 0 and &.(1) = 1, and we have

Ee(n) = %5(1 +V3)" - \?(1 — V3" = Yo (i) 35 n 2 0.

Moreover, its GF is given by Z.(2) = —z/(22? + 2z — 1). Furthermore, for any integer n > 1,
we have &,(n) = 2£(n — 1), £ae(n) = 2&.(n — 1), and £,(0) = £4.(0) = 0.

Proof. The formula describing the sequence (£.(n)),>o is obtained by following the same steps
as in the proof of Proposition 4.25, except that in this case we always have max< X,, # X,,.
As for the sequence (&,(n)),>o we note that max< X,, must be either {1} or {n} and that the
restriction of ' to (X, \ max< X,,)? is associative, quasitrivial, and </,-preserving, where </, is
the restriction of <,, to X,, \ max< X,,. We proceed similarly for the sequence ({,c(n))p>0. O

Now, for any integer n > 0, let ., (n) be the number of order-preservable operations F' € Q,,.
Let also fi.,(n) be the number of order-preservable orbits in Q,, and let v/,,(n) be the number of
order-preservable signatures in Q,,. By convention, we set Yo, (0) = f16p(0) = v4,(0) = 1. Tt is
easy to see that v,,(n) = giso(n) for every integer n > 0. The next three propositions provide
explicit expressions for these sequences. Also, the first few values are given in Table 4.4.

Note that the sequences A000071 is a shifted version of (vop(1)),>0. More precisely, we have vop(n) =
A163271(n + 2) for every integer n > 1.
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n §n) &) &n)  &w(n)
0 0 0 0 0
1 1 1 0 0
2 4 2 2 2
3 12 6 8 4
4 34 16 24 12
) 94 44 68 32
6 258 120 188 88
OEIS | A293005 A002605 A293006 A293007

Table 4.3: First few values of £(n), &.(n), £u(n), and &,.(n)

Proposition 4.27 (see [34]). The sequence (Yop(n))n>o satisfies the second order linear recur-
rence equation

Yop(N+2) = 24+ (n+2)Yp(n+ 1)+ (n+2)(n+ 1) Yop(n), n>1,

with ~op(1) = 1 and v, (2) = 4, and we have

—_

3

n!

—nlF,r2y
Yop(n) =t Fn + (n+1—k)

Fk:a TLZ].,

B
Il

0

where F, is the nth Fibonacci number. Moreover, its EGF is given by

Top(2) = (26" —1—22—2%) /(1 — 2 — 2?).
Proof. The proof is similar to that of Proposition 1.28. O]
Proposition 4.28 (see [34]). We have pio,(n) = 2" — 1 for any n > 1.

Proof. We clearly have fi,,(1) = 1 and p,,(2) = 3. To compute p,,(n) for n > 3, we proceed
exactly as in the proof of Proposition 4.17, except that here we have n, € {1,2,n}. It follows
that the sequence /1., () satisfies the second order linear recurrence equation

Hop(n) = 24 pop(n — 1) + 2 piop(n — 2), nz3.

The explicit expression for ji.,(n) then follows immediately. O

4.4 Commutative, anticommutative, and bisymmetric opera-
tions

Recall that an operation F': X2 — X is said to be bisymmetric (or medial) [4,63] if
F(F(xvy)’F(u’v)) = F(F(x,u),F(y,v)), zr,y,u,v € X,

In that case, the groupoid (X, F') is also said to be medial. It is known [4] that any associative
and commutative operation F': X? — X is bisymmetric. Conversely, a bisymmetric operation
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n Yop(1)  Hop(n) Vop(n)
0 1 1 1
1 1 1 1
2 4 3 2
3 20 7 4
4 130 15 7
5 1052 31 12
6 10214 63 20
OEIS | A307006 A255047 A000071

Table 4.4: First few values of o, (), fop(n), and vep(n)

is in general neither associative nor symmetric (for instance, consider the operation F': R? — R
defined by F(z,y) = %x + %y for any x, y € R). Thus, the class of medial groupoids generalizes
the class of commutative semigroups. Medial groupoids have been extensively investigated in
algebra (see, e.g., [59-63]). Also, the bisymmetry property for binary real operations was first
studied by Aczél [2,3]. Since then, it has been investigated in the theory of functional equations,
especially in characterizations of mean functions (see, e.g., [4,5,48,52)).

In this final section, we investigate the subclasses of Q defined by each of the following
three properties: commutativity, anticommutativity, and bisymmetry. As far as commutative or
anticommutative operations are concerned, we have the following two propositions. We first
recall the following result.

Lemma 4.29 (see [76]). If F': X% — X is quasitrivial, commutative, and <-preserving for some
total order < on X, then F is associative.

Proposition 4.30 (see [34]). Let F': X? — X be an operation. The following assertions are
equivalent.

(i) F € Q and is commutative.
(ii) F'is quasitrivial, order-preservable, and commutative.
(iii) F' = max</ for some total order <" on X.

If X = X, for some integer n > 1, then any of the assertions (i)—(iii) above is equivalent to any
of the following ones.

(iv) F € Q, and |orb(F)| = nl.
(v) F e Q,andsgn(F)=(1,...,1).
(vi) F is quasitrivial and satisfies |F~| = (1,3,5,...,2n — 1).
(vii) F is associative, idempotent, order-preservable, commutative, and has a neutral element.

Moreover, there are exactly n! commutative operations F' € Q,,.
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Proof. The equivalence (i) < (ii) < (4i7) follows from Theorem 4.1 and Lemma 4.29. We have
(1) = (vii) by Fact 4.4 and Lemma 4.29. Moreover, we have (vii) = (ii) by Theorem 3.8.
Also, it is clear that (ii7) = (vi).

Let us now show by induction on n that (vi) = (ii7). The result clearly holds for n = 1.
Suppose that it holds for some n > 1 and let us show that it still holds for n + 1. Assume that
F: X2, — X,y is quasitrivial and that |[F~'| = (1,3,5,...,2n+1). Let <’ be the unique total
order on X, defined by = <’ y if and only if |F'~![z]| < |F~'[y]| and let 2 = max< X,,,;.
Clearly, the operation F' = F|(x,,,\(}) 18 quasitrivial and |F"~'| = (1,3,5,...,2n — 1). By
induction hypothesis we have I’ = max<», where <* is the restriction of <'to X,,;; \ {z}. Since

|F~'[z]| = 2n + 1 we necessarily have F' = max<..
Also, the equivalence (iv) < (v) immediately follows from Proposition 4.15. Finally, the
equivalence (7i7) < (v) is trivial. The rest of the statement is straightforward. O

The following result follows from Remark 1.7, Theorem 4.1, and Proposition 4.21.

Corollary 4.31 (see [25]). Let < be a total order on X. An operation F' € Q is commutative and
<-preserving if and only if F' = max< for some total order <' on X that is single-peaked for <.

We can associate with any operation F' € Q a commutative operation F¥ € Q such that <s
extends <. In that case, we say that F'¥ is a symmetrization of F. Of course, a symmetrization
is not necessarily unique. For instance, the operation 71 : X2 — X, has the two symmetrization
F?, Fy € Q defined by the following conditions:

o [¥(x,2) = Fy(z,r) = v forany z € Xy,
o F5(1,2) = F5(2,1) = land F5(1,2) = F$(2,1) = 2.

Actually, an operation F' € Q has a unique symmetrization if and only if < is a total order.

Now, let < be a total order on X. It is clear that a symmetrization of an operation F' € Q is
not necessarily <-preserving. The next proposition characterizes the class of operations F' € Q
for which there exists a symmetrization that is <-preserving.

Proposition 4.32. Let F' € Q and < be a total order on X. Then F' has a symmetrization that is
<-preserving if and only if 2 is existentially single-peaked for <.

Proof. This follows from Corollary 4.31. [

The following proposition will be useful for the characterization of the class of associative,
quasitrivial, and anticommutative operations F': X% — X.

Proposition 4.33 (see [31]). An operation F: X? — X, is quasitrivial, <,-preserving, and
satisfies || = (n,...,n) ifand only if F = ; for some i € {1,2}.

Proof. (Necessity) Since F is quasitrivial we know that F'(1,n) € {1,n}. Suppose that F'(1,n) =
n = F(n,n) (the other case is similar). Since F is <,-preserving, we have F'(x,n) = n for all
r € X,. Since |F~[n]| = n, it follows that F'(n,y) = y for all y € X,,. In particular, we have
F(n,1) =1 = F(1,1), and by <,,-preservation we obtain F'(z,1) = 1 for all z € X,,. Finally,
since |F'~1[1]| = n, it follows that F'(1,y) = y for all y € X,,. Thus, since F is <,-preserving,
we have

y = F(lLy) <o Flz,y) <o Flny) =y, z,y€ Xy,

which shows that F' = .
(Sufficiency) Obvious. ]
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Proposition 4.34 (see [34]). Let F': X2 — X be an operation. The following assertions are
equivalent.

(i) F' € Q and is anticommutative.
(ii) F'is quasitrivial, order-preservable, and anticommutative.
(iii) F = m or F = .

If X = X, for some integer n > 1, then any of the assertions (i)—(iii) above is equivalent to any
of the following ones.

(iv) F € Q, and |orb(F)| = 1.

(v) F € Q, and sgn(F) = (n).

(vi) F is quasitrivial, order-preservable, and satisfies |F~'| = (n, ..., n).

Proof. The equivalence (i) < (iii) follows from Theorem 4.1. Also, the implications (iii) =
((i7) and (vi)) are obvious. Let us show that (i) = (ii7). Let < be a total order on X for which
F'is <-preserving. Let x,y € X such that x < y. Since F' is quasitrivial and anticommutative,
it follows that F’{:c,y}Q = Wl‘{x,y}z or F’{x7y}2 = 7-(-2‘{$7y}2. Suppose that F’{x7y}2 = Wl‘{x,y}z (the
other case is similar). Let z € X \ {x,y} and let us show that F'|(, .1> = 71[(; .)2. We then have
the following discussion of cases.

o Ifz <z<y,thenz = F(z,x) < F(x,2) < F(x,y) = x. We then have F'(x, z) = x and
hence F'(z,x) = z.

o Ify < z,theny = F(y,z) < F(z,z) € {x,z}. We then have F(z,2) = z and hence
F(z,z) = .

e The case z < x is similar to the previous one.

Therefore, we have F|(, .12 = 71|(z.12. Similarly, we can show that F'|g, ,y> = 71y, for
any u,v € X. Now, let us show that (vi) = (zii). By Proposition 4.23, there exists 0 € &,
such that F), is <,-preserving. Clearly, F), is quasitrivial. Also, by Proposition 4.9 (using o to

define the graph isomorphism) we have that |F}| = (n,...,n). Thus, we conclude the result
by Fact 2.2 and Proposition 4.33. Finally, the equivalences (iii) < (iv) < (v) follow from
Proposition 4.15. U

Let us now investigate those operations in Q that are bisymmetric. The following theorem
provides a characterization of the class of bisymmetric and quasitrivial operations F': X2 — X.

Theorem 4.35 (see [63]). An operation F: X? — X is bisymmetric and quasitrivial if and only
if there exists a subset Y C X such that the following conditions hold.

(i) Fly2 = m;|y2 for some i € {1,2}.
(ii) F |( X\v)2 Is associative, quasitrivial, and commutative.

(iii) Any x € X \'Y is an annihilator for F| .y jyy2-
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Theorem 4.35 is of particular interest as it enables us to easily construct bisymmetric and
quasitrivial operations F': X? — X. For instance, consider the chain (X5, <j) together with the
operation F': X2 — X5 defined by the following conditions:

o Flpagye = Til23)2
[ F|{475}2 = IIlaXS5 ’{475}2,
e forany x € {1,2,3}, G(z,4) = G(4,x) = 4 and G(z,5) = G(5,z) = 5.

Then the operation F': X? — Xj is bisymmetric and quasitrivial by Theorem 4.35.

Remark 4.36. Let (X, F') be a semigroup. Recall that an ideal of (X, F') [21] is a non-empty
subset Y C X such that for any x € X and any y € Y we have F(x,y), F(y,z) € Y. So let
Y C X be an ideal of (X, F'). Then we can define the Rees congruence ~ on (X, I') [88] by

r~y & x=y or x,y€evy, r,y € X.

The semigroup (X /~, F) is then called the Rees factor semigroup of (X, F) modulo Y [88].
Now, let (U, G) and (V, H) be two semigroups. Then (X, F') is said to be an ideal extension
of (U,G) by (V, H) [79] if U is an ideal of (X, F) and the Rees factor semigroup (X/~, F) is
isomorphic to (V, H).

Now, assume that the semigroup (X, F') is also quasitrivial and medial. Moreover, assume that
(X, F) is neither a left zero semigroup nor a right zero semigroup. Then by Theorem 4.35, there
exists a subset Y C X such that X' \ Y is an ideal of (X, F'), (X \ Y, F'|(x\y)2) is a semigroup,
and ({z} UY, F|({z3yy)2) is a semigroup for any x € X \ Y. It is then easy to see that the
Rees factor semigroup (X/~, F) is isomorphic to ({2} Y, F|(yyyy2) for any z € X \ Y.
Thus, for any x € X \ Y we have that (X, F) is an ideal extension of (X \ Y, F|x\y)2) by
{3 UY, Flayury)-

In what follows, we provide alternative characterizations of the class of bisymmetric and
quasitrivial operations F': X2 — X,

The following corollary, which follows from Theorem 4.35, shows that any bisymmetric and
quasitrivial operation F': X? — X is associative. Here we provide a direct proof [24] that does
not make use of Theorem 4.35.

Corollary 4.37 (see [63]). If an operation F: X* — X is bisymmetric and quasitrivial, then it
is associative.

Proof. Letx,y, 2z € X. By quasitriviality we have F'(z, z) € {x, z}. If F(z,z) = x, then
F(F(x,y),2) = F(F(x,y),F(z,2)) = F(F(x,2),F(y,2)) = F(z, F(y,2)).

If F(x,z) = z, then
F(F(z,y),2) = F(F(r,y), F(z,2)) = F(F(x,2), Fy,2)) = F(z, F(y, 2))-

This shows that F’ is associative. [

Now, we introduce the notion of disconnected level set which will be useful in our alternative
characterizations.
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Definition 4.38 (see [31]). Let < be a total order on X. We say that an operation F': X? — X
has

e a <-disconnected level set if there exist z,y,u,v,s,t € X, with (x,y) < (u,v) < (s,t),
such that F'(x,y) = F(s,t) # F(u,v).

e a horizontal (resp. vertical) <-disconnected level set if there exist z,y,z,u € X, with
r <y <z suchthat F(z,u) = F(z,u) # F(y,u) (resp. F(u,z) = F(u, z) # F(u,y)).

Thus, for any total order < on X, an operation F': X? — X has no <-disconnected level
set if and only if for any z,y € X the class of (z,y) for ker(F) is convex for <. For instance,
the operation F': X3 — X3 whose contour plot is depicted in Figure 4.7 has a <3-disconnected
level set since F'(1,1) = F(2,3) = 1 # 2 = F(2,2). Also, it has a horizontal and a vertical
<3-disconnected level set since F'(1,3) = F(3,3) =3 # 1 = F(2,3) and F'(3,1) = F(3,3) =
3#2=1F(3,2).

1

Figure 4.7: An operation on X3 that has <s-disconnected level sets

Fact 4.39 (see [31]). Let < be a total order on X. If F': X* — X has a horizontal or vertical
<-disconnected level set, then it has a <-disconnected level set.

Remark 4.40. We observe that, for any total order < on X, an operation F': X2 — X having a
<-disconnected level set need not have a horizontal or vertical <-disconnected level set. Indeed,
the operation F': X7 — X3 whose contour plot is depicted in Figure 4.8 has a <3-disconnected
level set since F'(1,1) = F(2,3) = 1 # 2 = F(2,2) but it has no horizontal or vertical <s-
disconnected level set.

3

. |

Figure 4.8: An idempotent operation on X3

Lemma 4.41 (see [31]). Let < be a total order on X. If F': X? — X is quasitrivial, then it has
a <-disconnected level set if and only if it has a horizontal or vertical <-disconnected level set.
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Proof. (Necessity) Suppose that F' has a <-disconnected level set and let us show that it has a
horizontal or vertical <-disconnected level set. By assumption, there exist x,y, u,v,s,t € X,
with (z,y) < (u,v) < (s,t), such that F(z,y) = F(s,t) # F(u,v). Since F is quasitrivial,
we have F(x,y) € {x,y}. Suppose that F'(z,y) = x (the other case is similar). Also, since
F' is quasitrivial, we have s = z ort = z. If s = x, then v = x and thus F' has a vertical
<-disconnected level set. Otherwise, if ¢ = x and s # z, theny < z. If y = z, then v = x and
thus F has a horizontal <-disconnected level set. Otherwise, if y < x, then considering the point
(s,y) € X2, we get (x,y) < (s,y) < (s,2) and F(x,y) = F(s,x) = x # F(s,y) € {s,y} =
{F(s,s), F(y,y)}, which shows that F" has either a horizontal or a vertical <-disconnected level
set.

(Sufficiency) This follows from Fact 4.39. O]

Remark 4.42.  (a) For any quasitrivial operation ': X2 — X and any z € X, consider the sets
LNF) = {ye X: F(y,z) =2} and L%(F) = {y€ X: F(z,y) = }.

Clearly, for any total order < on X, a quasitrivial operation F': X?> — X has no <-
disconnected level set if and only if for any = € X, the sets L"(F) and L?(F') are convex
for <.

(b) Itis not difficult to see that for any total order < on X, a quasitrivial operation F': X? — X
has no <-disconnected level set if and only if for any x € X, the class of (z, x) for ker(F')
is convex for <.

Fact 4.43 (see [31]). Let < be a total order on X. If F': X? — X is <-preserving then it has no
<-disconnected level set.

Proposition 4.44 (see [31]). Let < be a total order on X. If F: X? — X is quasitrivial, then it
is <-preserving if and only if it has no <-disconnected level set.

Proof. (Necessity) This follows from Fact 4.43.

(Sufficiency) Suppose that /" has no <-disconnected level set and let us show by contradiction
that /' is <-preserving. Suppose for instance that there exist x,y, 2 € X with y < z such that
F(z,y) > F(z, z). By quasitriviality we see that x ¢ {y, z}. Suppose for instance that z < y < z
(the other cases are similar). By quasitriviality we have F'(z,y) = y and F(z,2) = © = F(z,x),
and hence by Lemma 4.41, F" has a <-disconnected level set, a contradiction. ]

Remark 4.45. We cannot relax quasitriviality into idempotency in Proposition 4.44. Indeed, the
operation F': X2 — X3 whose contour plot is depicted in Figure 4.9 is idempotent and has no
<s-disconnected level set. However it is not <s-preserving.

Now, assume that X = X, for some integer n > 1. The following results about the annihilator
of a quasitrivial operation F': X2 — X, will be useful in order to characterize the class of
bisymmetric and quasitrivial operations by means of preimage sequences.

Lemma 4.46 (see [31]). If F: X2 — X, is quasitrivial, then |F~[z]| < 2n — 1 forall x € X,,.
Proof. This follows from the quasitriviality of F'. [

The following result was mentioned in [24, Section 2] without proof.
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I

Figure 4.9: An idempotent operation on X3

Proposition 4.47 (see [31]). Let F': Xfl — X, be a quasitrivial operation and let a € X,,. Then
a is an annihilator of F if and only if |F~'[a]| = 2n — 1.

Proof. (Necessity) By definition of an annihilator, we have F'(z,a) = F(a,z) = a for all x €
X, Thus, we have |F~'[a]| > 2n — 1 and hence by Lemma 4.46 we conclude that |F~[a]| =
2n — 1.

(Sufficiency) This follows from the quasitriviality of F'. O]

Remark 4.48. We observe that Proposition 4.47 no longer holds if we relax quasitriviality into
idempotency. Indeed, the operation F': X2 — X3 whose contour plot is depicted in Figure 4.10
is idempotent and the element a = 1 is the annihilator of F'. However, |F~![1]| =7 > 5.

Figure 4.10: An idempotent operation with an annihilator on X3

Lemma 4.49 (see [31]). Let F': XT% — X, be a quasitrivial and <,,-preserving operation and let
a € X,. If a is an annihilator of F, then a € {1,n}.

Proof. We proceed by contradiction. Suppose that a € X,, \ {1,n}. Since F' is quasitrivial, we
have F'(1,n) € {1,n}. Suppose that F'(1,n) = 1 = F(1, 1) (the other case is similar). Then

1 =F(1,1) <, F(1,a) <, F(l,n) = 1,
and hence F'(1,a) = 1 which contradicts the fact that « is an annihilator. [

Proposition 4.50 (see [31]). Let F': X2 — X, be quasitrivial and <,-preserving. Then F is
bisymmetric if and only if there exists ¢ € {1,...,n} such that

F7Y = (6,....0,20+1,20+3,....2n—1). .11
y4
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Proof. (Necessity) This follows from Proposition 4.2, Theorem 4.35, and Corollary 4.37.

(Sufficiency) We proceed by induction on n. The result clearly holds for n = 1. Suppose that
it holds for some n > 1 and let us show that it still holds for n+1. Assume that F': X 2 11— Xng1
is quasitrivial, <,,,;-preserving, and satisfies

|F7Y = (6,...,6,20+1,20+3,....2n+1).
¢
for some ¢ € {1,...,n+ 1}. If ¢ = n + 1 then by Proposition 4.33 we have that F' = m;
or FF = my and hence F is clearly bisymmetric. Otherwise, if £ € {1,...,n} then, by the
form of the preimage sequence of F, there exists an element @ € X, such that |[F~'[a]| =
2n + 1. Using Proposition 4.47 we have that a is an annihilator of F'. Moreover, by Lemma
4.49, we have a € {1,n + 1}. Suppose that a = n + 1 (the other case is similar). Then, F" =
F|x2 is clearly quasitrivial, <,-preserving, and satisfies (4.11). Thus, by induction hypothesis,

F’ is bisymmetric. Since a = n + 1 is the annihilator of F', we necessarily have that F is
bisymmetric. [

We now have the following proposition which provides characterizations of the class of
bisymmetric and quasitrivial operations.

Proposition 4.51 (see [31,34]). Let F': X? — X be an operation. The following assertions are
equivalent.

(i) F'is bisymmetric and quasitrivial.
(ii) F € Q and 2 is quasilinear.
(iii) F' € Q and is <-preserving for every total order < on X that extends 3 p.
(iv) F € Q and has no <-disconnected level set for every total order < on X that extends =X p.

If X = X, for some integer n > 1, then any of the assertions (i)—(iv) above is equivalent to any
of the following ones.

(v) F € Q,, and there exists { € {1, ... ,n} such that

sgn(F) = (¢, 1,...,1).

(vi) F € Q, and satisfies (4.11) for some { € {1,...,n}.
(vii) F'is quasitrivial, order-preservable, and satisfies (4.11) for some { € {1,... ,n}.

Proof. The implication (i) = (ii) follows from Theorem 4.35. Also, the implication (ii) = (ii7)
follows from Propositions 1.18 and 4.21. Moreover, the implication (iii) = (iv) follows from
Proposition 4.44. Now, let us show that (iv) = (7). We proceed by contradiction. Suppose that
F has no <-disconnected level set for any total order < on X that extends =r. Suppose also that
there exist pairwise distinct a,b,c € X, such that a <r b ~p c. Fix a total order <’ on X that
extends 3. Suppose that a <’ b <’ c (the other case is similar). If F'|j2 L= 1 |2, i then

F(a,c) = F(c,c) = ¢ # b = F(b,c),
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which contradicts the fact that /" has no <’-disconnected level set. The case where F|2 = map2
is similar. The equivalence (i7) < (v) and the implication (vi) = (vii) follow from Theorem
4.1. Also, the implication (iv) = (vii) follows from Theorem 4.1 and Propositions 1.18 and
4.21. Moreover, the implication (ii) = (vi) follows from Theorem 4.1.

Let us now prove that (vii) = (7). By Proposition 4.23, there exists 0 € &,, such that F}, is
<,-preserving. Clearly, F, is quasitrivial. Also, by Proposition 4.9 (using o to define the graph
isomorphism) we have that

\FoY = (6,...,0,20+1,20+3,...,2n—1).
¢

Now, using Proposition 4.50 it follows that F;, is bisymmetric and quasitrivial, and hence so is
F. O

Remark 4.52. We observe that Proposition 1.18 can also be easily established by using Theo-
rem 4.1 and Propositions 4.21 and 4.51.

The following proposition follows from Corollary 4.37 and Propositions 4.21 and 4.51.

Proposition 4.53. Let < be a total order on X. An operation F: X* — X is bisymmetric,
quasitrivial, and <-preserving if and only if F' is of the form (4.1) for some quasilinear weak
order = on X that is single-plateaued for <.

Let us now consider enumeration problems. For any integer n > 0 we denote by x(n) the
number of bisymmetric and quasitrivial operations F': X2 — X,. We also denote by x.(n)
(resp. Xa(n)) the number of bisymmetric and quasitrivial operations F': X? — X, that have
neutral elements (resp. annihilator elements). By convention, we set x(0) = x.(0) = x,(0) = 0.
Proposition 4.54 provides explicit formulas for these sequences. The first few values of these
sequences are shown in Table 4.5.°

Proposition 4.54. The sequence (x(n)),>o satisfies the linear recurrence equation
x(n+1)=(m+1)x(n) = 2, nzxl,

with x(0) = 0 and x(1) = 1, and we have the closed-form expression

"1
X(”)ZQT(H)—”!ZN!<2§ .—,—1), n> 1.

7!

=1

Moreover, its EGF is given by X (z) = (2¢* — z —2) /(1 — z). Furthermore, for any integer n > 1
we have x.(n) = nl, with x.(0) = 0. Also, for any integer n > 2 we have x,(n) = x(n) — 2,
with x(0) = 0 and x,(1) = 1.

Proof. It is not difficult to see that the number of bisymmetric and quasitrivial operations on X,,

is given by
1
X(n)z?r(n)—n!:n!<2§ 5—1)7 n =1

®Note that the sequence A000142 differs from (x.(n)),>0 only at n = 0.
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Indeed, since F': X? — X,, is bisymmetric and quasitrivial, we have by Proposition 4.51 that
F' is of the form (4.1) for some quasilinear weak order < on X,. Since F|(minjp X2 =
m |(min< X,,)2 OF 7r2|(mm< X,,)2» We have to count twice the number of k-element subsets of X,,, for
every ke {1,...,n}. "However, the number of total orders on X,, should be counted only once
(indeed, by Propositions 4.30 and 4.51 there is a one-to-one correspondence between total orders
and bisymmetric, commutative, and quasitrivial operations on X,,). Hence, x(n) = 2r(n) — nl.
The claimed linear recurrence equation and the EGF of (x(n)),,>0 follow straightforwardly. Using
Proposition 4.51, we observe that the sequence (x.(7)),>0, With x.(0) = 0, gives the number of
total orders on X,. Finally, regarding the sequence (x,(n))n>0, We observe that max<, X,, # X,

whenever n > 2. ]
n X(n)  xe(n)  Xa(n)
0 0 0 0
1 1 1 1
2 4 2 2
3 14 6 12
4 58 24 56
5 292 120 290
6 1754 720 1752
OEIS | A296943 A000142 A296944

Table 4.5: First few values of x(n), x.(n), and x,(n)

For any integer n > 0 we denote by 6(n) the number of bisymmetric, quasitrivial, and <,,-
preserving operations F': X? — X,. We also denote by 6.(n) (resp. 6,(n)) the number of
bisymmetric, quasitrivial, and <,-preserving operations F': X? — X, that have neutral elements
(resp. annihilator elements). By convention, we set §(0) = 6.(0) = ,(0) = 0. Proposition 4.55
provides explicit formulas for these sequences. The first few values of these sequences are shown

in Table 4.6.
Proposition 4.55. The sequence (0(n)),>o satisfies the linear recurrence equation

O(n+1) = 20(n) +2, n>1,
with 0(0) = 0 and 0(1) = 1, and we have the closed-form expression

O(n) = 3-2"1 -2, n>1.

Moreover its GF is given by ©(z) = z(z+1)/(22? — 32 +1). Furthermore, for any integer n > 1
we have 0.(n) = 2" with 0.(0) = 0. Also, for any integer n > 2 we have 6,(n) = 6(n) — 2
with 0,(0) = 0 and 0,(1) = 1.

Proof. 1t is not difficult to see that the number of bisymmetric, quasitrivial, and <,,-preserving
operations on X,, is given by

O(n) = 2u(n)—2""1 = 3.2" 1 -2 n>1.
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Indeed, since F': X? — X, is bisymmetric, quasitrivial, and <,-preserving, we have by Propo-
sition 4.53 that F' is of the form (4.1) for some quasilinear weak order =z on X, that is single-
plateaued for <,,. Since F|(min5F X2 = 7r1|(minﬁF X,)2 Or 7T2|(min5F X,)2> We have to count twice
the number of k-element subsets of X,,, for every k € {1,...,n}. However, the number of total
orders on X, that are single-peaked for <,, should be counted only once (indeed, by Propositions
4.30 and 4.53 there is a one-to-one correspondence between total orders that are single-peaked for
<,, and bisymmetric, commutative, quasitrivial, and <, -preserving operations on X,,). Hence,
6(n) = 2u(n) — 2", The claimed linear recurrence equation and the GF of (6(n)),>o follow
straightforwardly. Using Fact 4.4 and Proposition 4.53, we observe that the sequence (0.(n))n>0,
with 6.(0) = 0, gives the number of total orders on X, that are single-peaked for <,,. Finally,
regarding the sequence (6,(n)),>0, we observe that max<, X,, # X,, whenever n > 2. O

Remark 4.56. We observe that an alternative characterization of the class of bisymmetric, qua-
sitrivial, and <, -preserving operations F': X? — X, was obtained in [65]. Also, the explicit
expression of 6(n) as stated in Proposition 4.55 was independently obtained in [65] by means of
a totally different approach.

n O(n) (n) 0,(n)
0 0 0 0
1 1 1 1
2 4 2 2
3 10 4 8
4 22 8 20
5 46 16 44
6 94 32 92
OEIS | A296953 A131577 A296954

Table 4.6: First few values of #(n), 0.(n), and 0,(n)

Example 4.57. We show in Figure 4.11 the x(3) = 14 bisymmetric and quasitrivial operations
on X3. Among these operations, x.(3) = 6 have neutral elements, y,(3) = 12 have annihilator
elements, and 6(3) = 10 are <3-preserving.

For any F,G € Q such that sgn(F) = sgn(G), by Proposition 4.51 we have that F is
bisymmetric if and only if so is G. Thus, for any bisymmetric operation in O, we can say that its
signature and orbit are bisymmetric.

For any integer n > 0, let 1,(n) be the number of bisymmetric orbits in Q,, and let 14,(n) be
the number of bisymmetric signatures in Q,,. By convention, we set /1,(0) = 14,(0) = 1.

Proposition 4.58. We have i, (n) = 2n — 1 and v,(n) = n for any n > 1.

Proof. We clearly have py,(1) = 1. To compute yuy,(n) for n > 2, we proceed exactly as in the
proof of Proposition 4.17, except that here we have n;, € {1,n}. It follows that the sequence
pn(n) satisfies the first order linear recurrence equation

pn(n) = 24 pup(n —1), n > 2.
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Figure 4.11: The 14 bisymmetric and quasitrivial operations on X3

The explicit expression for ju,(n2) then follows immediately.

Let us now consider the sequence 11,(n). We clearly have 14,(1) = 1. Let n > 2. We know by
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Proposition 4.14 that 14,(n) is also the number of quasilinear weak orders on X, that are defined
up to an isomorphism. Thus, proceeding as in the proof of Proposition 1.28, we see that the

sequence 1, (n) satisfies the first order linear recurrence equation
w(n) = 1+um(n—1), n > 2.

The explicit expression for 4,(n) then follows immediately.
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Chapter 5
Quasitrivial n-ary semigroups

In this chapter we characterize the class of associative and quasitrivial n-ary operations F': X" —
X and show that all these operations are reducible to binary associative operations (Section 5.1).
In particular, we provide necessary and sufficient conditions that ensure the existence of a unique
and quasitrivial binary reduction (Section 5.2). In the case when X is finite, we also provide
several enumeration results that explicitly determine the sizes of the corresponding classes of
associative and quasitrival n-ary operations in terms of the size of the underlying set X. As a by-
product, these enumeration results led to several integer sequences that were previously unknown
in the Sloane’s On-Line Encyclopedia of Integer Sequences (OEIS, see [94]). These results are
further refined in the case of bisymmetric and symmetric operations (Section 5.3). Most of the
contributions presented in this chapter stem from [22,26,33].

Throughout the rest of this manuscript, X is a non-empty set and n > 2 is an integer. Also,
for every integer & > 1 we denote the finite set {1, ..., k} by Xj.

5.1 Motivating results

In this section we first recall the result of Ackerman [1] which states that almost every quasitrivial
n-ary semigroup is reducible to a semigroup. Then, using a result of Dudek and Mukhin [43],
we show that any quasitrivial n-ary semigroup is reducible to a semigroup. Finally, when the
underlying set is finite, we present some geometric results for quasitrivial n-ary operations.

An n-ary operation F': X" — X is said to be associative if

F(l'la sy Ti—1, F(Iu s 7xi+n—1)a Litny - ax2n—1)

= F(SUl, <oy Ty, F(I‘i+1, .. 7'ri+n)7xi+n+17 ce ,.Z’Qn,l),

for all x1,...,29,1 € X and all 1 < ¢ < n — 1. The pair (X, F)) is then called an n-ary
semigroup. This notion actually stems back to Dornte [44] and has led to the concept of n-ary
group,! which was first studied by Post [82]. The study of the classes of n-ary semigroups and
n-ary groups has gained an increasing interest since then (see, e.g., [23,37,38,40-43,51,66,68—
70,75]).

In [43] the authors investigated associative n-ary operations that are determined by binary
associative operations. An n-ary operation F': X" — X is said to be reducible to an associative

Recall that an n-ary group is an n-ary semigroup (X, F) such that for any i € {I,...,n} and any
T1yeeey Tim1, Tit1,---,Tn,y € X there exists a unique z € X such that F'(zq,...,%i—1,2,Tit1, ..., Tn) = Y-
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binary operation G': X? — X if there are G™: X™" — X (m = 1,...,n — 1) such that
Grl=F G'=G@G,and

G™(@1,. . Tmg1) = G (@1, Tty G, Trngr)), m > 2.

In that case, F' and (X, F') are said to be the n-ary extensions of G and (X, G), respectively.
Moreover, G and (X, G) are said to be binary reductions of F' and (X, F'), respectively. Also, for
simplicity’s sake, we often say that (X, F') is reducible to (X, G).

It is easy to see that the n-ary extension of a semigroup is an n-ary semigroup. However, there
are n-ary semigroups that are not constructed this way. For instance, if n > 3 is odd, then the
operation F': R™ — R defined by

F(zy,...,2,) = Z(—l)i_lxi, T1,..., Ty €ER,
i=1

is associative but is not reducible to a binary associative operation (see, e.g., [75]).
An n-ary operation F': X" — X is said to be

e quasitrivial® if F(xy,...,x,) € {x1,...,z,} forall zy,..., 2, € X.
e idempotent if F(x,...,z) =xforall z € X.
o symmetric if F'(xq,...,x,) is invariant under any permutation of =1, ..., z,.

Remark 5.1. Quasitrivial n-ary operations are exactly those n-ary operations that preserve all
unary relations.

Recall that a neutral element for F': X™ — X is an element e € X such that

F((i—1)-ep,x,(n—1)-ep) = =z,

forall z € X and all i € {1,...,n}. When the meaning is clear from the context, we may drop
the index F' and denote a neutral element for /' by e. Here and throughout, for any m € {0,...,n}
and any x € X, the notation m - = stands for the m-tuple z, . . ., z. For instance, we have

FB-x2,0-y,2.-2) = F(x,z,x,2,2).

Throughout the rest of this manuscript we also denote the set of neutral elements for an operation
F: X" — X by Er. An n-ary semigroup that has a neutral element is called an n-ary monoid.

The quest for conditions under which an associative n-ary operation is reducible to an as-
sociative binary operation gained an increasing interest since the pioneering work of Post [82]
(see, e.g., [1,23,39,43,66,70,74,75]). For instance, Dudek and Mukhin [43] proved that an
associative operation F': X" — X is reducible to an associative binary operation if and only if
one can adjoin to X a neutral element e for F'; that is, there is an n-ary associative operation
F*: (X U{e})" — X U{e} such that e is a neutral element for F* and F**|x~» = F. In this case,
a binary reduction G, of F' can be defined by

Ge(z,y) = F*(z,(n—2)-e,y) zyeX

2Quasitrivial operations are also called conservative operations [83]. This property has been extensively used
in the classification of constraint satisfaction problems into complexity classes (see, e.g, [12] and the references
therein).
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However, it is usually difficult to see whether one can adjoin to X a neutral element for an
associative operation F': X" — X. Therefore, it is interesting to investigate other necessary
and sufficient conditions under which an associative n-ary operation is reducible to an associative
binary operation. In this respect, Ackerman [1] also investigated reducibility criteria for n-ary
associative and quasitrivial operations. We first need to introduce the concept of reducibility to
ternary associative operations.

Definition 5.2 (see [1]). An operation F': X™ — X is said to be reducible to a ternary associative
operation H : X? — X if n is odd and there are H™: X™" — X (m = 0,...,n — 3 even) such
that H" 3 = F, H* = H, and

H"™ (21, ..., Tpy3) = Hm_2(9€1, ooy Ty H(Tng 1, Tims2, Timgs)), m > 2.
In this case, H is said to be a ternary reduction of F'.
Theorem 5.3 (see [1]). Let F': X" — X be an associative and quasitrivial operation.

(a) F is reducible to an associative and quasitrivial binary operation G: X* — X whenever
n is even.

(b) F is reducible to an associative and quasitrivial ternary operation H: X3 — X whenever
n is odd.

(c) If n = 3 and F is not reducible to an associative binary operation G: X? — X, then there
exist ai, as € X with ay # as such that

® F'|(x\{a1,a2}) IS reducible to an associative binary operation.

e a; and ay are neutral elements for F'.

From Theorem 5.3 (c) it follows that if an associative and quasitrivial operation F': X" — X
is not reducible to an associative binary operation G: X? — X, then n is odd and there exist
distinct a1, as € X that are neutral elements for F'.

However, Theorem 5.3 (c) supposes the existence of a ternary associative and quasitrivial
operation H: X3 — X that is not reducible to an associative binary operation, and Ackerman
did not provide any example of such an operation. In what follows, we show that there is no
associative and quasitrivial n-ary operation that is not reducible to an associative binary operation
(Corollary 5.6). Hence, for any associative and quasitrivial operation /': X™ — X one can adjoin
a neutral element to X.

Throughout the rest of this manuscript we denote the set of all constant n-tuples over X by

Y ={(n-y): ye X}.

As we will see, every associative and quasitrivial operation F': X™ — X is reducible to an

associative binary operation. To show this, we will make use of the following auxiliary result.

Lemma 5.4 (see [43]). If F': X" — X is associative and has a neutral element ¢ € X, then F
is reducible to the associative operation G,: X? — X defined by

Ge(l'7y):F(fL'7(TL—2)'6,y), ZE,?JGX- (51)

Moreover, e is the neutral element of G..
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Using this result, we can also show that all reductions of an associative operation F': X" — X
obtained from neutral elements are conjugate to each other. For instance, the ternary sum on
Z has two neutral elements, namely 0 and 1. By Lemma 5.4 it is reducible to the operations
Go, Gy : 72 — 7y defined by Go(z,y) = x +y (mod 2) and G, (z,y) = v +y + 1 (mod 2). It is
easy to see that the semigroups (Zz, Go) and (Z,, G1) are isomorphic.

Proposition 5.5 (see [26]). Let F': X" — X (n > 3) be an associative operation such that
Er # @. Ife1,e5 € Ep, then (X, G,,) and (X, G.,) are isomorphic.

Proof. The definition of neutral elements as well as the associativity of F' ensure that the map
¥: X — X defined by

(x) = Fleg,x,(n—2)-e1),

is a bijection and that 1~ (z) = F((n — 2) - €3, x, ¢1). We then have

(
Ge, (P(),9(y))

= F(F(eg,x,(n—2)+e1),(n—2) e, Flea,y,(n—2)-e1))
= F(F(eg,z,(n—2)+e1),F((n—1)-e2,y),(n—2)-e)
= F(F(ez,z,(n—2)-e1),y,(n—2) - e1)
= Fley, F(x,(n—2)e1,y),(n—2)-e1)
= U(Gey(2,9)),
which completes the proof. ]

The following corollary follows from Theorem 5.3 and Lemma 5.4.

Corollary 5.6 (see [22]). Every associative and quasitrivial operation F': X™ — X is reducible
to an associative binary operation.

Theorem 5.3(c) states that a ternary associative and quasitrivial operation H: X3 — X must
have two neutral elements, whenever it is not reducible to a binary operation. In particular, we
can show that two distinct elements a1, ay € X are neutral elements for /1 if and only if they are
neutral elements for the restriction H|{,, 4,33 of H to {ay, a;}*. Indeed, the condition is obviously
necessary, while its sufficiency follows from the Lemma 5.7 below.

Lemma 5.7 (see [22]). Let H: X3 — X be an associative and quasitrivial operation.
(a) If a1, ay € X are two distinct neutral elements for H|{a1,a2}3, then

H(ay,a1,z) = H(x,a1,a0) = © = H(x,a9,a2) = H(ay,as,x), re X.

(b) If a1,ao, € X are two distinct neutral elements for H|{a17a2}3, then both ay and aq are
neutral elements for H.

Proof. (a) Letz € X. We only show that H(ay,a;,z) = x, since the other equalities can be
shown similarly. Clearly, the equality holds when = € {a;,as}. Soletx € X\{ay,as} and,
for a contradiction, suppose that H(aq, a1, z) = a;. By the associativity and quasitriviality
of H, we then have

ay = H(ahalax) - H(abH(alaaQaaQ);l‘)
= H(H(ay,a1,a3),as,x) = Hag,as,x) € {ag,x},

which contradicts the fact that a;, a; and x are pairwise distinct.
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(b) Suppose to the contrary that @, is not a neutral element for H (the other case can be dealt
with similarly). By Lemma 5.7(a) we have that H(ay,a1,y) = H(y,a1,a;) = y for all
y € X. By assumption, there exists x € X \ {ay, as} such that H (a1, x,a;) = a;. We have
two cases to consider.

o If H(ay,x,as) = z, then by Lemma 5.7(a) we have that

H(.T,CLQ,CH) - H<H(l‘7a17al)7a27al> - H(.T,al,H(al,a27a1))
= H(:C7a17a2) = H(H(alaa’17x)7a17a2)

= H(a,H(ay,x,a1),a0) = H(ay,a1,a5) = as.
Also, by Lemma 5.7(a) we have that

r = H(xvahad) = H(H(G/QWIJG/Z)?CLI?GI)

= H(as, H(x,a2,a1),a1) = H(az,a2,a1) = ay,

which contradicts the fact that x # a;.

e If H(as,x,as) = as, then by Lemma 5.7(a) we have that

H(z,x,a0) = H(x,H(ag,as,x),as)
= H(w,a9,H(az,r,a0)) = H(x,a2,a3) = =,

and

H(ay,z,x) = H(ay, H(z,a1,a1), )
= H(H(ay,x,a1),a1,2) = H(ay,a1,2) = .

By Lemma 5.7(a) we also have that

x = H(z,a9,a2) = H(H(ay,z,x),as,as)
H(ay, H(x,x,as),a0) = H(a,x,as)
- H<a17H(xva17a1) aQ) = H(H(abxaal)a&haQ)
— H(alaaha@) ag,
which contradicts the fact that = # a,. L

We now present some geometric considerations regarding quasitrivial operations. Recall that
the preimage of an element x € X under an operation F': X" — X is denoted by F~'[x].
When X is finite, i.e. X = X, we also define the preimage sequence of F' as the nondecreasing
k-element sequence of the numbers |F~![z]|, x € X},. We denote this sequence by |F 1.

Recall that the kernel of an operation F': X™ — X is the equivalence relation

ker(F) = {{(x1,...,20), W1, yn)}: Fxr, ..., 20) = F(y1,- -, yn) }-

The contour plot of F': X' — X is the undirected graph Cr = (X!, ), where E is the non-
reflexive part of ker(F’). We say that two tuples (x1, ..., x,), (Y1,...,yn) € X} are F-connected
(or simply connected) if {(x1,...,2,), (y1,--.,yn)} € ker(F).
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Lemma 5.8 (see [22]). An operation I': X} — X}, is quasitrivial if and only if it is idempotent
and each (zy, ..., x,) € X \ A%, is connected to some (n - ) € A% .

Proof. Clearly, F is quasitrivial if and only if it is idempotent and for any (1, ..., z,) € X'\ A%,
there exists ¢ € {1,...,n} such that F'(xy,...,x,) = z; = F(n - x;). O

In the sequel we shall make use of the following two lemmas.

Lemma 5.9 (see [22]). For each x € Xy, the number of tuples (x1, ..., x,) € X} with at least
one component equal to x is given by k™ — (k — 1)".

Proof. Let x € Xj. The set of tuples in X' with at least one component equal to z is the set
X2\ (Xg \ {z})", and its cardinality is k™ — (k — 1)" since (X \ {z})" C X} O

Lemma 5.10 (see [22]). Let F': X' — X}, be a quasitrivial operation. Then, for each v € X,
we have |[F~z]| < k™ — (k — 1)

Proof. Letx € Xj. Since F': X' — X}, is quasitrivial, it follows from Lemma 5.8 that the point
(n - ) is at most connected to all (z1, ..., z,,) € X} with at least one component equal to x. By
Lemma 5.9, we conclude that there are exactly k™ — (k — 1)" such points. ]

Recall that an element z € X is said to be an annihilator for F': X™ — X if
F(zy,...,x,) = z,

whenever z € {x1, ...,z }.

Remark 5.11. A neutral element need not be unique when n > 3 (for instance, F'(z1, s, z3) =
x1 + 29 + 3 (mod 2) on X = Z,). However, if an annihilator exists, then it is unique.

The following result is the counterpart of Proposition 4.47 for n-ary quasitrivial operations.

Proposition 5.12 (see [22]). Let F': X} — X}, be a quasitrivial operation and let z € X},. Then
z is an annihilator if and only if |[F~'[z]| = k™ — (k — 1)™

Proof. (Necessity) If z is an annihilator, then we know that F'(i - z, 241, ...,x,) = z for all
ie{l,...,n}, all z;41,...,x, € X} and all permutations of (i - z, z;41, ..., ;). Thus, (n - z) is
connected to k™ — (k — 1)™ points by Lemma 5.9. Finally, we get |F~![z]| = k" — (k — 1)" by
Lemma 5.10.

(Sufficiency) If | F~![z]| = k" — (k — 1)", then by Lemmas 5.8 and 5.9 we have that (n - 2) is
connected to the k" — (k — 1)" points (xy, ..., x,) € X} containing at least one component equal
to z. Thus, we have F'(i - 2, z;41,...,x,) = zforall: € {1,...,n}, all x;,4, ..., 2, € X}, and all
permutations of (i - z, Z; 41, ..., T, ), Which shows that z is an annihilator. ]

Remark 5.13. By Proposition 5.12, if F': X}’ — X}, is quasitrivial, then each element x such that
|F~z]| = k" — (k — 1)™ is unique.
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5.2 Criteria for unique reductions and some enumeration re-
sults

In this section we show that an associative and quasitrivial operation F': X" — X is uniquely
reducible to an associative and quasitrivial binary operation if and only if F' has at most one
neutral element (Theorem 5.26). We also show that every associative and quasitrivial operation
has at most two neutral elements (Proposition 5.24). Moreover, we provide a characterization
of the class of associative and quasitrivial operations that have exactly two neutral elements by
means of binary reductions (Corollary 5.25). Finally, we enumerate the class of associative and
quasitrivial n-ary operations, which leads to a previously unknown sequence in the OEIS [94]
(Proposition 5.33).
Let us first recall a useful result from [33].

Lemma 5.14 (see [33]). Assume that the operation F': X™ — X is associative and reducible to
associative binary operations G: X* — X and G': X?> — X. If G and G' are idempotent or
have the same neutral element, then G = G'.

Proof. Assume that G and GG’ are idempotent (the other case can be dealt with similarly). Then,
for any z,y € X we have

Glzr,y) = G"H((n—=1)-z,y) = F(n—1)-z,y) = G" ((n—=1)-2,y) = G'(z,y),
which shows that G = G'. O]

From Lemma 5.14, we immediately get a necessary and sufficient condition that guarantees
unique reductions for associative operations that have a neutral element.

Corollary 5.15 (see [22]). Let F': X" — X be an associative operation that is reducible to
associative binary operations G: X* — X and G': X? — X that have neutral elements. Then,
G = G’ if and only if G and G’ have the same neutral element.

If F: X™ — X is an associative operation such that Fr # &, then for any e € Er we
have that F' is reducible to the operation GG, defined by (5.1) (see Lemma 5.4). The following
proposition shows that any binary reduction G of F' is of the form (5.1) for some e € Ep.

Proposition 5.16 (see [22]). Let F': X" — X be an associative operation and let Ry be the set
of its binary reductions. If Er # @, then for any G € Rp, there exists e € Ep such that G = G..
Moreover, the mapping o: Er — Rp defined by o(e) = G, is a bijection. In particular, e is the
unique neutral element for F if and only if G is the unique binary reduction of F.

Proof. Suppose that Er # @. By Lemma 5.4 we have Ry # @. Solete € Er and G € Rp. For
any © € X we have

GG (n—1)-¢),2) = F(n—1)-e,x) =2 = F(z,(n—1)-¢) = Gz, " *((n— 1) - ),

which shows that G"~2((n — 1) - e) is the neutral element for G. Also, since F is reducible to G
we have that G"2((n— 1) -e) is a neutral element for F'. Thus, by Lemma 5.4 and Corollary 5.15
we have G = Ggn-2((n—1).e) Which shows that the mapping o: Er — Ry defined by o(e) = G.
is surjective. Finally, the injectivity of o follows from Lemma 5.4 and Corollary 5.15. [l
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As we will see in Proposition 5.24, the size of Fr, and thus of Ry, is at most 2 whenever F
is quasitrivial.

Let Q%(X) denote the class of associative and quasitrivial operations G': X? — X that have
exactly one neutral element, and let A?(X) denote the class of associative operations G: X? — X
that have exactly one neutral element e € X and that satisfy the following conditions:

o G(z,x) € {eg,z} forallz € X,
o G(x,y) € {x,y} forall (x,y) € X*\ A%,

e If there exists z € X \ {eq¢} such that G(z,z) = eq, then x is unique and we have
G(v,y) = G(y,z) =y forally € X\ {z,ec}.

Note that Q?(X) = A%(X) = XX* when | X| = 1. Also, it is not difficult to see that Q?(X) C
A%(X). Actually, we have that G € Q*(X) if and only if G € A?(X) and |G~ '[¢]| = 1, where e
is the neutral element for G.

The following straightforward proposition states, in particular, that any G' € A?(X) \ Q?(X)
gives rise to a semigroup which has a unique 2-element subsemigroup isomorphic to the additive
semigroup on Zs.

Proposition 5.17 (see [22]). Let G: X? — X be an operation. Then G € A}(X)\ Q3(X) if and
only if there exists a unique pair (x,y) € X? \ A% such that the following conditions hold.

(a) ({x,y}, Gliuyy2) is isomorphic to (Zg, +).
(b) G|(X\{$7y})z is associative and quasitrivial.
(c) Any z € X \ {z,y} is an annihilator for G|, .12

Remark 5.18. Let G € A3(X)\ Q3(X). By Proposition 5.17, we have that for any z € X \ {z, y}
the semigroup (X, GG) is an ideal extension of (X \ {z,y}, G|(x\(z41)2) by ({2, ¥, 2}, Gliay.212)-

Proposition 5.19 (see [22]). Let F': X" — X be an associative and quasitrivial operation.
Suppose that e € X is a neutral element for F.

(a) If n is even, then F is reducible to an operation G € Q?(X).
(b) If n is odd, then F is reducible to the operation G, € A3(X).

Proof. (a) By Theorem 5.3(a) we have that F' is reducible to an associative and quasitrivial
binary operation G: X? — X. Finally, we observe that G"2((n — 1) - €) is the neutral element
for G.

(b) By Lemma 5.4 we have that F is reducible to an associative operation G,: X? — X of
the form (5.1) and that e is also a neutral element for GG.. Since F' is quasitrivial, it follows from
(5.1) that G.(z,x) € {x,e} forall z € X. If | X| = 2, then the proof is complete. So suppose
that | X| > 2 and let us show that G (z,y) € {z,y} forall (z,y) € X?\ A%. Since e is a neutral
element for G., we have that G.(z,e) = G.(e,x) = x for all z € X \ {e}. So suppose to the
contrary that there are distinct z,y € X \ {e} such that G.(z,y) € {z,y}. As G, is a reduction
of F' and F' is quasitrivial, we must have G.(x,y) = e. But then, using the associativity of G,
we have that

Yy = Ge(eay) - G6<Ge(xay)7y) - Ge(xa Ge(yvy)) € {Ge(x7y)7 Ge(xa 6)} = {671'},
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which contradicts the fact that x, y and e are pairwise distinct.
Now, suppose that there exists © € X \ {e} such that G.(z,x) = eand lety € X \ {z,e}.
Since

Yy = Ge(eay) = Ge(Ge(x’x)7y) = Ge(xa Ge(m,y)),

we must have G.(z,y) = y. Similarly, we can show that G.(y, x) = y.

To complete the proof, we only need to show that such an z is unique. Suppose to the contrary
that there exists ' € X \ {z, e} such that G.(z/,2’) = e. Since z, 2’ and e are pairwise distinct
and

¥ = Gele, o) = Ge(Ge(x,x),2") = Go(x,Ge(x,2")),

and
r = Gr,e) = Ge(x,Ge(2',2")) = Ge(Ge(x,2'),2),

we must have * = G, (x,z’) = 2/, which yields the desired contradiction. O

Let us now state and prove some intermediate results. The following two lemmas were stated
and proved in [42] for n-ary groups. Here we state and prove these lemmas for n-ary semigroups.
The proofs we provide are using Lemma 5.4.

Lemma 5.20 (see [26]). Let F': X™ — X be an associative operation and let ¢ € Ep. Then for
any xi,...,rn_1 € X we have

F(zy,...,xp_1,6) = F(z1,...,6,241) = -+ = F(e,x1,...,2Tp_1).
Moreover, for any x € X the restriction F |z} gy iS Symmetric.

Proof. Let x1,...,2,_1 € X and let G, be the reduction of F' defined by (5.1). For any i €
{1,...,n — 1} we have G.(x;,e) = z; = G.(e, z;), which proves the first part of the statement
for n = 2. For n > 3 we have

F(xlw"7xi>eaxi+l>"'axn—l) = GZ_2<xla"'7$i—17Ge(xiae)7$i+la---7$n—1)7

and the first part of the statement follows from the fact that each x; commutes with e in G.. The
second part is a direct consequence of the first part. ]

Lemma 5.21 (see [26]). Let F': X" — X be an associative operation such that Er # &. Then
F preserves Ey, i.e., F(E}) C Ep.

Proof. Let ey,...,e, € Ep and let us show that F'(e,...,e,) € Erp. By Lemma 5.20 and
associativity of F, for any z € X we have

F((n—1)-F(ey,...,en),x)
= F(F(er,(n—1)-e9),F(er,(n—1)-e€3),...,F(e;,(n—1)-¢e,),x)
= F((n—1)-e5,2) = x.

Similarly, for any x € X we can show that
F(i-F(er,...,en),x,(n—i—1)-F(ey,...,e,)) = =z, i€{0,...,n—2},

and the proof is now complete. [
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Combining Lemmas 5.20 and 5.21, we immediately derive the following result.

Corollary 5.22 (see [26]). If (X, F) is an n-ary monoid, then (Ep, F|gn) is a symmetric n-ary
monoid.

We observe that the associative operation F': Z§ — Z, defined by
F(zy,...,z,) = Zmi(mod2), Tiy..., Ty € Lo,
i=1

has 2 neutral elements, namely 0 and 1, when n is odd. Moreover, it is quasitrivial if and only
if n is odd. This also illustrates the fact that an associative and quasitrivial n-ary operation that
has 2 neutral elements does not necessarily have a quasitrivial reduction. Indeed, when n is odd,
G(x1,72) = 21 + 22 (mod 2) and G'(x1,22) = 1 + 22 + 1 (mod 2) on X = Z, are the two
distinct reductions of F' but neither is quasitrivial.

Clearly, if an associative operation F': X" — X is reducible to an associative operation
G € Q3(X), then it is quasitrivial. The following proposition provides a necessary and sufficient
condition for F' to be quasitrivial when G € A%(X) \ Q?(X).

Proposition 5.23 (see [22]). Let F': X" — X be an associative operation. Suppose that F' is
reducible to an operation G € A}(X) \ Q?(X). Then F is quasitrivial if and only if n is odd.

Proof. (Necessity) Let + € X \ {e} such that G(z,2) = e. If n is even, then F'(n - z) =
G271(2 - G(z,)) = e, contradicting quasitriviality.

(Sufficiency) Since F is reducible to G € A?(X) \ Q3(X), we clearly have that F(n-z) =
for all z € X such that G(z,z) = x. Solety € X \ {e} such that G(y,y) = e. Let us
show that y is a neutral element for F'. Solet x € X, leti € {1,...n}, and let us show that
F((i—=1)-y,z,(n—1)+y) = z. Since n is odd, we have that i — 1 and n — i are both even or
both odd and thus we have

F((i—1) -y 2, (n—i)-y) € {G*(e,x,e),G*(y.z,)} = {},

which shows that y is a neutral element for F'. Thus, F'is idempotent. Finally, we conclude that
F(zy,...,2,) € {xy,...,x,} forany xq, ..., 2z, € X by Proposition 5.17 and Lemma 5.20. [

It is not difficult to see that the operation F': Z' | — Z,_; defined by

n
F(zy,...,x,) = Za:Z (mod (n — 1)), X1y Ty € Ly,
i=1
is associative, idempotent, symmetric and has n — 1 neutral elements. However, this number is
much smaller for quasitrivial operations.
Proposition 5.24 (see [22]). Let F': X™ — X be an associative and quasitrivial operation.
(a) If n is even, then F' has at most one neutral element.

(b) If nis odd, then F' has at most two neutral elements.
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Proof. (a) By Theorem 5.3(a) we have that F' is reducible to an associative and quasitrivial
binary operation G: X? — X. Suppose that 1, e5 € X are two neutral elements for F. Since G
is quasitrivial we have

e = F((n—1)-e,e) = GG"2((n—1)-e1),e3)
= Glen,ea) = G(e,G"*((n—1)-e3)) = Fley,(n—1)-e3) = ey.

Hence, ' has at most one neutral element.

(b) By Theorem 5.3(b) we have that F' is reducible to an associative and quasitrivial ternary
operation H : X3 — X. For a contradiction, suppose that e;, €5, e5 € X are three distinct neutral
elements for F'. Since H is quasitrivial, it is not difficult to see that e, es, and e3 are neutral
elements for H. Also, by Proposition 5.19(b) we have that H is reducible to the operations
G.,,Ge,, Gey € A}(X). In particular, we have

Ge1(62> 63) = Gel(Gel(ela 62), 63) = H(el, €2, 63) = Gez(G62<€1a 62), 63) = Ge2(€1, 63)
and
H(eb €9, 63) == Geg (ela Geg (627 63)) = Geg (ela €2>-

Hence, H (e, €2, €3) € {ea,e3} N {e1, ez} N{e1,e2}, which shows that e, eq, e3 are not pairwise
distinct, and thus yielding the desired contradiction. ]

Corollary 5.25 (see [22]). Let F': X™ — X be an operation and let e, and e be distinct elements
of X. Then F' is associative, quasitrivial, and has exactly the two neutral elements e, and es if
and only if n is odd and F is reducible to exactly the two operations G.,,G., € A}(X)\ Q*(X).

Proof. (Necessity) This follows from Propositions 5.16, 5.19, and 5.24 together with the obser-
vation that G, (e, e2) = e; and G, (eg, €2) = €.
(Sufficiency) This follows from Propositions 5.16 and 5.23. ]

We can now state and prove the main result of this section.

Theorem 5.26 (see [22]). Let F': X" — X be an associative and quasitrivial operation. The
following assertions are equivalent.

(i) Any binary reduction of F' is idempotent.
(ii) Any binary reduction of F'is quasitrivial.
(iii) F' has at most one binary reduction.
(iv) F has at most one neutral element.
(v) F(ln—=1)-z,y) = F(z,(n—1)-y) forany x,y € X.

Proof. The implications (i) = ((i7) and (v)) and (v) = (iv) are straightforward. By Proposition
5.24 and Corollary 5.25 we also have the implications ((i7) or (ii7)) = (iv). Hence, to complete
the proof, it suffices to show that (7v) = ((i) and (i77)). First, we prove that (iv) = (7). We
consider the two possible cases.

If F has a unique neutral element e, then by Proposition 5.16 we have that G = G, is the
unique reduction of F' with neutral element e. For the sake of a contradiction, suppose that G is
not idempotent. By Proposition 5.19 we then have that n is odd and G € A?(X) \ Q%(X).
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Soletz € X \ {e} such that G(z,z) # z. Since G = G, we must have G(z,z) = e. It is
not difficult to see that F'(y,(n — 1) -x) =y = F((n — 1) - z,y) for all y € X. Now, if there is
i €{2,...,n— 1} such that

F((i—1)z,e,(n—1i)-z) = z,
then we have that ¢ — 1 and n — ¢ are both even or both odd (since n is odd), and thus
v = F((i—1)-z,e,(n—1)-x) € {G*(z,e,2),G*(e,e,e)} = {e},

which contradicts our assumption that x # e. Hence, we have F'((i — 1) - z,e,(n —i) - z) = ¢
foralli € {1,...,n}.
Now, if | X| = 2, then the proof is complete since e and x are both neutral elements for F,
which contradicts our assumption. So suppose that | X| > 2.
Since e is the unique neutral element for F, there existy € X \ {e,z}andi € {2,...,n—1}
such that
F((i—1)-z,y,(n—1i)-x) = =.

Again by the fact that n is odd, 7 — 1 and n — ¢ are both even or both odd, and thus
v = F((i—1) 2,y (n—1)-2) € {G*(z,y,2), G*(e,y,e)} = {G*(2,y,2),y}.
Since G € A?(X) \ Q3(X) we have that G*(z, y, z) = y, which contradicts our assumption that

T #£ .

Now, suppose that F' has no neutral element and that G is a reduction of F' that is not idem-
potent. So let z € X such that G(z,z) # z,and lety € X \ {z, G(z,z)}. By the quasitriviality
of F' we have F'((n — 1) - z,y) € {x,y}. On the other hand, by the quasitriviality (and hence
idempotency) of F and the associativity of G we have

F(n—=1)-zy) = F(F(n-z),(n—2)-2,y)
= GGG (n-2),(n—2)2),7)
= GG ((2n-2)-2)y)
= GG *((n—1)-G(z,2)),y)
= F((n—1)-G(z,2),y) € {G(z,z),y}.

Since z, G(z, z), and y are pairwise distinct, it follows that F'((n — 1) « z,y) = y, which implies
that G(G"%((n — 1) - x),y) = y. Similarly, we can show that

Gly.G"*((n—-1)-2) = y.
Also, it is not difficult to see that
GG ?*((n—1)2),G(x,2)) = G(z,2) = G(G(z,r),G"*((n—1)-2)).
Furthermore, since F' is idempotent and reducible to G, we also have that
GG *((n—1)-2),7) = 2 = G(x,G"*((n—1)-2)).

Thus G"~2((n — 1) - x) is a neutral element for G and therefore a neutral element for F, which
contradicts our assumption that F' has no neutral element.

As both cases yield a contradiction, we conclude that G must be idempotent. The implication
(iv) = (uii) is an immediate consequence of the implication (iv) = (i) together with Lemma
5.14. Thus, the proof of Theorem 5.26 is now complete. [l
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Remark 5.27. We observe that an alternative necessary and sufficient condition for the quasitriv-
iality of a binary reduction of an n-ary quasitrivial semigroup was also provided in [1].

Theorem 5.26 together with Corollary 5.6 imply the following result.

Corollary 5.28 (see [22]). Let F': X™ — X be an operation. Then F' is associative, quasitrivial,
and has at most one neutral element if and only if it is reducible to an associative and quasitrivial
operation G: X? — X. In this case, G is defined by G(x,y) = F(z,(n — 1) - y).

Proposition 5.23 and Corollaries 5.25 and 5.28 are of particular interest as they enable us to
easily construct n-ary associative quasitrivial operations that have exactly two neutral elements.
For instance, consider the set X, = {1, 2, 3,4} together with the operation G': X 2 — X, defined
by the following conditions:

o ({1,2}, G|1,2y2) is isomorphic to (Zs, +),
o G(r,y) =z forany x,y € {3,4},
o forany z € {1,2}, G(x,3) = G(3,z) =3 and G(z,4) = G(4,z) = 4.

Then we have G € A?3(X4) \ Q3(X4) by Proposition 5.17. Thus, for any integer p > 1, we have
that the operation associated with any (2p-+1)-ary extension of (X, i) is associative, quasitrivial,
and has exactly 2 neutral elements (namely, 1 and 2) by Proposition 5.23 and Corollaries 5.25 and
5.28.

Given a weak order = on X, the n-ary maximum on X for = is the partial symmetric n-ary
operation max?” defined on

Xn\{(l‘l,...,l'n) e X" |max§{:1:1,...,xn}| Z 2}

by max”(z,...,2,) = x; wherei € {1,... , n}issuchthatz; S z; forall j € {1,... ,n}. If X
reduces to a total order, then the operation max”, is defined everywhere on X". Also, the projec-
tion operations w1 : X™ — X and 7, X" — X are respectively defined by 7y (1, ..., 2,) = 21
and m,(z1,...,2,) = x, forall zq,... 2, € X.

Corollary 5.28 together with Theorem 4.1 and Proposition 4.2 imply the following character-
ization of the class of quasitrivial n-ary semigroups with at most one neutral element. This result
is the counterpart of Theorem 4.1 for quasitrivial n-ary semigroups.

Theorem 5.29 (see [22]). Let F': X™ — X be an operation. Then F' is associative, quasitrivial,
and has at most one neutral element if and only if there exists a weak order =5 on X and a binary
reduction G: X* — X of F such that

X X B ) A:B,
Glaxs = {m'A n or Tolaxp, if VA, B € X/ ~. 5.2)

max% |AxB, otherwise,

Moreover, when X = X, then the weak order = is uniquely defined as follows:

3y & |G| <G, wy e Xi (5.3)
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_ N W
N e W =

Figure 5.1: An associative and quasitrivial binary operation G on X,

Now, let us illustrate Theorem 5.29 for binary operations by means of their contour plots. In
Figure 5.1 (left), we represent the contour plot of an operation G: X? — X, using the usual total
order <, on Xjy. It is not difficult to see that G is quasitrivial. To check whether G is associative,
by Theorem 5.29, it suffices to show that GG is of the form (5.2) where the weak order = is defined
on X, by (5.3). In Figure 5.1 (right) we represent the contour plot of GG using the weak order 3
on X, defined by (5.3). We observe that G is of the form (5.2) for X and thus by Theorem 5.29 it
is associative.

Let < be a total order on X. An operation F': X" — X is said to be <-preserving if
F(zy,...,2,) < F(z!,...,2)), whenever z; < z/ forall : € {1,...,n}. Some associative bi-
nary operations G: X? — X are <-preserving for any total order on X (e.g., G(z,y) = x for all
x,y € X). However, there is no total order < on X for which an operation G € A%(X) \ Q?(X)
is <-preserving. A typical example is the binary addition modulo 2.

Proposition 5.30 (see [22]). Suppose | X| > 2. If G € A}(X) \ Q3(X), then there is no total
order < on X that is preserved by G.

Proof. Let e € X be the neutral element for G and let z € X \ {e} such that G(z,z) = e.
Suppose to the contrary that there exists a total order < on X such that G is <-preserving. If
r < e, then e = G(z,z) < G(x,e) = x, which contradicts our assumption. The case z > e
yields a similar contradiction. [

Remark 5.31. It is not difficult to see that any <-preserving operation F': X" — X has at most
one neutral element. Therefore, by Corollary 5.6 and Theorem 5.26 we conclude that any as-
sociative, quasitrivial, and <-preserving operation F': X" — X is reducible to an associative,
quasitrivial, and <-preserving operation G: X? — X. For a characterization of the class of
associative, quasitrivial, and <-preserving operations G: X? — X, see Proposition 4.21.

We now provide several enumeration results that give the sizes of the classes of associative
and quasitrivial operations that were considered above when X = X}, for some integer £ > 1.

For any integer £ > 1, let v"(k) denote the number of associative and quasitrivial n-ary
operations on Xj. Recall that (k) denotes the number of associative and quasitrivial binary
operations on X, for any integer £ > 1 (see Section 4.1). For any integer £ > 1, we have
|Q%(X%)| = 7.(k) (see Section 4.1). Also, we denote by a?(k) the cardinality of A?(X}). By
definition, we have a?(1) = 1.

Proposition 5.32 (see [22]). For any integer k > 2, we have a?(k) = ky(k—1)+k(k—1)y(k—2).
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Proof. We already have that Q%(X},) C A%(X}). Now, let us show how to construct an operation
G € A2(Xy) \ Q3(Xy). There are k ways to choose the element x € X}, such that G(x,z) = e
and G(z,y) = G(y,x) = y forall y € X \ {z,e}. Then we observe that the restriction of G
to (X \ {z})? belongs to Q%(X}, \ {x}), so we have 7.(k — 1) possible choices to construct this
restriction. This shows that a?(k) = ~.(k) + kv.(k — 1). Finally, by Proposition 4.8 we conclude
that a?(k) = ky(k — 1) + k(k — 1)y(k — 2). O

For any integer k > 1 let 7{"(k) (resp. 7{(k)) denote the number of associative and quasitrivial
n-ary operations that have exactly one neutral element (resp. that have no neutral element) on X.
Also, for any integer £ > 1, let 75 (k) denote the number of associative and quasitrivial n-ary
operations that have two neutral elements on Xj. Clearly, 7"(1) = +7(1) = 1 and 75 (1) = 0. The
following proposition provides explicit forms of the latter sequences. Table 5.1 below provides
the first few values of all the previously considered sequences.?

Proposition 5.33 (see [22]). For any integer k > 1 we have v} (k) = 7 (k) and ~ (k) = v(k) —
Ye(k). Also, for any integer k > 2 we have

N if nis even
72 (k) = { (5)v(k —2) ifnis odd.
and )
non ) ok if nis even
(k) = { v(k) + (5)v(k —2) ifnis odd.

Proof. By Theorem 5.26 we have that the number of associative and quasitrivial n-ary operations
that have exactly one neutral element (resp. that have no neutral element) on X}, is exactly the
number of associative and quasitrivial binary operations on X} that have a neutral element (resp.
that have no neutral element). This number is given by 7.(k) (resp. v(k) — ve(k)). Also, if n
is even, then by Theorem 5.3(a) and Proposition 5.24(a) we conclude that 4™ (k) = ~(k) and
7z (k) = 0.

Now, suppose that n is odd. By Corollary 5.25 and Propositions 4.8 and 5.32 we have that

(k) = M = (¥)~(k — 2). Finally, by Proposition 5.24, Corollary 5.25, and Theorem

5.26 we have that v"(k) = 75 (k) + 72 (k) + 15 (k) = v(k) + (5)v(k — 2). O
k k) k) (k) az (k)
1 0 0 1 1
2 2 1 5 4
3 8 3 23 18
4 58 24 162 128
5 492 200 1382 1090
6 5074 2070 14236 11232
OEIS | A308352 A308354 A308362 A308351

Table 5.1: First few values of 77 (k), 7% (k), 7" (k) and a?(k)

3In view of Corollary 5.25, we only consider the case where n is odd for v (k) and v" (k).
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5.3 Bisymmetric and symmetric operations

In this section we refine our previous results to the subclasses of associative and quasitrivial n-
ary operations that are symmetric and bisymmetric, respectively, and present further enumeration
results accordingly.

We first recall and establish some auxiliary results.

Fact 5.34 (see [22]). Suppose that F': X" — X is associative and surjective. If it is reducible to
an associative operation G: X? — X, then G is surjective.

Lemma 5.35 (see [33]). Suppose that F': X" — X is associative, symmetric, and reducible to
an associative and surjective operation G: X? — X. Then G is symmetric.

Proof. For any x,y € X there exist yy,...,Y,_2 € X and 21, ..., 2, 2 € X such that

G(%Q) = GQ(%yl,Zl) = Gg(l’,yl,yz,@) = -

= Gn_l(xyyla"'ayn—%zn—Q) - (x’y17""yn—2azn—2)
= F(yi,--,Yn-9,2n-2,2) = - = G(y,x),
which shows that GG is symmetric. [

Proposition 5.36 (see [22]). If F': X" — X is associative, quasitrivial, and symmetric, then it
is reducible to an associative, surjective, and symmetric operation G: X* — X. Moreover, if
X = Xy, then F has a neutral element.

Proof. By Corollary 5.6, F is reducible to an associative operation G': X? — X. By Fact 5.34
and Lemma 5.35, it follows that (G is surjective and symmetric.
For the moreover part, we only have two cases to consider.

e If (G is quasitrivial, then by Proposition 4.30 it follows that G has a neutral element, and
thus £’ also has a neutral element.

e If G is not quasitrivial, then by Proposition 5.24 and Theorem 5.26 F' has in fact two neutral
elements. u

Proposition 5.37 (see [1]). An operation F': X" — X is associative, quasitrivial, symmetric,
and reducible to an associative and quasitrivial operation G: X? — X if and only if there exists
a total order <' on X such that F' = max”,.

Proposition 5.38 (see [22]). A quasitrivial operation I': X} — X}, is associative, symmetric,
and reducible to an associative and quasitrivial operation G: X? — Xy, if and only if |F7| =

(1,20 —1,.. . k" — (k— 1)),

Proof. (Necessity) Since G is quasitrivial, it is surjective and hence by Lemma 5.35 it is symmet-
ric. Thus, by Proposition 5.37 there exists a total order <" on X such that G(z,y) = max< (z,y)
for all z,y € X;. Hence ' = max?’,, which has an annihilator, and the proof of the necessity
then follows by Proposition 5.12.

(Sufficiency) We proceed by induction on k. The result clearly holds for £ = 1. Suppose that
it holds for some £ > 1 and let us show that it still holds for £+ 1. Assume that F': X' | — X
1s quasitrivial and that

|F7Y = (1,2" —1,...,(k+ 1" — k™).
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Let <’ be the total order on X}, defined by

z <’y ifand only if |F~'(z)| < |F\(y)],

and let z = max’g,“l(l, ..,k +1). Clearly, F' = F|(x,,,\{z}) is quasitrivial and |F'"!| =

(1,2" —1,...,k" — (k — 1)"). By induction hypothesis, we have that ' = maxZ., where <*
is the restriction of <’ to X311 \ {z}. Since |[F7![z]| = (k + 1)™ — k™ we necessarily have
F = max?, by Proposition 5.12. ]

The following result provides characterizations of the class of symmetric quasitrivial n-ary
semigroups that are n-ary extensions of quasitrivial semigroups.

Theorem 5.39 (see [22]). Let F': X" — X be an associative, quasitrivial, symmetric operation.
The following assertions are equivalent.

(i) F is reducible to an associative and quasitrivial operation G: X? — X.
(ii) There exists a total order <' on X such that F is <'-preserving.
(iii) There exists a total order <" on X such that F' = max’.,.

Moreover, when X = Xy, each of the assertions (i) — (iii) is equivalent to each of the following
assertions.

(iv) F has exactly one neutral element.
(v) |[F7Y=(1,2"—1,... k" — (k—1)").

Furthermore, the total order <' considered in assertions (ii) and (iii) is uniquely defined as fol-
lows:
v <'y ifandonlyif |G '[z]] <|G'[y]|, z,y € Xj. (5.4

Moreover, there are k! operations satisfying any of the conditions (i) — (v).

Proof. The implication (i) = (¢ii) follows from Proposition 5.37. Also, the implication (7ii) =
(i7) is obvious. Now, let us show that (i7) = (7). By Corollary 5.6 we have that F' is reducible to
an associative operation G: X2 — X. Suppose to the contrary that G is not quasitrivial. From
Theorem 5.26 and Proposition 5.24, it then follows that F' has two neutral elements e1, e, € X,
which contradicts Remark 5.31. The equivalence (i) < (v) follows from Proposition 5.38.
Also, the implication (i) = (iv) follows from Theorem 5.26 and Proposition 5.36. Finally,
the implication (iv) = (i) follows from Lemma 5.4 and Theorem 5.26. The rest of the statement
follows from Propositions 4.2 and 4.30. Ol

Now, let us illustrate Theorem 5.39 for binary operations by means of their contour plots. In
Figure 5.2 (left), we represent the contour plot of an operation G: X? — X, using the usual total
order <, on Xy. In Figure 5.2 (right) we represent the contour plot of GG using the total order <’
on X, defined by (5.4). We then observe that G = max?2,, which shows by Theorem 5.39 that G
is associative, quasitrivial, and symmetric. -

Based on this example, we illustrate a simple test to check whether an operation F': X} — X,
is associative, quasitrivial, symmetric, and has exactly one neutral element. First, construct the
unique weak order =< on X, from the preimage sequence |F 1|, i.e., x 2 yif |[F~z]| < [F~1[y]].
Then, check if 3 is a total order and if F' is the maximum operation for <.
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Figure 5.2: An associative, quasitrivial, and symmetric binary operation GG on X,

We denote the class of associative, quasitrivial, symmetric operations G': X? — X that have
a neutral element e € X by QS?(X). Also, we denote by AS?(X) the class of symmetric
operations G: X? — X that belong to A3(X). It is not difficult to see that QS7(X) C AS?(X).
In fact, G € QS#(X) ifand only if G € AS?(X) and |G~ '[e]| = 1, where e is the neutral element
for G.

For each integer k£ > 2, let ¢s™ (k) denote the number of associative, quasitrivial, and symmet-
ric n-ary operations on Xj. Also, denote by as?(k) the size of AS?(X},). From Theorem 5.39 it
follows that ¢s?(k) = |QS?(X})| = k!. Also, it is easy to check that as?(2) = 4. The remaining
terms of the sequence are given in the following proposition.

Proposition 5.40 (see [22]). For every integer k > 3, as?(k) = qs*(k) + kqs*(k — 1) = 2k!.

Proof. As observed QS?(X};) C AS?(Xy). So let us enumerate the operations in AS?(X},) \
QS?(X}). There are k ways to choose the element x € X}, such that G(z,z) = e and G(z,y) =
G(y,xz) = yforally € X;, \ {z,e}. Moreover, the restriction of G to (X} \ {x})? belongs to
QS?(X; \ {z}), and we have gs*(k — 1) possible such restrictions. Thus as?(k) = ¢s*(k) +
kqs*(k — 1). By Theorem 5.39 it then follows that as?(k) = k! + k(k — 1)! = 2k!. O

For any integer k > 2 let ¢s} (k) denote the number of associative, quasitrivial, and symmetric
n-ary operations that have exactly one neutral element on Xj. Also, let ¢s4 (k) denote the number
of associative, quasitrivial, and symmetric n-ary operations that have two neutral elements on Xj.

Proposition 5.41 (see [22]). For each integer k > 2, qsi (k) = qs*(k) = k. Moreover, qs3 (k) =
k! n(L) — 3k!
T, and qs" (k) = 5.

Proof. By Theorems 5.26 and 5.39 and Lemma 5.35 we have that the number of associative, qu-
asitrivial, and symmetric n-ary operations that have exactly one neutral element on X}, is exactly
the number of associative, quasitrivial, and symmetric binary operations on X;. By Theorem 5.39
this number is given by qu(k) = k!. Also, by Corollary 5.25, Proposition 5.40, and Theorems

5.26 and 5.39, we have that gs3 (k) = w = &L Finally, by Theorems 5.26 and 5.39 and

. 3k!

Propositions 5.24 and 5.36 we have that ¢s" (k) = ¢s7 (k) + gsy (k) = =-. O
Now, we turn to the study of the class of bisymmetric, symmetric, and quasitrivial n-ary

operations. As we will see these operations are all associative. First, let us recall several links

between the class of associative binary operations and the class of bisymmetric binary operations.
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Lemma 5.42 (see [63,77,93,97]). Let G: X? — X be an operation. The following assertions
hold.

(a) If G is bisymmetric and has a neutral element, then it is associative and symmetric.
(b) If G is associative and symmetric, then it is bisymmetric.

(c) If G is bisymmetric and quasitrivial, then it is associative.

In what follows, we establish similar links between the class of associative n-ary operations
and the class of bisymmetric n-ary operations.
An operation F': X™ — X is said to be bisymmetric if

F(F(ry),...,F(r,)) = F(F(c1),...,F(c))

for all n x n matrices [c; -+ ¢,] = [r; -+ 1] € X™*",
Remark 5.43. Assume that n = 3. An operation F': X3 — X is bisymmetric if

F(F (11, %12, T13), F(@21, To2, T23), F(T31, 32, T33))
= F(F($11>3721>9331)7 F(£U12>3722>3732)7 F($13>$23>$33))> Ti,...,T33 € X.

For instance, the operation F': R* — R defined by F/(x,y, z) = “**= is bisymmetric.

We now introduce a functional equation that will be useful as we continue.
Definition 5.44 (see [33]). We say that a operation F': X" — X is ultrabisymmetric if
F(F(I'1>,...7F(I'n)) = F(F(rll)vaF(r,))

n

for all n x n matrices [r; --- r,|7,[r] - r,]T € X", where [} --- r/]T is obtained from

[r; -+ r,]7 by exchanging two entries only.

Remark 5.45. Assume that n = 3. An operation F': X?® — X is ultrabisymmetric if

F(F(Jilhfl?lz, 51713), F(2321,132275623); F($31>$32,$33))

is invariant when replacing z;; by zy, for any ¢, j, k,! € {1,2,3}. For instance, the operation
F: R® — R defined by F(z,y, z) = “+= is ultrabisymmetric.

Ultrabisymmetry seems to be a rather strong property. However, as shown in the next result,
this property is satisfied by any operation that is bisymmetric and symmetric.

Proposition 5.46 (see [33]). Let F': X" — X be an operation. If F' is ultrabisymmetric, then it
is bisymmetric. The converse holds whenever F' is symmetric.

Proof. We immediately see that any ultrabisymmetric operation is bisymmetric (just apply ultra-
bisymmetry repeatedly to exchange the (7, j)- and (j, ¢)-entries for all ¢, j € {1,...,n}).
Now suppose that F': X™ — X is symmetric and bisymmetric. Then we have

F(F(ry),...,F(r,)) = F(F(r}),...,F(r))),

n

for all matrices [ry -+ - r,])7, [t} -~ v/ )T € X™" where [r] --- /)T is obtained from [r; - - r,]7

by permuting the entries of any column or any row. By applying three times this property, we
can easily exchange two arbitrary entries of the matrix. Indeed, exchanging the (i, j)- and (k,[)-
entries can be performed through the following three steps: exchange the (¢, j)- and (i, [)-entries
in row 4, exchange the (i,1)- and (k,[)-entries in column [/, and exchange the (i, 7)- and (4, [)-
entries in row 1. [
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Remark 5.47. (a) The symmetry property is necessary in Proposition 5.46. Indeed, for any
k € {1,...,n}, the kth projection operation F': X" — X defined by F(z1,...,z,) = =}
is bisymmetric but not ultrabisymmetric.

(b) An ultrabisymmetric operation need not be symmetric. For instance, consider the operation
F: X? - X, where X = {a,b,c}, defined by F(a,c) = a and F(z,y) = b for every
(z,y) # (a,c). Clearly, this operation is not symmetric. However, it is ultrabisymmetric
since F'(F(x,y), F(u,v)) =bforall z,y,u,v € X.

(c) In [30] the author stated without proof that any ternary symmetric and bisymmetric opera-
tion is ultrabisymmetric. Here we provided a proof for n-ary operations.

Lemma 5.48 (see [33]). If F': X" — X is surjective (i.e., onto) and ultrabisymmetric, then it is
symmetric.

Proof. Letzy,...,r, € X. Then there exists a matrix [r; --- r,]7 € X™*" such that z; = F(r;)
fori: =1,...,n. By ultrabisymmetry,

F(zy,...,x,) = F(F(r1),...,F(rn))
is symmetric in x1, . .., Tp. O

Remark 5.49. We observe that if F': X" — X is idempotent or quasitrivial or has a neutral
element, then it is surjective.

Lemma 5.50 (see [33]). If F': X" — X is quasitrivial, then for any x,y € X, there exists
ke {1,...,n} such that

F((k=1)-z,(n—k+1)-y) =y and Fk-z,(n—k)-y) = x.

Proof. We proceed by contradiction. Suppose that there exist z,y € X, with x # y, such that for
every k € {1,...,n} we have

F(k-1):2,(n—k+1)-y) =2 or Flk-z,(n—k)-y) = v. (5.5)

Using the fact that F'(n-y) = y we see that only the second condition of (5.5) holds. When k£ = n
this gives F'(n - x) = y, a contradiction. O

Proposition 5.51 (see [33]). If F': X" — X is quasitrivial and ultrabisymmetric, then it is
associative and symmetric.

Proof. Symmetry immediately follows from Lemma 5.48 and Remark 5.49. Let us prove that
associativity holds. Let zy,...,29, 1 € X and leti € {1,...,n — 1}. By Lemma 5.50 there
exists k € {1,...,n} such that

F((k=1)az;,(n—k+1) xip) = Tiyn and F(k-x;,(n — k) xipp) = ;.

We then have

F(Qfl, R 7 F(.flf“ Ce 7$i+n—1)7 xi-i—n) e axQn—l)
= F(xlv s 731/’1‘_1,F(I'Z‘, s ;$i+n—1>7F((k - ]-) * L, (TL —k+ 1) : xi-‘rn)axi—i-n—i—la B ax2n—1)-



5.3. BISYMMETRIC AND SYMMETRIC OPERATIONS 105

Replacing z; with Fi(n - z;) forall j € {1,...,2n — 1} \ {4,...,7 + n} and then applying
ultrabisymmetry repeatedly to exchange the (n — 1)-tuples

(ZL‘fH_l, Ce 7xi+n—1) and ((k? — 1) X, (n — k?) . I‘H_n),

we see that the latter expression becomes

F(ilfh ey Li—1, F(k * Li, (n - k) . l’z‘+n),F($z’+1, e 7xi+n)7'ri+n+17 e 73727171)

- F(Ila ey Ly F(xi-‘rl? s 7x7ﬁ+n)a Litn+ls - - - axQn—l)-
This shows that F' is associative. ]

Remark 5.52. Ultrabisymmetry cannot be relaxed into bisymmetry in Proposition 5.51. For in-
stance, the ternary operation F': X® — X defined by F(z,y, z) = vy is quasitrivial and bisym-
metric, but it is neither associative nor symmetric. This example also shows that the result stated
in Lemma 5.42(c) cannot be extended to n-ary operations.

Proposition 5.53 (see [33]). If F': X" — X is associative and symmetric, then it is ultrabisym-
metric.
Proof. Let[ry - r,)7 [r} --- v/ ]7 € X" where [} --- r/]7 is obtained from [r; --- 1,]7
by exchanging the (i, j)- and (k, [)-entries for some ¢, j, k,l € {1,...,n}. We only need to prove
that

F(F(ry),...,F(r,)) = F(F(r}),...,F(r)).

n

Permuting the rows of [r; --- r,]7 if necessary (this is allowed by symmetry), we may assume
that k = i + 1. Denote by z; ; (resp. x) the (i, j)-entry (resp. (k,[)-entry) of [r; --- r,]7.

Using associativity and symmetry, we see that there exist p,q € {1,...,n}, with p # j and
q # 1, such that

F(F(ry),...,F(rn))
= F(F(r1),....,F(ri1), F(xip, .., 2i5), F(@pus oo, Thg), F(Thgr), ..., F(rn))
= F(F(I‘l), ceey F(I‘i_1>,$i,p, F( c s Li g, F(Ik,l, e 71‘k,q))7 F(rk+1), Cey F(I’n))

= F(F(r1),...,F(ric1),2ip, F(.. ., F(@ij, T, - 2)y Thg), F(Thtr), .., F(ry)).
This shows that /" is ultrabisymmetric since the latter expression is symmetric in z; ; and x,;. [

Remark 5.54. It was already shown in [68] that any associative and symmetric operation is bisym-
metric.

Corollary 5.55 (see [33]). If F': X™ — X is quasitrivial, then it is associative and symmetric if
and only if it is ultrabisymmetric.

Proof. The statement immediately follows from Propositions 5.51 and 5.53. ]

Remark 5.56. If F': X™ — X is ultrabisymmetric but not quasitrivial, then it need not be asso-
ciative (e.g., F'(x,y, 2) = 2z + 2y + 2z when X = R).

Corollary 5.57 (see [33]). If F': X™ — X is quasitrivial and symmetric, then it is associative if
and only if it is bisymmetric.
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Proof. The statement immediately follows from Propositions 5.46, 5.51, and 5.53. ]

From Corollary 5.57 we immediately derive the following theorem, which is an important and
surprising result.

Theorem 5.58 (see [33]). In Theorem 5.39 we can replace associativity with bisymmetry.

We end this section by investigating bisymmetric operations that have neutral elements. It was
already shown in [68] that the latter operations are associative and symmetric. Here, we provide
an alternative proof that makes use of ultrabisymmetry [33].

Proposition 5.59 (see [68]). If F': X™ — X is bisymmetric and has a neutral element, then it is
associative and symmetric.

Proof. Let e be a neutral element of F'. Let us first prove symmetry. Let zq,...,2, € X, let
i,j €{1,...,n},and let[c; --- c,] =[r; --- r,]T € X™*" be defined as

(j—1)-e,z5,(n—7g)-e), ifk=i
r, = S ((t—1)-ezj,(n—1)-e), ifk=j
(k—1)-e,xx, (n— k) -€), otherwise.

By bisymmetry we have

F(ml,...,xi,...,xj,...,xn) = F(F(rl),,F(rn)) = F(F(Cl),,F(Cn))
= F(x1,...,%j, ..., Ty, Ty).
This shows that F'is symmetric.
Let us now show that F' is associative by using ultrabisymmetry (which follows from bisym-

metry and symmetry by Proposition 5.46). Let xy, ..., 29, 1 € X, let7 € {1,...,n— 1}, and let
[ty - 1, )7 1) - 1)]T € X™*" be defined as

(g, (n—1) - €), ifk <i
ry = (.o Tino1), ifk=1
(Tpyn-1,(n—1)-€), ifk>1
and
(g, (n—1) - e), itk <i+1
v, = < (g1, Tign), ifk=1+1
(Tksn—1,(n—1)-€), ifk>i+1.

Using ultrabisymmetry, we then have
F(Il, ey Li—1, F(IZ, e 7xi+n71)7 Litmy - - - ,Jfgn,l) = F(F(I'l), ey F(I’n>>
= F(F(I'll), c. ,F(I'/n)) == F(l‘l, ey Iy, F((L'H_l, c. ,.flfi+n), Litnt+1y--- ,.Z'Qn_l).
This shows that F' is associative. O]

Corollary 5.60 (see [33]). Assume that F': X" — X has a neutral element. Then the following
assertions are equivalent.
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(i) F is bisymmetric.
(ii) F is associative and symmetric.
(iii) F'is ultrabisymmetric.

Proof. We have (i) = (i7) by Proposition 5.59. We have (iz) = (iii) by Proposition 5.53.
Finally we have (ii7) = (i) by Proposition 5.46. O

Remark 5.61. If F': X™ — X is bisymmetric and does not have a neutral element, then it need
not be associative nor symmetric (e.g., F'(z,y,2) =x + 2y +3zwhen X = R). If F': X" — X
is ultrabisymmetric and does not have a neutral element, then it need not be associative (e.g.,
F(x,y,z) = 2x + 2y + 2z when X = R).
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Chapter 6

Towards idempotent n-ary semigroups

As observed in Corollary 5.6, all the quasitrivial associative n-ary operations are reducible to
associative binary operations. On the other hand, the associative idempotent ternary operation
F: R3 — R defined by F(z,y, z) = ¥ — y + 2 is neither quasitrivial nor reducible (see, €.g., [98]
or more recently [75]).

In this chapter, we are interested in studying conditions under which an idempotent n-ary
semigroup is reducible to a semigroup. The observation above lead us to investigate certain sub-
classes of idempotent n-ary semigroups containing the quasitrivial ones, for instance by requiring
the condition

F(zy,...,x,) € {z1,...,2,},

to hold on at least some subsets of X". More precisely, in Section 6.1 we state our main results
and prove them in Section 6.2. In Section 6.3 we study alternative subclasses of idempotent n-ary
semigroups containing the quasitrivial ones. In particular, using some results of Chapter 5, we
show that every n-ary semigroup in our new class of idempotent n-ary semigroups is reducible to
a binary semigroup. In Section 6.4, we provide an alternative proof of the latter result that does
not make use of any result from Chapter 5. Most of the contributions presented in this chapter
stem from [26].

6.1 Main results

In this section we introduce a new subclass of idempotent n-ary semigroups and state our main
results without proof. In particular, we show that each of these semigroups is built from a qua-
sitrivial semigroup and an Abelian group whose exponent divides n — 1. The proofs of the results
stated in this section are deferred until Section 6.2.

For every set S C {1,...,n}, let

Dy = {(z1,...,2,) € X" : Vi,j €Sz =ux;}.
Also, forevery k € {1,...,n}, let
pp= |\J pie= |J D
SC{l,....n} SC{l,...n}
1S|>k |S|=k

Thus, the set D}’ consists of those tuples of X for which at least £ components are equal to each
other. In particular, D? = X" and D! = {(x,...,z) : x € X }.

109
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For every £ € {1,...,n}, denote by F;' the class of those associative n-ary operations
F: X™ — X that satisfy

F(xy,...,x,) € {z1, ..., 2,}, (x1,...,2,) € Dy,

We say that these operations are quasitrivial on Dj!.

Thus defined, F7' is exactly the class of quasitrivial associative n-ary operations and F, is
exactly the class of idempotent associative n-ary operations. It follows directly from the definition
of the classes F;' that F' = Fy = --- = Fif | X| < 2. Therefore, throughout the rest of this
chapter we assume that | X'| > 3. Since the sets D} are nested in the sense that D, C D} for
1 <k <n—1,the classes F} clearly form a filtration, that is,

FlrCFC---CFL.

Quite surprisingly, we have the following result, which shows that this filtration actually re-
duces to three nested classes only.

Proposition 6.1 (see [26]). For every n > 3, we have F|' = F)' .

We observe that the class Fi' = F3 = --- = F' , was characterized in Chapter 5 (see
Corollaries 5.25 and 5.28). Moreover, we showed that all its elements are reducible.

In this section, we provide a characterization of the class F,'_, \ F;'. We show that all of
its elements are also reducible to binary associative operations. We give a full description of the
possible reductions of the operations in this class.

Let us begin with a particular case and assume first that all the elements in X are neutral.
Recall that a group (X, G) with neutral element e has bounded exponent if there exists an integer
m > 1 such that G™ " (m-x) = e for every x € X (with the usual convention that G°(z) = z for
every x € X). In that case, the exponent of the group is the smallest integer having this property.

Theorem 6.2 (see [26]). Let F': X™ — X (n > 3) be an associative operation. Then Er = X if
and only if (X, F) is the n-ary extension of an Abelian group whose exponent divides n — 1.

Abelian groups having bounded exponent play a central role in this first result, but also in the
next theorems. We recall that Priifer and Baer (see, e.g., [90]) showed that an Abelian group is
of bounded exponent if and only if it is isomorphic to a direct sum of cyclic groups of bounded
exponent (where the exponent refers to the direct sum).

Recall that an n-ary groupoid is a nonempty set equipped with an n-ary operation. Moreover,
two n-ary groupoids (X, F7) and (Y, F3) are said to be isomorphic if there exists a bijection
¢: X — Y such that

Qb(Fl(l’l, R ,ZL‘n)> = Fg(¢($1), .. ,gb(xn)), T1,...,Ty € X.

In that case, the operations F3 and F; are said to be conjugate to each other.
In order to state one of the main results of this chapter, we shall make use of the following
classes of operations.

Definition 6.3 (see [26]). For any integer m > 1, let H,, be the class of binary operations
G: X? — X such that there exists a subset Y C X with [Y| > 3 for which the following
assertions hold.
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(a) (Y, G|y2) is an Abelian group whose exponent divides m.
(b) G]( x\v)2 1s associative and quasitrivial.
() Any x € X \ Y is an annihilator for G|((z}jv)2-

Note that H; = &. As we will see, every operation in H,, is associative, and the set Y
is unique. In fact, the family of classes H,, is the key for the characterization of the classes
Faa \ T
Remark 6.4. Let G € H,, for some m > 2. We can easily see that for any z € X \ Y the
semigroup (X, () is an ideal extension of (X \ Y, G|(x\y)2) by ({z} UY, G|z yv)2)-

Theorem 6.5 (see [26]). Every G € H,, is associative. If G € H,_1, then its n-ary extension
F=G"Visin F'_| \ FJ'. Conversely, for every ' € F" | \ FI' we have that |Er| > 3, and
the reductions of F are exactly the operations of the form G. for e € Er and they lie in H,,_1.

As an immediate corollary we solve the reducibility problem for operations in £ ;.
Corollary 6.6 (see [26]). Every operationin F,'_, is reducible to an associative binary operation.

Theorem 6.5 is of particular interest as it enables us to easily construct n-ary operations in
Fr .\ Fp'. For instance, for any integers n > 3 and p > 1, the operation of the cyclic group
(Zn,+) is in H,yp, and thus its (np + 1)-ary extension is in F72+1 \ F7**' by Theorem 6.5.

To give another example, consider the chain (X5, <) = ({1,2,3,4,5}, <) together with the
operation G: X2 — X5 defined by the following conditions:

o ({1,2,3}, G|1,2,3)2) is isomorphic to (Zs, +),
° G]{475}2 = v|{475}2, where V: X2 — Xj is the maximum operation for <,
e forany z € {1,2,3}, G(z,4) = G(4,2) = 4 and G(z,5) = G(5,x) = 5.

Then we have G € H3, for any integer p > 1 and so G is in ]—"g’gﬂ \Walians

Now we give a reformulation of Theorem 6.5 that is not based on binary reductions.

Theorem 6.7 (see [26]). Suppose that F' € F' | \ F|'. Then, settingY = Ep, we have that
|Y'| > 3 and the following assertions hold.

(a) (Y, F|yn) is the n-ary extension of an Abelian group whose exponent divides n — 1.
(b) F |( x\y)» Is associative, quasitrivial, and has at most one neutral element.

(c) Forall xy,...,x, € X andi € {1,...,n — 1} such that {z;,z;;1} N (X \Y) = {z} we
have
F(xy,...,x,) = F(x1,...,Ti_1,T,0,Tiy0,. .., Tp).

Conversely, if an operation F' satisfies these conditions for some Y C X with |Y| > 3, then
FeF' \Fland Erp =Y.

Proposition 6.1 shows that all operations in F)}_, are quasitrivial. The examples we just
presented show that there are operations in F,_; that are not quasitrivial, for some n > 3 and
some sets X. Theorem 6.5 entails necessary and sufficient conditions on the set X for such
operations to exist. We first give a technical definition.
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Definition 6.8 (see [26]). For any integer m > 2, let ¢, denote the cardinality of the smallest
Abelian group with at least three elements whose exponent divides m.

Proposition 6.9 (see [26]). For everyn > 3, we have F!' | \ FJ' # @ if and only if | X| > ¢, ;1.

Corollary 6.10 (see [26]). For any integer n > 3, let p be its least odd prime divisor if n — 1 is
not a power of 2; otherwise, set p = 4. The following assertions hold.

(a) Ifn is even, then F)'_ \ F{" # & if and only if | X| > p.
(b) Ifn is odd, then F}_, \ F{' # & if and only if | X'| > min(4, p).

Remark 6.11. Proposition 6.9 and Corollary 6.10 are due to the anonymous reviewer of [21].

Finally, we observe that if (X, <) is a semilattice that is not a chain, then the n-ary operation
F: X" — X defined by F(xy,...,2,) = 21 Y ... Y x, is in F,}. However, it is not in F"_,
since F'((n — 1) « z,y) ¢ {z,y} whenever x and y are not comparable, i.e, z Y y ¢ {z,y}. This
example shows that in general the classes /) and F_; are different. More precisely, we have
the following result.

Proposition 6.12 (see [26]). For every n > 2, we have F' \ F,_, # @ if and only if | X| > 3.

6.2 Technicalities and proofs of the main results

In this section we provide the proofs of the results stated in Section 6.1. Let us start by providing
the proof of Proposition 6.1.

Proof of Proposition 6.1. We only need to prove that 7 , C F}', and so we can assume that
n > 4. Let F € F]'_, and let us show by induction that for every k& € {1,...,n} we have

F(k-x1,Tpi1, -, Tn) € {21, Tpy1,- - Tnt, X1, Tpit, .-, Ty € X. (6.1)

By the definition of F ,, condition (6.1) holds for any & € {n — 2,n — 1,n}. Let us now
assume that it holds for some k£ € {2,...,n} and let us show that it still holds for £ — 1. Using
associativity and idempotency, we have

F((kj_l)'xl)xkv"'axn) = F(F(n'x1)7<k_2)'x17xk7-"7xn)
= F(k.‘x17F<<n_2> .x17xk7xk+1>7"'7xn)'

By the induction hypothesis, the latter expression lies in {x1, z,...,z,}. This completes the
proof. []

Let us now prove Theorem 6.2.

Proof of Theorem 6.2. (Sufficiency) Obvious.

(Necessity) Suppose that X = Ep. Lete € Er and G.: X? — X be the corresponding
reduction of F' defined by (5.1). By Corollary 5.22, we have that F' is symmetric. Thus, we have
that GG, also is symmetric. Moreover, since G, is a binary reduction of F' and Er = X, it follows
that

GG (n—1)-2)y) = y = G, C"H(n—1)-2)), wmyeX,

which shows that G?~2((n — 1) - z) € Eg, for any x € X. However, since Eg, = {e}, we have
that GP"2((n — 1) - z) = e for any z € X. Thus, (X, G,) is an Abelian group whose exponent
divides n — 1. [
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The following result follows immediately from Theorem 6.2.

Corollary 6.13 (see [26]). If (X, F') is an n-ary monoid, then (Er, F|gn ) is the n-ary extension
of an Abelian group whose exponent divides n — 1.

Let us now prove Theorem 6.7. To this extent, we first state and prove some intermediate
results. We have the following remarkable result, which characterizes the existence of a pair of
neutral elements for /' € F)'_; by means of two identities.

Lemma 6.14 (see [26]). Let F' € F)' , and let a,b € X such that a # b. Then a,b € Er if and
onlyif F((n—1)-a,b) =band F(a,(n—1) - b) = a.

Proof. (Necessity) Obvious.
(Sufficiency) For any z € X, we have

F((n—1)-a,z) = F((n—2)-a,F(a,(n—1)-b),x)
= F(F(n—1)-a,b),(n—2)-bz) = F((n—1)-b,2),

which implies that F'((n—1)-a,x) = F((n—1)-b,z) = x forany x € X. Indeed, for z € {a, b}
this relation follows from idempotency, and for x ¢ {a, b} we have

F(n=1)-az) = F((n—=1)-bz) €{a,x} N{bz} = {z},
due to the definition of )} ;. Similarly, we can show that
F(z,(n—1)-a) = x = F(z,(n—1)-b), r e X.

It follows from these relations, together with associativity of F' that for any k € {1,...,n — 2},
the maps vy, & : X — X defined by

Ur(x) = Fk-a,z,(n—k—1)-a)
() = Fk-byx,(n—k—1)-b)

are bijections with inverse maps v,,_x_1 and &,_j_1, respectively. It then follows that, for any
ke{l,...,n—2}, wehave F(k-a,z,(n —k —1)-a) = p(r) = x for every x € X. Indeed,
for x = a, this relation follows from idempotency, and for x # a, we have ¥y (z) € {a,z} and
Yr(z) # a. Similarly, we can show that F'(k+b,xz,(n —k —1)-b) = &(x) = z forevery x € X,
which shows that a,b € Er. O]

For any associative operation F': X™ — X, we define the sequence (F'?),>; of (gn—g+1)-ary
associative operations inductively by the rules F'! = I and

Fq<x17 s 7an*q+1) = F(I*1<x17 <5 T(g—1)n—g+1, F(x(q—l)n—q-i-% s 7an7q+1)),

for any integer ¢ > 2 and any xi,...,T¢—q+1 € X. It is easy to see that F'? is idempotent
whenever [’ is idempotent. Also, it was shown in [68] that F'9 is symmetric whenever F' is
symmetric.

The following proposition shows that every tuple in X" that violates the quasitriviality con-
dition for F' € F_; belongs to E.
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Proposition 6.15 (see [26]). Let F' € F}' |. Forany a,...,a, € X suchthat F(a,...,a,) ¢
{a1,...,an}, we have that ay, . .. ,an, F(ay,. .., a,) € Ep. Moreover, F|(x\ gy is quasitrivial.

Proof. The case n = 2 is trivial. So assume that n > 3. Let us prove by induction on k €
{1,...,n — 1} that for every ay, as, . .., ary1 € X the condition

F((” - k) * a1, A2, ... 7ak+1) ¢ {a’h HE 7ak+1}7

implies ay, ...,ap+1 € Ep. For k = 1, there is nothing to prove. We thus assume that the result
holds true for a given k € {1,...,n — 2} and we show that it still holds for k£ + 1. Now, consider
elements aq, . .., ag. o such that

F((n—k—1)-a1,a9,...,a512) & {a1,...,api2}. (6.2)

We first prove that a1, ay € Ep.

If a1 = ag, then aq, ..., ar12 € EF by the induction hypothesis.

If a; # ag, then we prove that F'((n — 1) - a1, az) = ag and F(ay, (n — 1) « a3) = a;, which
shows that a;, ay € Er by Lemma 6.14.

e For the sake of a contradiction, assume first that F'((n — 1) - a1, as) = ay. Then, for ¢ > 1
we have

F((n—Fk—=1)-ay,as,...,0542)
FF ' ((n—k=1)44n—=2)a,(l+1)-ay,... ). (6.3)

Choosing ¢ = n — k — 1 and using idempotency of /', we obtain
F(n—k—1)-a,a,...,a502) = F*((n—1)-ai,(n—k)-ag,as,...,as).
Since the left-hand side of this equation does not lie in {a1, ..., ax 2} by (6.2), we obtain

F((n—k)-az,a3,...,ak42) & {a1,. .., apya}.

By the induction hypothesis, we have as, . .., ag1o € Er. Then choosing / = n —2in (6.3)
and using idempotency and the fact that ay € Er, we obtain

F(ln—k—1)-ay,as,...,a52)
= F"'((n—k=1)+n-2-ai,(n—1)-a..., a5
F2((n—k)-ar,(n—1)+as,as,...,a5-)
= F((n—k)-ay,as,...,a52).

By the induction hypothesis, we have a; € Fr. We then have F'((n—1)-aq,as) = as # a,
a contradiction.

e Assume now that F'(aq, (n — 1) - as) = as. Then, for £ > 1 we have

F((n—k—1)-a1,a9,...,a12)
F“l((n—k—l—l—é)-al,(f(n—Q)—l—l)-ag,...,akJrg).
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For ¢ = k, using idempotency and the factthat k(n —2) + 1 =n—k+ (k—1)(n—1), we
obtain

F((n—k—1)-a1,as,...,a542)
= FQ((TL—].)'al,(n—k)'a27a3,...,ak+2>.

Thus, F((n—k)-ag,as, ..., ak2) & {ai,...,axr2}. By the induction hypothesis, we have
as, ..., apro € Ep. It follows that F'(ay, (n — 1) + ag) = a; # a9, a contradiction.

Now, since as € Ep, it commutes with all other arguments of /' by Lemma 5.20. Also, by (6.2)
we have

F((n—k—1)-ay,as3,...,a512,a2) & {ai,...,apio},

and thus a3 € E'r. Repeating this argument, we have that ay, ..., ax10 € Ep.
It follows from the induction that if F'(ay,...,a,) ¢ {ai,...,a,}, then ay,...,a, € EF.
Finally, we have F'(aq,...,a,) € Er by Lemma 5.21. The second part is straightforward. ]

In Proposition 5.24, it was shown that a quasitrivial n-ary semigroup cannot have more than
two neutral elements. The next result shows that an operation in F,_; is quasitrivial whenever it
has at most two neutral elements.

Corollary 6.16 (see [26]). An operation F' € F" | is quasitrivial if and only if |Er| < 2.

Proof. (Necessity) This follows from Proposition 5.24.

(Sufficiency) Suppose that F' is not quasitrivial, i.e., there exist aq,...,a, € X such that
F(ay,...,a,) ¢ {a1,...,a,}. Since F is idempotent, we must have |{ay,...,a,}| > 2 and so
H{ay,...,an, F(ay,...,a,)} > 3. We also have {ay,...,a,, F(ay,...,a,)} C Ep by Proposi-
tion 6.15. Therefore we have |Er| > 3. O

Proposition 6.17 (see [26]). Let F' € F)'_, and suppose that |Er| > 3. Then any element
x € X \ EF is an annihilator of F|({x}UEF)n. Moreover, F](X\EF)n is quasitrivial and has at
most one neutral element.

Proof. Let x € X \ Er and e € Ep and let us show that F'(k - x,(n — k) - ¢) = x for any
ke {l,...,n—1}. If k = 1, then this equality follows from the definition of a neutral element.
Now, suppose that there exists £ € {2,...,n — 1} such that F'(k - x,(n — k) - €) # x. Since
x € X \ EF, by Proposition 6.15 we must have F'(k -z, (n — k) - ¢) = e. But then, using the
associativity of ', we get
F((n—1)-z,e) = F(n—1)-2,F(k-z,(n—k)-e))
= Fk-xz,(n—k)-e) = e,

and we conclude by Lemma 6.14 that x € Er, which contradicts our assumption. Thus, we have
Flkez,(n—k)-e) = z, ke{l,...,n—1}. (6.4)

Now, let us show that F'(k-xz, e541,...,6e,) = xforanyk € {1,...,n—1}andanyeyq,...,e, €
E'r. To this extent, we only need to show that

Fk-z,epq1,...,en) = F((E+1)-x,ep19,...,6,),
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for any £k € {1,...,n — 1} and any e y,...,¢, € Ep. So, let k € {1,...,n — 1} and
€kil,---,6n € Fp. Using (6.4) and the associativity of F' we get

F(k'x76k+17"'7€n) - F((k_].)‘I,F(2'x,(n_2>'€k+1>,€k+1,...,€n)
= Fk-z,F(z,(n—1)«€ks1), €hi2y---,€n)
= F((k+1)-x,ex19,...,6n),

which completes the proof by idempotency of F' and Lemma 5.20. For the second part of the
proposition, we observe that F'|(x\ g,)» is quasitrivial by Proposition 6.15. Also, using (6.4) and
the associativity of F', for any z,y € X \ Er and any e € Er we obtain

F(n=1)-zy) = F(n=1)-z,Fe(n-1)-y))
= F(F((n=1)-z,e),(n=1)-y) = Fz,(n—1)-y),

which shows that F|( X\Ep)» cannot have more than one neutral element. L]

Proof of Theorem 6.5. 1t is easy to check that every G € H,, is associative.

Now, we consider G € H,_, and define F = G™'. Then we have £ = Y. Indeed,
conditions (a) and (c¢) of Definition 6.3 imply directly that Y C Er. Moreover if z ¢ Y, then
still by condition (¢) we have F'((n — 1) - xz,y) =x #yfory € Y ,soz ¢ E.

Next, we show that F'((k — 1) - x,y, (n — k) - ) € {x,y} forevery z,y € X and every k €
{1,...,n}. If x € Y, x is a neutral element, so this expression is equal to y. If z € X \ Y, then
either y € Y and this expression is equal to = (by condition (¢)), ory € X'\ Y, and this expression
isin {z, y} (by condition (b)). Finally, F' ¢ F]' by Corollary 6.16, since |Er| = |Y| > 3.

Now we prove the converse statement and consider F' € F)}_, \ F}'. Setting Y = E» we have
|Y'| > 3 by Corollary 6.16. By Propositions 5.5 and 5.16, every reduction of F' reads G, for some
e € Ep.

Finally, we show that G, € H,_;. We have that (Y,G.|yz) is an Abelian group whose
exponent divides n — 1 by Proposition 5.5 and Corollary 6.13. Also, we have that G.|x\y)2 is
quasitrivial by Theorem 5.26 and Proposition 6.17. Finally, we have that any x € X \ Y is an
annihilator for G.|({z} )2 by Proposition 6.17. U

Proof of Corollary 6.6. This follows from Lemma 5.4, Corollary 5.6, and Proposition 6.15. [

Remark 6.18. In the proof of Corollary 6.6 we used Corollary 5.6 which is based on results
obtained by Ackerman [1]. In Section 6.4 we provide an alternative proof of Corollary 6.6 that
does not make use of Corollary 5.6.

Proof of Theorem 6.7. If F' € F' | \ F[', then by Theorem 6.5 we have |Er| > 3 and for every
e € Ep, G isin H,_;. Then G, |y is a reduction of F|y~» and (a) holds true. Also G.|(x\y)2 is
a quasitrivial reduction of F|(x\y)n, so (b) holds true by Corollary 5.28. Finally, if z;, x;41 € X
satisfy the conditions of (c¢), we have G.(z;, z;+1) = = G.(z, ), so that (c) holds true.

Let us now assume that an operation F' satisfies conditions (a), (b) and (c). By (a), there exists
an Abelian group (Y, Gy ) whose exponent divides n— 1 such that (Y, F'|y~) is the n-ary extension
of (Y, Gy ). We denote by e the neutral element of Gy . We also define the operation G : X? — X
by G(x,y) = F(x,(n—2)-e,y) forevery x,y € X. We now show that G is in H,,_;. It is easy to
see that G'|y2 = G'y. Then, by condition (c), G|x\vy2(z,y) = F((n—1)-2,y), 50 G|x\y) is the
unique quasitrivial reduction of F'| x\y)» (see Corollary 5.28). Finally, condition (c) also implies
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that any € X \ Y is an annihilator for G|((,}jy)2. Then by Theorem 6.5, G is associative and
we have G~ € F" | \ FI'. We conclude the proof by showing that G"~! = F. To this aim we

compare G" Y(xy,...,2,) and F(z1,...,x,) forevery (xy,...,2,) € X". We already showed
that both expressions coincide if (x4, ..., z,) belongs to Y™ or (X \Y)". Otherwise, let us denote
by 01, ...,0, theintegers such that o0y < -+ < g, and {xy,...,z, } N (X\Y) ={z0,,..., 2, }.
By condition (c) there exist integers ay, . . . , a, such that
F(zy,...,2,) = F(ay gy, ...,0 - T,.).

This expression is equal to G"!(z,,...,Z,,) because G| x\y)2 is a quasitrivial reduction of
F|(x\yy~. Using condition (c) in Definition 6.3 for G € H,,_; we get that this expression is equal
to G" 1 (zy,...,z,). O

Proof of Proposition 6.9. (Necessity) If F' | \ F|' # &, then Theorem 6.5 implies that there is
a subset Y C X and an Abelian group (Y, G) whose exponent divides n — 1 and |Y'| > 3. This
shows that | X| > |Y| > ¢, 1.

(Sufficiency) Assume that | X| > ¢, ;. Then we choose a subset Y C X such that |Y| =
¢n—1 > 3 and we endow Y with an operation Gy such that (Y, Gy) is an Abelian group whose
exponent divides n — 1. Let us consider the operation G: X? — X defined by the conditions
that any z € X \ Y is an annihilator for G|, jy)2, that G|y2 = Gy, and that G(z,y) = y for
any r,y € X \ Y. Then we have G € H,,_; and so G"~! € F" | \ FJ' by Theorem 6.5, which
concludes the proof. ]

Proof of Corollary 6.10. By Proposition 6.9 it is sufficient to compute c,_; in the two cases.

(a) The cyclic group of order p is an Abelian group with at least three elements whose exponent
divides n — 1, hence ¢,,_; < p. On the other hand, let (Y, G) be any Abelian group with
at least three elements whose exponent m divides n — 1. Let ¢ be a prime divisor of m;
then ¢ divides n — 1, hence ¢ is odd. From the definition of the exponent it follows that Y
contains an element of order ¢, thus |Y'| > ¢. Since ¢ divides n — 1, we have ¢ > p by the
minimality of p. Therefore, |Y'| > ¢ > p, which shows that ¢,,_; > p.

(b) If p = 3, then we can take the group Z, as in the previous case; if p > 5, then we can
take the group Z2 (with exponent 2 dividing n — 1) in order to see that ¢,,_; < min(4, p).
Conversely, let (Y, G) be any Abelian group with at least three elements and with exponent
m such that m divides n — 1. If m has an odd prime divisor ¢, then we can conclude that
Y| > g > p > min(4, p) just as in (a). If m has no odd prime divisors, then m is a power
of 2, and then |Y'| is even, which together with |Y'| > 3 implies that |Y'| > 4 > min(4, p).
Thus, we conclude that ¢, _; > min(4, p).

]

Proof of Proposition 6.12. (Necessity) Obvious.

(Sufficiency) Let Y C X such that |Y| = 3. We can endow Y with a semilattice order < such
that (Y, <) is a semilattice that is not a chain. Let us consider the operation G: X? — X defined
by the following conditions:

e Gly2 = Y, where Y: Y? — Y is the semilattice operation associated with (Y, <).

o G(x,y) =xforany z,y € X \ Y.
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e Any r € X \ 'Y is an annihilator for G|z} jv)2-

It is not difficult to see that G is associative and idempotent and that G~ € F" \ F" ;. [

6.3 An alternative hierarchy

For any integer & > 1, let S}’ be the set of n-tuples (z1, ..., z,) € X" such that [{z1,...,z,}| <
k. Of course, we have D C S;' ., forany k € {1,...,n}. Also, we have S}! C S}, for
any k € {1,...,n — 1}. Now, denote by G} the class of those associative n-ary operations
F: X" — X satisfying

F(zy,...,x,) € {x1,..., 2.}, (x1,...,2,) € Sy,

We say that these operations are quasitrivial on Sj'.

It is not difficult to see that if ' € Gy, then I’ € F}_, .. Actually, we have G = F’ and
G = F{'. These are the only classes when n = 2, and thus we assume throughout this section
that n > 3. Due to Proposition 6.1, we have that G = - - - = G’ is exactly the class of quasitrivial
associative n-ary operations, and hence we only need to consider operations in G5. The analog of
Theorem 6.5 can then be stated as follows.

Theorem 6.19 (see [26]). If n is odd and G € Ho, then its n-ary extension F = G" ! is in
G2\ GI. Conversely, for every F' € GI' \ GI" we have |Ep| > 3, n is odd, the reductions of F are
exactly the operations of the form G, for e € Er, and they lie in Ho.

Proof. 1If nis odd and G € Hs, then n — 1 is even, and so G € H,,_;. Therefore by Theorem
6.5, F = G"lisin F" | \ FJ* = F" , \ G". We have shown in the proof of Theorem 6.5
that Er = Y. In order to show F' € GI, we need to show that if zy,...,2, € {z,y}, then
F(xy,...,2,) € {z,y}. f x or y is in X \ Y, this follows from Proposition 6.17. If {z,y} C Y,
then if k arguments are equal to z and n — k are equal to y, F'(xy,...,2,) = F(k-x,(n—k)-y)
because (Y, G|y2) is an Abelian group. Since n is odd, the parity of k£ and of n — k are different.
Since (Y, G|y2) has exponent 2, this expression is equal to = (resp. y) when k is odd (resp. even).

Conversely, if F' € Gy \ G C F» |\ FJ', then by Theorem 6.5, we have |Er| > 3, all the
reductions of F' are exactly the operations G, for e € Er and they lie in H,,_. In particular, for
any e € E, we have that (Fr, G, ) is an Abelian group whose exponent divides n — 1. However,
since the neutral element is the only idempotent element of a group and since G, (€', ¢') € {e, €'}
for any e, ¢’ € EF, it follows that G.(¢/,¢’) = e for any e, ¢’ € Ep, i.e., for any e € Er we have
that (Er, G.) is a group of exponent 2. (Recall that an element x € X is said to be idempotent
for an operation F': X" — X if F(n - x) = x.) Therefore, we conclude that (Ep, F'|gy) is the
n-ary extension of an Abelian group of exponent 2. Also, since 2 divides n — 1 we conclude that
n is odd. Ol

Theorem 6.19 is particularly interesting as it enables us to construct easily n-ary operations
in GI' \ G". For instance, consider the set X = {1,2,3,4,5,6} together with the operation
G: X2 — X defined by the following conditions:

e ({1,2,3,4}, Gl{1,23,42) is isomorphic to (Z3, +),

14 G|{5,6}2 = 7T1|{5,6}2,
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e forany z € {1,2,3,4}, G(x,5) = G(5,z) = 5 and G(z,6) = G(6,z) = 6.

Then for any integer p > 1, we have that the operation associated with any (2p + 1)-ary extension
of ({1,2,3,4,5,6},G)isin Go¥T"\ 9225111 by Theorem 6.19.

We now state a reformulation of Theorem 6.19 that does not make use of binary reductions.
We omit the proof of this result as it is a straightforward adaptation of the proof of Theorem 6.7.

Theorem 6.20 (see [26]). If an operation F is in GI' \ G, then n is odd and setting Y = Ep we
have |Y'| > 3 and the following assertions hold.

(a) (Y, F|yn) is the n-ary extension of an Abelian group of exponent 2.
(b) F |( x\v)» is associative, quasitrivial, and has at most one neutral element.

(c) Forall xy,...,x, € X andi € {1,...,n — 1} such that {x;,x; .1} N (X \Y) = {x} we
have
F(zy,...,2n) = F(T1,..., % 1,2, T, Tiz2, ..., Tp).

Conversely, if n is odd and F' is an operation that satisfies these conditions for some Y C X such
that |Y| > 3, then F € G} \ G and Er =Y.

We end this section with the counterpart of Proposition 6.9 and Corollary 6.10 for operations
inGy \ G.
Corollary 6.21 (see [26]). We have G} \ GI' # & if and only if n is odd and | X | > 4.

Proof. (Necessity) By Theorem 6.19, we have that n is odd and there exists a subset Y C X and
an Abelian group (Y, G) of exponent 2 such that |Y'| > 3. Since (Y, G) is of exponent 2 we have
X] > Y] > 4.

(Sufficiency) Let Y C X such that |Y| = 4. We can endow Y with an operation Gy such
that (Y, Gy) is an Abelian group of exponent 2 that is isomorphic to (Z2, +). Let us consider the
operation G: X2 — X defined by the following conditions:

(] Gly2 = GY.
o Glawy: = melaae.
e Any r € X \ Y is an annihilator for G|((5}jv)2-

It is not difficult to see that G € H, (see Definition 6.3). Thus, we have G"~! € GI' \ G" by
Theorem 6.19, which concludes the proof. [

6.4 An alternative proof of Corollary 6.6

We provide an alternative proof of Corollary 6.6 that does not use Corollary 5.6. To this extent,
we first prove the following general result.

Proposition 6.22 (see [26]). Let I’ € F)!. The following assertions are equivalent.

(i) I is reducible to an associative and idempotent operation G: X? — X.
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(ii) F((n—1)-2,y) = Fx,(n — 1) - y) forany z,y € X.

Proof. The implication (i) = (7i) is straightforward. Now, let us show that (ii) = (7). So,
suppose that

F((n—=1)-z,y) = Flz,(n—1)-y) r,y € X, (6.5)
and consider the operation G: X? — X defined by G(z,y) = F((n—1)-x,y) forany z,y € X.
It is not difficult to see that GG is associative and idempotent. Now, let 1, ..., z, € X and let us

show that G 1(xzy,...,x,) = F(zy,...,,). Using repeatedly (6.5) and the idempotency of F
we obtain

G" Ny, oyzn) = FH(in—1)-z,(n—1)a9,...,(n—1) s 2p_1,2n)
Fr ((2n —3) sz, 20, (n—1) v 23,...,(n— 1) s 2p_1, 7,)

F”_l(((n —2)(n—1)4+1) 21,29,23, ..., Tp_1,Tp)
= F(x1,...,2,),

which shows that F' is reducible to G. ]

Remark 6.23. Let < be a total order on .X. One of the main results of Kiss and Somlai [66, Theo-
rem 4.8] is that every <-preserving operation [ € F is reducible to an associative, idempotent,
and <-preserving binary operation. To this extent, they first show [66, Lemma 4.1] that any
<-preserving operation I’ € F' satisfies

F((n—l)-x,y):F(x,(n—l)-y) .Z',yGX.
Thus, we conclude that [66, Theorem 4.8] is an immediate consequence of [66, Lemma 4.1] and
Proposition 6.22 above.

The following result is the key for the alternative proof of Corollary 6.6.
Proposition 6.24 (see [26]). Let F' € F)'_,. The following assertions are equivalent.

n

(i) F is reducible to an associative and quasitrivial operation G: X? — X.
(ii) F is reducible to an associative and idempotent operation G: X? — X.
(iii) F((n—1)-z,y) = F(z,(n—1) - y) forany z,y € X.
(iv) |Ep| < 1.

Proof. The equivalence (i) < (i¢) and the implication (iii) = (iv) are straightforward. Also,
the equivalence (i7) < (iii) follows from Proposition 6.22. Now, let us show that (iv) = (7).
So, suppose that |Er| < 1 and suppose to the contrary that there exist z,y € X with z # y such
that F'(n—1)-xz,y) # F(x,(n—1)-y). We have two cases to consider. If F'(n—1)-x,y) =y
and F(z,(n — 1) - y) = x, then by Lemma 6.14 we have that z,y € Ep, which contradicts our
assumption on Ep. Otherwise, if F'((n — 1) - z,y) = x and F'(z, (n — 1) - y) = y, then we have

z=F(n-1)-zy) = F((n—1)-z,F(n-y))
= F(F(n—1)-z,y),(n—1)-y) = Flxe,(n—1)-y) =y,
which contradicts the fact that = # y. O]
Proof of Corollary 6.6. This follows from Lemma 5.4 and Proposition 6.24. ]



Chapter 7

Symmetric idempotent n-ary semigroups

In this chapter, we study the class of symmetric idempotent n-ary semigroups. More precisely, we
introduce the concept of strong semilattice of semigroups which is the most important semigroup
construction in this chapter (Section 7.1). Then we show that with any symmetric idempotent n-
ary semigroup (X, F) we can associate a binary band (X, B), that is in general not commutative.
We study the properties of this band and in particular its semilattice decomposition (Section 7.2).
Also, we show that the restriction of F' to each subset of this decomposition reduces to the oper-
ation of a commutative group whose exponent divides n — 1 (Section 7.3). Conversely, we show
that given a binary band (X, B) such that the restriction of B to each subset of its semilattice
decomposition is a right normal band operation, we can build in a unique way a symmetric idem-
potent n-ary semigroup (X, F') whose associated binary band is (X, B) (Section 7.3). These two
constructions provide a structure theorem for symmetric idempotent n-ary semigroups. Finally,
we show how to use this theorem to provide necessary and sufficient conditions that ensure the
reducibility of any symmetric idempotent n-ary semigroup to a semigroup (Section 7.4). Most of
the contributions presented in this chapter stem from [35].

7.1 Semilattices of semigroups

In this section, we introduce the most important semigroup constructions that we use in this
chapter; for a background on these constructions, see for instance [21, 56, 80, 81, 87].

We observe that if (X, ) is a semilattice of semigroups (see p. 40), then we do not have a
complete understanding of (X, G). Indeed, by (3.3) we only know that G(z,y) € X, for any
(z,y) € X, x Xz but we do not know what is the exact value of G(z,y). In order to get this
information we need to introduce the concept of strong semilattice of semigroups [81].

Definition 7.1. Let (X, G) = ((Y,Y), (X4, G.)) be a semilattice of semigroups. Suppose that
for any o, 8 € Y such that « < (3 there is a homomorphism ¢, 3: X, — Xpg such that the
following conditions hold.

(a) The map ¢, , 1s the identity on X,.
(b) Forany «, 3,7 € Y suchthat < 3 <y we have pg - 0 Va5 = Pay-
(c) Forany x € X, and any y € X3 we have G(z,y) = Govs(Pa.avs(®), ©8.avs(Y))-

121
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Then (X, G) is said to be a strong semilattice (Y, Y) of semigroups (X,,G,). In this case we
write (X, G) = ((Y, Y), (Xa, Ga), ¢a,p) and we simply say that (X, () is a strong semilattice of
semigroups.

It is not difficult to see that any strong semilattice of semigroups is a semigroup [56].

Now, we introduce a class of bands that will be useful in the next section. A band (X, G) is
said to be right normal if G(G(x,y), z) = G(G(y, ), z) for any z,y, z € X. If (X, G) is a right
normal band, then the least semilattice congruence ~ on (X, ) is defined by

r~y < Gy,z)=z and G(z,y) =1y, r,y € X. (7.1)
The following proposition provides a characterization of right normal bands.

Proposition 7.2 (see [56]). A band (X, G) is right normal if and only if it is a strong semilattice
of right zero semigroups.

To conclude this section we introduce a generalization of the concepts of semilattices of semi-
groups and strong semilattices of semigroups to n-ary semigroups.

Let (Y, Y) be a semilattice. We denote the n-ary extension of (Y, Y) by (Y, Y™~ 1), where
yn=l: Y™ — Y is defined by Y" " }(zy,...,2,) =21 Y -+ Y x, forany z1,...,z, € Y. Also,
we say that the n-ary extension of a semilattice is an n-ary semilattice.

Recall that an equivalence relation ~ on X is said to be a congruence for F': X" — X [98] if
it is compatible with F', thatis, F'(xy,...,x,) ~ F(y1,...,y,) forallzy, ... 2z, y1,.. ., yp € X
such that z; ~ y; foreach i € {1,...,n}. In that case, ~ is also said to be a congruence on the
n-ary groupoid (X, F). Also, we denote by F' the map induced by F on X/ ~, that is,

Flwres s [tal) = [Flan, o)y @1,..., 20 € X.

We say that a congruence ~ on an n-ary groupoid (X, F') is an n-ary semilattice congruence

if (X/~, F) is an n-ary semilattice.
Remark 7.3. We observe that an alternative definition of semilattice congruences for ternary semi-
groups was already given in [58]. In this reference, a congruence ~ on a ternary semigroup (X, F')

is said to be a semilattice congruence if (X/~, F’) is a symmetric idempotent ternary semigroup.

Let (Y, Y) be a semilattice and let {(X,, F,,): o € Y'} be a set of n-ary semigroups such that
XoN Xz = & for any o # . We say that an n-ary groupoid (X, F) is an n-ary semilattice
(Y, Y™ 1) of n-ary semigroups (X, F,) if X = |J Xa, F|xn = F, forevery o € Y, and

acY

F(Xa, X X Xo) € Xayvovan,  Q1y...y0n €Y (1.2)

In this case we write (X, F) = (Y, Y"!), (X,, F,,)) and we simply say that (X, F') is an n-ary
semilattice of n-ary semigroups.

Actually, we have the following characterization of the class of n-ary semilattices of n-ary
semigroups.

Proposition 7.4. An n-ary semigroup (X, F') is an n-ary semilattice of n-ary semigroups if and
only if there exists an n-ary semilattice congruence on (X, ).
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Proof. (Necessity) If (X, F) = ((Y, Y1), (X,, F.)), then it is not difficult to see that the binary
relation ~ on X defined by

r~y << dae€Ysuchthatz,ye X,, z,y € X,

is an n-ary semilattice congruence on (X, F).

(Sufficiency) If ~ is an n-ary semilattice congruence on (X, F), then it is not difficult to see
that (X7F) = ((X/N7F)7<[x]N7F|[I]Z)) O

As a consequence, we obtain the following result which is the counterpart of Corollary 3.2
for n-ary groupoids.

Corollary 7.5. An n-ary groupoid (X, F) is an n-ary semilattice of n-ary semigroups if and
only if there exists an n-ary semilattice congruence on (X, F') such that ([x|~, F|jz}n ) is an n-ary
semigroup for any x € X.

We observe that if (X, F') is an n-ary semilattice of n-ary semigroups, then we do not have
a complete understanding of (X, F'). Indeed, by (7.2) we only know that F(xy,...,z,) €
Xoyveva, forany (zy,...,z,) € X,, X---x X,, but we do not know what is the exact value of
F(z1,...,x,). In order to get this information we need to introduce the concept of strong n-ary
semilattice of n-ary semigroups.

Definition 7.6 (see [35]). Let (X, F) = (Y, Y™ 1), (X,, F,)) be an n-ary semilattice of n-
ary semigroups. Suppose that for any o, 8 € Y such that « =< [ there is a homomorphism
©Ya,8: Xo — Xpg such that the following conditions hold.

(a) The map ¢, , is the identity on X,.
(b) Forany o, 8,7 € Y such that « < 3 < v we have pg, 0 00 = Pay-

(c) Forany (zy,...,2,) € X4, X -+ x X,, we have
F(xh s 7xn) = FOqY--AYOzn<SOOA1,Oz1Y--~Yan ($1)7 cey Pag,a1 Y Yan (xn))

Then (X, F) is said to be a strong n-ary semilattice (Y, Y"™ 1) of n-ary semigroups (X, Fl,).
In this case we write (X, F') = (Y, Y"1), (X4, F.), ¢a,s) and we simply say that (X, F) is a
strong n-ary semilattice of n-ary semigroups.

The next result shows that any strong n-ary semilattice of n-ary semigroups is an n-ary semi-
group.

Proposition 7.7 (see [35]). If (X, F) = (Y, Y"1, (Xa, Fl), pap) is a strong n-ary semilattice
of n-ary semigroups, then it is an n-ary semigroup.

Proof. Letxy,...,x9,—1 € X, leti € {1,...,n}, and let us consider
F(xy, .21, F(2s, . Tiin_1), Tigny - -+ Ton—1)-
If 2, belongs to X, for 1 < k < 2n — 1, then setting o' = a; Y -+ Y a4,—1 We have

F(xiv s 7xi+n—1> - Fa’((pai,a’(wi)y ey Spai_,_n_l,o/(xi—l-n—l)) € Xo/'
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Then denoting the latter element by z and setting v = a1 Y -+ - Y ;1 Y &' Y iy Y -+ Y Qg 1,
we have that

F($1 sy L1 Ly Ty« - - al'?n—l)

= Fa(gpa1,a(x1>> e 79004171,04(5’:1'*1)7 900/704(55)7 90a¢+n,a($i+n)v e 790a2n71,a(x2n71))-

Also, using the fact that ¢,/ , is a homomorphism and condition (b) of Definition 7.6, we have
that

Qpa’,a(x) = Fa(@ai,a(fti)a e 790ai+n_1,a(xi+n—1))'

Thus, the associativity of F' follows from the associativity of F,, and from the fact that « is
independent of . O

We say that an idempotent n-ary semigroup is an n-ary band. Also, we say that a symmetric
idempotent n-ary semigroup is a commutative n-ary band. Examples of commutative n-ary bands
are given by n-ary extensions of semilattices and n-ary extensions of Abelian groups whose
exponents divide n — 1. As the following example shows, there are also commutative n-ary bands
that are not reducible to binary semigroups. This example can be checked by hands, by tedious
computations. We will develop tools that will allow to check these properties and to build such
examples very easily.

Example 7.8. Consider the set X = {1,2,3,4} together with the symmetric ternary opera-
tion F': X3 — X defined by its level sets given (up to permutations) by F~![1] = {(1,1,1)},
F2] ={(2,2,2)},

F7H3] ={(1,1,2),(1,1,3),(1,2,4),(1,3,4),(2,2,3),(2,3,3),(2,4,4),(3,3,3), (3,4,4)},

and
F'4] = X3\ (F YU F'2lu F1[3)).

This operation defines a commutative ternary band and is not reducible to any binary operation.

7.2 The associated binary band
Throughout this section, we consider a commutative n-ary band (X, F'). We associate with it a
classical (binary) band and study its most important properties. In particular, we show that this

associated band is right normal.

Definition 7.9 (see [35]). Let (X, F') be a symmetric n-ary semigroup. The binary operation
Bp: X? — X associated with F' is defined by

BF(xvy):F((n_l)'Iay)v xa?/GX-
For any € X, we also define the operation ¢£ : X — X by
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When there is no risk of confusion, we also denote these operations by B and /., respectively.
We now study elementary properties of these maps.

Let (Y, F1) and (Z, F,) be two n-ary groupoids. Recall that a map ¢: Y — Z is said to be a
homomorphism if

O(F1 (1, ... x0)) = Fa(o(z1), ..., o(x,)), Ti,..., %, €Y.

It is said to be an endomorphism if (Y, Fy) = (Z, F»). In that case, we say that ¢ is an endomor-
phism for F7.

Proposition 7.10 (see [35]). Let (X, F) be a commutative n-ary band. We have (%> = (, for any
x € X. Also, we have

Co(F(xy, ..o xn)) = F(o, .o le(), -0, Tp), T, T1,..., 0, € X, €{1,...,n}. (7.3)
Moreover, for any x € X the map {, is an endomorphism for F.

Proof. Letz,y € X and let us show that ¢2(y) = £, (y). By associativity and idempotency of F'
we have

Cly) = F((n—1)-2,06(y) = Fn—1)-2,F((n—1)-,y))
— F(F(n-2),(n—2)-2,y) = F((n—1)-2,9) = ().

Now, let x,z1,...,z, € X and let us show that (7.3) holds for # = 1. The other cases are
obtained by the symmetry of F'. Using the definition of ¢, and the associativity of /' we have

U(F(z1,...,x,) = F(ln—=1) a2, F(xy,...,2,))
(F((n—1)-z,21),22,...,T,)
(Cp(x1), 9, ..., Ty).

Finally, let us show that for any + € X the map ¢, is an endomorphism for F'. To do so,
let x,z1,...,z, € X and let us show that (,(F(zy,...,z,)) = F(l.(x1),...,0:(x,)). Since
2 =4, we have 0, (F(xy,...,2,)) = {*(F(xy,...,7,)). Thus, applying (7.3) several times,
we obtain

= F
F

Uo(F (1, x) = F(ly(z1), ..., 0 (2y)),

which concludes the proof. [

From the idempotency of F' we derive that ¢, (z) = x for any x € X. We then obtain the
following corollary, that will be useful in the next section.

Corollary 7.11 (see [35]). Let (X, F') be a commutative n-ary band. For any x, ..., x, € X we
have

F(xlw"axn) = F<£F(:v1 ..... xn)(xl)a"'agF(xl ..... rn)(xn»
Now, we show that the groupoid (X, B) associated with (X, F') is a right normal band.

Proposition 7.12 (see [35]). Let (X, F') be a commutative n-ary band. We have
l, 0 fy = ﬁy ol, = e&c(y) = fgy(m), r,y € X.

In other words, the pair (X, B) is a right normal band.
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Proof. Letz,y,z € X and let us show that ¢, (¢, (z)) = ¢,(¢,(z)). Using (7.3) we have
la(ly(2)) = L(F((n=1)-y,2)) = F((n=1)-y,0u(2)) = £,(£(2))-
The same relation (applied n — 1 times) yields
la(ly(2)) = L(F((n = 1) -y, 2)) = (37 (F((n = 1) -y, 2)) = F((n = 1) - La(y), 2) = Lo, (2)-

The last relation is obtained by exchanging the roles of x and y.
Expressing these conditions for B, we have

B(B(x,y),2) = ) (2) = l:(0y(2)) = B(x, B(y, 2)),  @,y,2 € X,

which shows that B is associative. Moreover, B(z,x) = F(n - x) = z for any € X, which
shows that (X, B) is a band. Finally,

B(B(z,y),2) = l(ly(2)) = {y(lz(2)) = B(B(y,2),2), x,y,2 € X,
which shows that (X, B) is a right normal band. Ol

The following corollary follows from Propositions 7.10 and 7.12.

Corollary 7.13 (see [35]). If (X, F) is a commutative n-ary band, then the pair ({{,: v € X}, 0)
is a semilattice.

Example 7.14. The binary band associated with the ternary band (X, F') defined in Example 7.8
is given by the following table:

Bp|1l 2 3 4
111 3 3 4
2 14 2 3 4
314 3 3 4
4 14 3 3 4

Proposition 7.15 (see [35]). Let (X, F') be a commutative n-ary band. For any x1,...,x, € X
we have

EF(ml ..... xn) = Efﬂl O+++0 fmn

Proof. Lett € X. By the associativity and the symmetry of F' we have

(lyy0---0l, )(t) = F'((n—=1)-21,...,(n—1) - x,,1)
= F((n—1) - F(z1,...,2,),t) = lp,, . am(),

which completes the proof. ]

Throughout the rest of this chapter, 7’x denotes the full transformation monoid of X, i.e., the
semigroup of all maps from X to X, endowed with the composition of maps. The next results
characterize the reducibility of a commutative n-ary band to a commutative (binary) band, i.e., a
semilattice. In order to state them, we consider the map ¢ : X — Ty defined by /(x) = £, for
every r € X.
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Proposition 7.16 (see [35]). Let (X, F') be a commutative n-ary band. The following assertions
are equivalent.

(i) The map ( is injective.

(ii) The n-ary band (X, F) is isomorphic to the n-ary extension of ({{,: © € X}, o).
(iii) The n-ary band (X, F) is the n-ary extension of a semilattice.
(iv) The band (X, B) is commutative.

(v) The bands (X, B) and ({{,: © € X}, o) are isomorphic.

Proof. Let us first show that (i) = (i7). If ¢ is injective, then it induces a bijection from X to
({€.: © € X}, o). Also, Proposition 7.15 shows that ¢ is an isomorphism of n-ary semigroups.
The implication (i7) = (7ii) follows from Corollary 7.13. Now, let us show that (iii) = (iv).
So, suppose that (X, F') is the n-ary extension of a semilattice and let 2,y € X. By Proposition
6.22 we have

B(fE,y) = F((n_ 1) 'I’,y) = F(CB7 (n_ 1) 'y) = B(y,l’),
which shows that B is commutative. Now, let us show that (iv) = (7). So, assume that B is

commutative and that ¢, = ¢, for some x,y € X. Then we have B(x,z) = B(y, z) for every
z € X, and thus

r = B(z,z) = B(y,z) = B(z,y) = B(y,y) = v,

which shows that ¢ is injective. The implication (i) = (v) is immediate since / is the left action
associated with B. Moreover, since ({{, : + € X}, o) is commutative by Proposition 7.12, we
have (v) = (iv). O

In the same spirit, the map ¢ also enables us to characterize those n-ary bands (X, F') that
reduce to commutative groups whose exponents divide n — 1.

For a symmetric n-ary semigroup (X, F'), it is not difficult to see that an element ¢ € X is
neutral for F'if and only if /., = iy, where ix is the identity map on X.
Proposition 7.17 (see [35]). Let (X, F') be a commutative n-ary band. The following conditions
are equivalent.

(i) The band (X, F) is the n-ary extension of an Abelian group whose exponent divides n — 1.
(ii) The map { is constant.
(iii) The band (X, B) is a right zero semigroup.

(iv) €(X) = {ix}.
Proof. Let us first show that (i) = (i7). So, suppose that (X, F') is the n-ary extension of an
Abelian group (X, G) whose exponent divides n — 1 and let z,y € X. We have

lo(y) = F((n—1)-2,y) = G ((n—1)-2,y) =y,

which shows that /,, is the identity map. The equivalence (i7) < (iv) is straightforward. Also, the
equivalence (ii) < (iii) follows directly from the definition of a right zero semigroup. Finally,
let us show that (i7) = (7). By (i), every element x € X is neutral for F' since ¢, = ix. Thus,
we conclude that (X, F') is the n-ary extension of an Abelian group whose exponent divides n — 1
by Theorem 6.2. [l
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7.3 Semilattice decomposition and induced group structures

In this section we provide a characterization of the class of commutative n-ary bands. In particu-
lar, we show that on each commutative n-ary band (X, F') there is an n-ary semilattice congruence
such that the restriction of F' to each equivalence class is reducible to the operation of an Abelian
group whose exponent divides n — 1.

Let (X, F') be a commutative n-ary band. When ¢ is not injective, it is natural to consider a
quotient, and identify the elements of X that have the same image by ¢. On the other hand, we
have that the associated band (X, B) is a strong semilattice of right normal bands by Proposition
7.2. Also, we know that the smallest semilattice congruence ~ on (X, B) is defined by (7.1).

The next proposition enables us to express ~ in terms of ¢ and properties of F'.

Proposition 7.18 (see [35]). Let (X, F') be a commutative n-ary band, let ~ be the smallest
semilattice congruence on (X, B), and let x,y € X. The following conditions are equivalent.

(i) © ~y.
(ii) 0, =0,
(iii) There exist t,t' € X such thaty = (,(t) and x = (,(t').

(iv) We have y = F(x,z9,...,x,) and v = F(y,ya,...,Yyn) for some x;,y; € X (i €

{2,...,n}).

Proof. Let us first show that (i) = (7). First note that (7) is equivalent to the conditions ¢, (y) =
y and ¢, (r) = x. By Proposition 7.12 we have

Go(t) = Lloy,@(t) = (byoly)(t) and £y(t) = lo)(t) = (Loly)(t),  teX,

and we conclude by Proposition 7.12. Now, let us show that (7i) = (ii7). We observe that
y = {,(y), so that (i) implies y = ¢,(y), and similarly we have © = /,(z). The implication
(1ii) = (iv) follows from the definition of ¢. Finally, a direct computation, using associativity
and idempotency of F' shows that (iv) = (7). O

For a right normal band (X, ), the decomposition of Proposition 7.2 can be given explicitly:
denoting by ¢ the left action of the band on itself, the semilattice congruence ~ on (X, G) is
defined as in Proposition 7.18. The semilattice Y is then X/ ~ and the semigroups X, are the
equivalence classes for ~. We then have [z]. <4 [y]~ if and only if [G(z,y)]. = [y]~, which is
also equivalent to G(x,y) = y in this particular situation. The homomorphisms'are then defined
by ¢pal ) = Lyl

The congruence ~ was built using the binary band (X, B). We will now show that it also
defines a decomposition of (X, F').

Proposition 7.19 (see [35]). Let (X, F') be a commutative n-ary band and let ~ be the small-
est semilattice congruence on (X, B). Then ~ is an n-ary semilattice congruence on (X, I).
Moreover, we have By = B and (X /~, F) is the n-ary extension of the semilattice (X/~, B).

IRecall that homomorphisms between right zero semigroups are just mappings.
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Proof. Let x1,...,Zpn,Y1,--.,Yn € X and suppose that z; ~ y; for some i € {1,...,n}. By
Propositions 7.15 and 7.18, we have

gF(Z'l ----- Tjyeeny J»’n):gl'lo.”ogxio'.'og$n:‘gl'lo”'ogyio"'ogrn:fF(xl ..... Yiyerrs mn)

By Proposition 7.18, we have F(z1,...,x;, ..., x,) ~ F(x1,...,9;,...,x,). Thus, ~ is a con-
gruence on (X, F'). Now, for any =,y € X we have

Bi([a]~, [y]~) = F((n = 1) - [a]~, [y)-) = [F((n = 1) - 2,9)]« = [B(z,y)]~ = B([a]~, [y]~),

which shows that B = B. Also, since ~ is a semilattice congruence for B, we have that Bis
commutative. Thus, B is commutative, and the result follows from Proposition 7.16. ]

Now, since ~ is a congruence for F', this operation restricts to each equivalence class. We
now analyze the properties of this restriction.

Proposition 7.20 (see [35]). Let (X, F') be a commutative n-ary band and let ~ be the smallest
semilattice congruence on (X, B). For any v € X, ([x]~, F|n ) is the n-ary extension of an
Abelian group whose exponent divides n — 1.

Proof. Letx € X. Itis easy to see that ([z]., F'|jz» ) is a commutative n-ary band. Its associated
binary band operation is given by B, (y,2) = Flup((n — 1) - y,2) = Br(y, 2), for every
Y,z € [x].. Itis thus the restriction of Br to [x]2. Since this restriction defines a right zero
semigroup operation, we have that ([z]., Bry,,, ) is a right zero semigroup. The result then
follows from Proposition 7.17. ]

Recall that the strong semilattice decomposition of (X, B) defines a family of right zero
semigroup homomorphisms (@[5 ). %]~ <5 [y]~) defined by @)y = Cylf].. In the next
proposition we study the compatibility of these maps with respect to the structure induced by F’
on the classes [z]. and [y]...

Proposition 7.21 (see [35]). For every x,y € X such that [x]. <z [y|~, the map @3 . is a
homomorphism from ([x], F|jz)n.) to ([y]~, F |y )-

Proof. This follows from Proposition 7.10 and from the definition of the map o, _ (.. ]
We can now state and prove a characterization of the class of commutative n-ary bands.

Theorem 7.22 (see [35]). If (X, F') is a commutative n-ary band, then it is a strong n-ary semi-
lattice of n-ary extensions of Abelian groups whose exponents divide n — 1. Conversely, any
strong n-ary semilattice of n-ary extensions of Abelian groups whose exponents divide n — 1 is a
commutative n-ary band.

Proof. The first part of the theorem follows from the previous results. More precisely, if (X, F') is
a symmetric n-ary band, then we can associate with it a right normal band (X, B) by Proposition
7.12. The semilattice decomposition of this band, associated with the semilattice congruence ~
defined by (7.1) yields a semilattice Y = X/ ~ and a partition X = U,cy X,. Moreover, ~ is an
n-ary semilattice congruence for F' and the n-ary groupoids (X, F'|x») are n-ary subsemigroups
by Proposition 7.19. Also, by Proposition 7.21, the homomorphism from the class [z]. to the
class [y|~ (with [z]. =<z [y].) is defined by @ . = ¢y|@)... Conditions (a) and (b) of

~y
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Definition 7.6 follow from Proposition 7.2. Moreover, for any o € Y we have that (X,, F'|x»)
is the n-ary extension of an Abelian group whose exponent divides n — 1 by Proposition 7.20.
Finally, condition (c) of Definition 7.6 follows from Corollary 7.11 and Proposition 7.19.

Let us show the converse statement. So, suppose that (X, F)) = (Y, Y™ 1), (Xq, Fu), Yas)
is a strong n-ary semilattice of n-ary extensions of Abelian groups whose exponents divide n —
1. The associativity of F' follows from Proposition 7.7. The idempotency of F' follows from
condition (a) of Definition 7.6 and from the idempotency of the n-ary operations F,. Finally,
the symmetry of F' follows from condition (c¢) of Definition 7.6 and the symmetry of the n-ary
operations F,. L

In view of this result, in order to build commutative n-ary bands, we have to consider Abelian
groups whose exponents divide n — 1, and build homomorphisms between the n-ary extensions
of such groups. These homomorphisms are described in the next result.

Proposition 7.23 (see [35]). Let (Y,G1) and (Z,Gs) be two Abelian groups whose exponents
divide n — 1 and let (Y, Fy) and (Z, F,) be the n-ary extensions of (Y, G1) and (Z,G>), respec-
tively. For any group homomorphism 1) : Y — Z and any g5 € Z, the map h :' Y — Z defined
by
h(l‘) - G2(927¢<x>>7 YIS Y’
is a homomorphism of n-ary semigroups.
Conversely, every homomorphism from (Y, Fy) to (Z, F») is obtained in this way.

Proof. Letxy,...,z, € Y. Since v is a group homomorphism we have

h(Fi(z1,...,2,)) = Ga(g2, V(Fi(x1, ..., 2,)))
= Ga(g2, (GT (w1, wn))) = Galga, G5 (W(21), -, ()

Moreover, using the definition of h and the commutativity of (G5, we have

Fy(h(x1), ..., h(zn)) = Gy Y (h(z1), ..., h(xn)) = G5 Hn - go,0(x1), ..., ().

Thus, the first part of the result follows from the fact that the exponent of (Z, G5) divides n — 1.
For the second part, we consider a homomorphism % of n-ary semigroups from (Y, Fi) to
(Z, F,) and we denote by e; and ey the neutral elements of (Y, G,) and (Z, G2), respectively.
Also, we denote by i; the inverse of h(e;) with respect to Go. Then the map ¢: Y — Z defined
by
b(x) = Galin, h(x)),  x €Y,

is a group homomorphism from (Y, G;) to (Z, G2). Indeed, for any xz,y € Y we have

Y(Gi(z,y)) = Galir, M(Gi(2,y)))
= Ga(i1, h(GT ™ (2,y, (n = 2) - 1)) = Galir, h(Fi(2,y, (n —2) - e1))).
Since h is a homomorphism, the latter expression equals
Ga(in, Fa(h(x), h(y), (n —2) - h(er))) = Galir, G5~ (h(2), h(y), (n — 2) - h(er))).

Since the exponent of (Z, G) divides n — 1 we have G5 ?((n — 2) - h(e1)) = 4, and this shows
that ¢ is a group homomorphism. [
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Figure 7.1: Hasse diagram of (X/~, <)

Using Theorem 7.22 we can now easily see that the ternary operation F': X® — X defined
in Example 7.8 is a commutative ternary band operation. Indeed, F' is clearly idempotent and
symmetric. Now, let us show that [ is associative. It is not difficult to see that the binary relation
~ on X defined by

r~y & Uy =4, x,y € X,

is a ternary semilattice congruence on the ternary groupoid (X, F'). The Hasse diagram of
(X/~, =<p) is depicted in Figure 7.1. More precisely, we have [1]. = {1}, [2]. = {2}, and
3]~ = {3,4}. Also, ([3]~, F|j33) is isomorphic to the ternary extension of (Zy,+). More-
over, for any [z].,[y]~ € X/~ such that [z]. =<z [y|~, the maps (| : [z]. — [y]. are
clearly homomorphisms. Also, for any x € X we have {,|j;, = ix|j.. Furthermore, for any
(z,9,2) € X3\ A% we have

Fla,y,2) = Flgga (fs(2), €(y), £5(2)).

Thus, (X, F') is a strong ternary semilattice of ternary extensions of Abelian groups whose expo-
nents divide 2. Hence, (X, F') is a commutative ternary band by Theorem 7.22.

7.4 Reducibility of commutative n-ary bands

In this section, we use the structure theorem that we developed in the previous section in order
to analyze the reducibility problem for commutative n-ary bands. More precisely, we provide
necessary and sufficient conditions under which a commutative n-ary band (X, F) is reducible to
a binary semigroup (X, G).

We recall that we associated with any commutative n-ary band (X, F') a binary band (X, B),
a congruence ~ and a triple (Y, Y"™1), (X4, Fi), @a.5)-

Proposition 7.24 (see [35]). Let F': X" — X be an associative, idempotent, and symmetric op-
eration. If I is reducible to an associative operation G : X* — X, then the following conditions
hold.

(i) G is surjective and symmetric.
(ii) For any x € X, the map (., is an endomorphism for G.
(iii) For any x,y € X, we have Lg () = L, 0 Ly = Bz

(iv) The congruence ~ associated with F' is a congruence for GG. Moreover, the associated
operation G on X/~ is equal to the quotient operation B.
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Proof. Condition (i) follows from Fact 5.34 and Lemma 5.35. Let us show condition (7). For
any x,y, z € X we have

f:v(G(:% Z)) = F((TL - 1) *z, G(ya Z)) = Gn_l((n - 1) *z, G(y7 Z))
= GG H(n—1)-2,y),2) = G(l:(y). 2).
The result then follows from the symmetry of GG and Proposition 7.10.

Now, let z, y, z € X and let us show condition (zi7). Using the associativity and the symmetry
of G we have

(oo () = Fl(n — 1) - Gla,y), 2) = G*N(n — 1) - Gla, ), 2)
=G (1), G (0 - 1) 4,2)) = L6, (2).

The result then follows from Proposition 7.12 and from the definition of 5.

Finally, from (ii¢) and Proposition 7.18, we obtain G(x,y) ~ B(z,y) for every =,y € X.
Since ~ is a congruence for B, it is also a congruence for G. The quotient operation can be easily
computed :

G(lelw lyln) = (Gl y) = [B(x,y)l = B(lzl,[y)n),  zyeX,
and the proof is complete. ]

It follows from Proposition 7.24 that if F is reducible to 7, then G induces an operation G|,z
on every class [z]. of X. This operation is a reduction of F'|j;j». It is therefore natural to study
the properties of this reduction.

Proposition 7.25 (see [35]). If (X, F) is the n-ary extension of an Abelian group (X, G1) whose
exponent divides n— 1, then every binary reduction G, of F' is a group operation that is conjugate

to G1. In particular, the binary reductions of F' are obtained applying (5.1) with any element e of
X.

Proof. This follows from Propositions 5.5 and 5.16. U

We are now able to analyze the reducibility of commutative n-ary bands.

Theorem 7.26 (see [35]). Let (X, F) = ((Y,Y" ™), (X4, Fa), pas) be a commutative n-ary
band. Then F' is reducible to a binary associative operation if and only if there exists a map
e: Y — X such that the following conditions hold.

(i) Foreverya €Y, e(a) = e, € X,
(ii) Forevery o, f € Y such that o < 3, we have ¢, 5(e.) = €g.
Moreover, if (X, F) is the n-ary extension of a semigroup (X, G), then
(X, G) = (Y, Y), (Xa, Ga), $a),

where G, is the reduction of F,, with respect to e,,.
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Proof. Assume first that F is reducible to an operation G': X2 — X. By Proposition 7.24, we
have that (X, G) = ((Y,Y), (X4, Ga); ¥a), Where Y = X/ ~, the sets X, are the equivalence
classes of X, and the maps ¢, g are given, for a = [z]. =& = [y]~, by Ya,s = {y|[z). For any
y € X, the map ¢, is an endomorphism of (X, G) by Proposition 7.24. Thus, for any o < S,
the map ¢, 3 is a homomorphism from X, to Xjz. Now, let z,y € X such that [z]. =<5 [y]~.
By Proposition 7.25, the restriction (|2 is a reduction of the restriction F'|[;» , and is therefore
associated with an element e, € [z].. Since e[, is the unit of the group ([z]., G|z ) and
©l2]-,[y] 1S @ group homomorphism, we have ¢ .. (€12)..) = €p).. and conditions (7) and (i)
are satisfied.

Conversely, assume that (¢) and (i7) are satisfied. For every o € Y, denote by GG, the reduc-
tion of Fy, associated with e,,. If & < /3, then ¢, 5 is a homomorphism from (X, F,) to (Xg, Fp).
By Proposition 7.23 and condition (i), ¢, s is a group homomorphism. Conditions (a) and (b) of
Definition 7.1 are then satisfied, and it follows that ((Y, Y), (X4, Ga), ¥a ) defines a semigroup
(X, G) by condition (c) of the same definition. Finally, it remains to show that (X, F') is the n-ary
extension of (X, G). We first observe that, when o, a;, s € Y are such that oy Y ay < a, we
have

Ga(gpaha(xl)agpag,a(xZ)) = §0a1Ya2,a(G(x17$2))- (74‘)

This relation is obtained by decomposing @o; o(%:) a8 Y, vas.a(Pas.arvas (X)) in the left-hand
side, for i € {1,2}, using that ©,, v, « 1S @ homomorphism, and finally using the definition of G.
Then, if z; € X, forevery i € {1,...,n}, setting &« = o1 Y - -+ Y «,, we have by definition

F(xi,...,20) = Folar,a(T1), -, Qana(Tn)).

Since F, is the n-ary extension of GG, we also have

F(I’l,...7l'n) - Gg_l(@al,a(xl)a"’790(1717&('1:71))'

Then using (7.4) a straightforward induction shows that we have

F(:El7 L ,I’n) - Gg_i(¢a1Y'~~Yai,a(Gi_l(xla e 71"7:))’ gpai.;_l,a(xi-f—l)y ceey @ama(xn)),
forevery i € {1,...,n}. Considering i = n leads to the desired result. U

Using Theorem 7.26 we can now easily see that the commutative ternary band (X, F') defined
in Example 7.8 is not reducible to a semigroup. Indeed, we have

(XaF) = ((Y> Yn_1)7(Xa7Fa)7gpaﬁ) = ((X/N7F)7([x]NvF’[x]ﬁ)véy“w%)a

by Theorem 7.22. Now, let e1,e5: X/~ — X be the maps defined by e;([1].) = ex([1]~) = 1,
e1(2]~) = ea([2]~) = 2, e1([3]~) = 3, and e2([3]~) = 4. Then we have (3(1) = 4 = ey([3]~)
and /5(2) = 3 = e;([3]~). Hence, (X, F) is not reducible to a semigroup by Theorem 7.26.
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Conclusion

In this thesis, we provided characterizations and descriptions of various classes of idempotent
n-ary semigroups. When the underlying set is finite, we also enumerated several of these classes.
This study was conducted in two parts.

In Part I we essentially showed unexpected links between semigroup theory and social choice
theory. More precisely, in Chapter 1 we carried out an in-depth mathematical study of single-
peakedness and other related properties. In particular, we provided algebraic characterizations
of these concepts. By doing so, we sometimes encountered difficulties to generalize those char-
acterizations on finite sets to arbitrary sets. For instance, finding a very simple necessary and
sufficient condition that ensures the existence of a total order on X for which a given weak or-
der is single-plateaued (see Proposition 1.15) was a challenging problem. Then in Chapter 2 we
provided alternative characterizations of the class of rectangular semigroups. In particular, when
the underlying set is finite, we provided a necessary condition on a groupoid to be a rectangular
semigroup in terms of preimage sequences (see Corollary 2.9). The main difficulty remaining in
this chapter is to find necessary and sufficient conditions on a groupoid to be a rectangular semi-
group in terms of preimage sequences (see Corollary 3.5 for semigroups). Finally, in Chapters
3 and 4 we characterized several classes of totally ordered idempotent semigroups in terms of
the concepts established in the previous chapters. It turns out that single-peakedness is the key
property that characterizes the preservation of a total order by a quasitrivial semigroup operation
(see Proposition 4.21 and Corollary 4.31). Although we developed many algebraic tools through-
out this first part, characterizations of the classes of weakly ordered bands and partially ordered
bands still elude us. In view of these results, several questions emerge naturally and we list some
of them below.

e Finding extensions of single-peakedness and other related properties to reference orders
that are weak orders or partial orders constitutes a first approach to the characterizations of
the classes of weakly ordered bands and partially ordered bands.

e The number of anticommutative bands and totally ordered commutative bands on X, was
provided in Propositions 2.11 and 3.36. In particular, we showed that the number of totally
ordered commutative bands on X, is exactly the nth Catalan number. Now, finding the
numbers of bands and commutative bands on X,, remains challenging problems.

e We provided an in-depth study of the class of quasitrivial semigroups by classifying its ele-
ments into subclasses (for instance, by considering conjugacy classes). Such a classification
for the classes of bands and commutative bands would be welcome.

In Part II we provided constructive descriptions of relevant classes of idempotent n-ary semi-
groups. More precisely, in Chapter 5 we showed that every quasitrivial n-ary semigroup is re-
ducible to a semigroup and provided necessary and sufficient conditions for the reduction to be
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quasitrivial and unique. As a byproduct we were able to provide a constructive description of
the class of quasitrivial n-ary semigroup based on binary reductions. In particular, we introduced
the class of operations A?(X) \ Q?(X) (see p. 92) and provided a very simple characterization
of this class (see Proposition 5.17). It still remains to classify its elements into subclasses as
previously done with the class of quasitrivial semigroups. Building on these results, in Chapter 6
we introduced and characterized hierarchical classes of idempotent n-ary semigroups that satisfy
quasitriviality on certain subsets of the domain. In particular, we showed that each of these n-ary
semigroups is reducible to a semigroup that is built from a quasitrivial semigroup and an Abelian
group whose exponent divides n — 1. It seems a challenging problem to provide characterizations
of the latter class of semigroups and to classify its elements into subclasses. Finally, in Chapter
7 we provided a description of the class of symmetric idempotent n-ary semigroups based on the
concepts of strong semilattices of right zero semigroups and Abelian groups whose exponents
divide n — 1. As symmetric idempotent n-ary semigroups are in general not reducible to semi-
groups, we also provided necessary and sufficient conditions that ensure the reducibility of any
symmetric idempotent n-ary semigroup to a semigroup. Although we developed many algebraic
tools throughout this second part, the characterization of the class of idempotent n-ary semi-
groups is still missing and seems to be a difficult problem. We list below several open questions
and topics of current research.

e A study of the concept of semilattice congruence as defined in [58] (see Remark 7.3) on
any idempotent n-ary semigroup would be compelling. In that case, the quotient n-ary
semigroup is a symmetric idempotent n-ary semigroup.

e Finding an extension of the concept of rectangular semigroup to n-ary semigroups by re-
quiring for instance the associative n-ary operation [': X" — X to satisfy

F((n—=1)-2,F(y,(n—1)-2)) = z, z,y € X.

It is not difficult to see that any such operation is idempotent. Moreover, in contrast to
the binary case, n-ary semigroups satisfying the above equation are not exactly diagonal
algebras [85] (see p. 33 for the binary case).

e Recall that an n-ary semigroup (X, F') is said to be cancellative if F' is one-to-one in each
variable; that is, for every k € {1,...,n} and every (z1,...,xz,), (2},...,2)) € X",

(; =a;Vie{l,...,n}\{k}and F(zy,...,2,) = F(a},...,2))) =z = ).

Cancellative n-ary semigroups have been studied by many authors (see, e.g., [23,37,38,40,
41,68,69,101]). For instance, whenever n > 3 is odd, the operation /': R” — R defined
by

n
F(zy,...,z,) = Z(—l)lxi, T1,...,%, €R,
i=1
is associative, idempotent, and cancellative [101]. Finding a characterization of the class of
idempotent cancellative n-ary semigroups constitutes a step towards the characterization of
the class of idempotent n-ary semigroups.

e Finding the number of idempotent n-ary semigroups on X, for any integer £ > 1 consti-
tutes a challenging problem.
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