CHARACTERIZATIONS OF QUASITRIVIAL SYMMETRIC
NONDECREASING ASSOCIATIVE OPERATIONS
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ABSTRACT. In this paper we are interested in the class of n-ary operations
on an arbitrary chain that are quasitrivial, symmetric, nondecreasing, and
associative. We first provide a description of these operations. We then prove
that associativity can be replaced with bisymmetry in the definition of this
class. Finally we investigate the special situation where the chain is finite.

1. INTRODUCTION

Let X be a nonempty set and let n > 2 be an integer. The n-ary operations
F: X" - X satisfying the associativity property (see Definition 2.1 below) have
been extensively investigated since the pioneering work by Dérnte [9] and Post [15].
In the algebraic language, when F' is such an operation, the pair (X, F) is called
an n-ary semigroup. For a background on this topic see, e.g., [10,11,16] and the
references therein.

In this paper we investigate the class of n-ary operations F: X™ — X on a chain
(i.e., total order) X that are quasitrivial, symmetric, nondecreasing, and associative
(quasitriviality means that F always outputs one of its input values). After present-
ing some definitions and preliminary results in Section 2, we provide in Section 3 a
characterization of these operations and show that they are derived from associa-
tive binary operations (Theorems 3.2, 3.13, and Corollary 3.4). We also discuss the
special situation where these operations have neutral elements (Proposition 3.14),
in which case they are derived from the so-called idempotent uninorms (Corol-
lary 3.17). In Section 4 we investigate certain bisymmetric n-ary operations and
derive a few equivalences among properties involving associativity and bisymme-
try. For instance we show that if an n-ary operation is quasitrivial and symmetric,
then it is associative iff it is bisymmetric (Corollary 4.9). This observation en-
ables us to replace associativity with bisymmetry in some of our characterization
results. Finally, in Section 5 we particularize our results to the special case where
the operations are defined on finite chains (Corollary 5.1 and Theorem 5.2).

We use the following notation throughout. A chain (X, <) will simply be denoted
X if no confusion may arise. For any chain X and any x,y € X we use the symbols
x Ay and z vy to represent min{x,y} and max{z,y}, respectively. On any chain
we consider the ternary median operation

(1) median(z,y,z) = (xAy)Vv(yaz)v(zAz).
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For any integer k >0, we set [k] = {1,...,k}. Finally, for any integer k > 0 and any
xeX, weset k-x=x,... o (ktimes). For instance, we have F(3-2,2-y,0+2) =
F(z,z,2,y,y).

2. PRELIMINARIES

In this section we introduce some basic definitions and present some preliminary
results. Let X be an arbitrary nonempty set.

Definition 2.1. An operation F: X" — X is said to be
e idempotent if F(n-x) =« for all z € X;

o quasitrivial (or conservative, selective) if F(xq,...,x,) € {z1,...,2,} for
all z1,...,2, € X;
e symmetric if F(x,...,x,) is invariant under any permutation of 1, ..., z,;
o associative if
F(oy, .m0, F(Ti, .o Tisno1), Tisny - T2n-1)
= F(‘T17 ceey Ty F($i+17 ... 7xi+n)7xi+n+17 .. 7*%.277,—1)
for all zq,..., 20,1 € X and all 4 € [n-1];

o bisymmetric if
F(F(r1),...,F(ryn)) = F(F(c1),...,F(cp))
for all n x n matrices [c; - ¢, ] = [r1 - 1, ]T € X7,
Assuming that (X, <) is a chain, an operation F: X" — X is said to be
e nondecreasing (w.r.t. <) if F(x1,...,2,) < F(2,...,2}) whenever z; < x}
for all i € [n].
Definition 2.2. Let F: X™ — X be an operation.
e An element e € X is said to be a neutral element of F' if
F((i-1)-e,z,(n-1i)-€e) = x
for all z € X and all i € [n]. A neutral element need not be unique when
n>3 (e.g., F(x1,x2,23) =21 + 22 + 23 (mod 2) on X =7Zy).
e The points x and y of X" are said to be connected for F if F(x) = F(y).

The point x of X" is said to be isolated for F if it is not connected to
another point in X".

Lemma 2.3. Let F: X™ - X be an idempotent operation. If x = (x1,...,2,) € X"

is isolated for F, then necessarily x1 = - = x,.
Proof. Let x = (x1,...,2,) be isolated for F. From the identity F(x) = F(n-F(x))
we immediately derive x = (n« F(x)), that is, x1 = = 2, = F|(x). O

Remark 1. We observe that any quasitrivial operation F: X™ — X has at most one
isolated point. Indeed, such an operation F' is necessarily idempotent and hence
the result follows from Lemma 2.3 and the fact that we have

F((n-1)-z,y) € {z,y} = {F(n-z),F(n-y)}
for any x,y € X.

Lemma 2.4. Let F: X" — X be a quasitrivial operation and let e € X. If (n-e) is
isolated for I, then e is a neutral element. The converse holds if n = 2.



Proof. We proceed by contradiction. If e is not a neutral element, then there exist
i€[n] and ue X \ {e} such that
F((i-1)-e,u,(n-14)-e) = e = F(n-e).

It follows that (n-e) is not isolated for F', which is a contradiction. The case n =2
was proved in [5]. O

Ezample 1. The following example shows that the converse of Lemma 2.4 does not
hold when n > 3. Let X = {a,b,e} and let F: X3 — X be defined as

a, if there are more a’s than b’s among z,y, 2,
F(x,y,z) = {b, if there are more b’s than a’s among z,, z,
e, otherwise.
It is easy to see that this operation is quasitrivial and has e as the neutral element.

However, we have F'(e,e,e) = F(a,b,e) and hence the point (e,e,e) is not isolated
for F.

3. ASSOCIATIVE OPERATIONS

In this section we provide a characterization of the n-ary operations on a given
chain that are quasitrivial, symmetric, nondecreasing, and associative, and we show
that these operations are derived from associative binary operations. We also ex-
amine the special case where these operations have neutral elements.

Proposition 3.1. Let X be a chain. If G:X? — X is quasitrivial, symmetric, and
nondecreasing, then it is associative.

Proof. This result was established in the special case where X is the real unit
interval [0,1] in [14, Proposition 2]. The proof therein is purely algebraic and
works for any nonempty chain X. |

Theorem 3.2. Let X be a chain and let F: X" — X (n > 3) be quasitrivial,
symmetric, and nondecreasing. The following assertions are equivalent.

(i) F is associative.
(i1) F((n-1)-z,y) = F(x,(n-1)+y) for all z,y € X.
(iii) There exists a quasitrivial and nondecreasing operation G:X? — X such
that

(2) F(ml,...,xn) = G(/\;Lzlxi,\/?zll‘i), xl,...,anX.

Moreover, the operation G is unique, symmetric, and associative in assertion (iii).
Proof. (iii) = (i). Let x1,...,29,-1 € X and k € [n—1]. We only need to prove
that

F(xly ey Th—1, F(l‘k, ey xk+n—1)7xk+na cee 7x2n—1)

(3) = F(l‘l,-..,xk7F(xk+1,--.7./I/'k+n)7$k+n+17.-.,.%'Qn_l).

Set a = A2 'x; and b = V¥ x;. By quasitriviality of G we have G(a,b) €
{a,b}. Let us assume that G(a,b) = a (the other case can be dealt with du-
ally). We observe that if a € {zy,,...,2¢,} for some pairwise distinct £1,...,¢, €

[2n — 1], then F(z4,,...,2¢,) = a. Indeed, by quasitriviality and nondecreasing
monotonicity of G, we have a = G(a,a) < G(a,Vi-, z¢,) < G(a,b) = a, where
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G(a,Viqxe,) = F(xg,,...,xe,). Now, combining this observation with the fact
that a € {x1,...,22,-1} we immediately see that both sides of Eq. (3) reduce to a.
(i) = (4i). Suppose that (¢) holds and (i) does not hold. Then by quasitriviality
there exist x,y € X with x # y such that
e cither F((n-1)-z,y) =2z and F(x,(n-1)-y) =y,
e or F((n-1)-z,y) =y and F(z,(n-1)-y) = .

The second case cannot hold. Indeed, assuming for instance that x < y, by nonde-
creasing monotonicity we would have x <y = F((n-1)-z,y) < F(z,(n-1)-y) =z,
a contradiction. Thus we must have F((n-1)-z,y) =« and F(z,(n-1)-y) = y.
We then have

F(F(n-xz),(n-1)-y) =y # z = F((n-1)-2,F(z,(n-1)-y)),

which shows that F' is not associative, a contradiction.
(ii) = (iii). Define G: X? - X as G(x,y) = F((n-1)-z,y) = F(z,(n-1) - y).
By definition, G is quasitrivial, symmetric, and nondecreasing. It is also associative
n

by Proposition 3.1. Now, let z1,...,2, € X and let a = A]-; ; and b=V, ;. By
symmetry and nondecreasing monotonicity of F', we have

G(a,b) = F((n-1)+a,b) < F(x1,...,25) < F(a,(n-1):b) = G(a,b),
which proves (2). We then observe that G is necessarily unique. O

Remark 2. (a) Theorem 3.2 also holds for n = 2 but brings no information in
this case. However, Proposition 3.1 shows that associativity follows from
quasitriviality, symmetry, and nondecreasing monotonicity.

(b) Each of the conditions of Theorem 3.2 is necessary as soon as n > 3. Indeed,

e the sum operation F(z1,...,2,) = Yy x; over the reals X = R is
symmetric, nondecreasing, and associative, but not quasitrivial;
e the projection operation F'(x1,...,2,) = x1 over any chain X is qua-

sitrivial, nondecreasing, and associative, but not symmetric;

e the ternary operation F:L3 — Lj, with Lz = {1,2,3}, defined as
F(1,1,1) =1, F(a,y,2) =2, if 2 e {x,y, 2}, F(z,y,2) =3 if 3 e {x,y,2}
and 2 ¢ {x,y,2} is quasitrivial, symmetric, and associative, but it is
not nondecreasing;

e the ternary median operation (1) on any chain is quasitrivial, symmet-
ric, and nondecreasing, but it is not associative.

None of the four operations above is of the form given in (2).

(¢) In the proof of Theorem 3.2 the symmetry condition is used only to prove
that (i7) = (i41). We observe that this condition can then be relaxed into
the following one:

F((i_1)°$’y7(n_i)'x) = F((j—l)-x,y,(n—j)-x), iaje[n]’ x,yeX.

Definition 3.3 (see [1,11]). Let F: X" - X and H: X? —» X be associative opera-
tions. F is said to be derived from (or reducible to) H if F(x1,...,2,) =210 0xy,
for all zy,...,2, € X, where z oy = H(x,y).

Corollary 3.4. Let X be a chain. If F: X™ — X is of the form (2), where G: X% —
X is quasitrivial, symmetric, nondecreasing, and associative, then F' is associative
and derived from G.



Proof. Clearly, F' is quasitrivial, symmetric, and nondecreasing. The fact that it
is also associative follows from Theorem 3.2. To see that F' is derived from G, let
Z1,...,%, € X and set a = Al-; x; and b=V, z;. By quasitriviality of G we have
G(a,b) € {a,b}. Let us assume that G(a,b) = a (the other case can be dealt with
dually). For every i € [n], we have G(a,z;) = a. Indeed, we have a = G(a,a) <
G(a,z;) < G(a,b) = a. Now, writing G(z,y) = x oy, we have x1 00z, = a =
G(a,b) = F(x1,...,x,), which completes the proof. O

Remark 3. The operation H in Definition 3.3 need not be unique. For instance,
if X = {a,b,c}, then the constant ternary operation F:X?® — X defined as F = a
is derived from the associative operation H:X? — X defined as H(c,c) = b and
H(z,y) = a for any (z,y) # (¢,c). However, F is also derived from the constant
operation H' = a. To give a second example, just consider the associative operations
F(x1,22,23) =21 + 22+ 23 (mod 2), H(x1,22) = 21 +x2 (mod 2), and H'(z1,x2) =
21 +x2+1 (mod 2) on X = Zs. It is clear that F is derived from both H and
H'. Interestingly, we also observe that F' is quasitrivial but neither H nor H' is
quasitrivial.

Proposition 3.5. Assume that the operation F: X" — X is associative and de-
rived from associative operations H: X% - X and H': X? - X. If H and H' are
idempotent (resp. have the same neutral element), then H = H'.

Proof. Assume that H and H' are idempotent (the other case can be dealt with
similarly) and let us write H(z,y) = x oy and H'(x,y) = z o y. Then, for any
xz,y € X we have

oy = xgo-roxoy = F((n-1).z,y) = zo--oxoy = x0Y,
(S — S ——
n-1 n-1

which shows that H = H'. O

The following proposition provides a characterization of the class of quasitrivial,
symmetric, associative operations F: X" — X that are derived from quasitrivial and
associative binary operations. This result was previously known and established by
using algebraic arguments (see, e.g., [1, Corollary 4.10] and the references therein).
For the sake of self-containment we provide a very elementary proof.

We first consider a lemma.

Lemma 3.6. Assume that the operation F: X™ — X is symmetric, associative, and
derived from a surjective (i.e., onto) and associative operation H: X% — X. Then
H s symmetric.

Proof. Let us write H(x,y) = zoy for all z,y € X. For any x,y € X there exist
Yly+ -y Yn2 € X and 21,...,2,_2 € X such that

H(z,y) = Toy = xoyj02z; = TOYj 0Ya02y = -
= ZToy 00y, 902,09 = F(x,y1, . ,Yn-2,2n-2)
= F(y1,--,Yn-2,2n-2,2) = = = yox = H(y,xz),
which shows that H is symmetric. (I

Proposition 3.7. An operation F: X" — X is quasitrivial, symmetric, associative,
and derived from a quasitrivial and associative operation H: X? — X iff there exists
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a linear ordering < on X such that F is the mazimum operation on (X, <), i.e.,
(4) F(x1,...,2n) = X1 V< VaTp, T1,...,T, € X.

Proof. (Sufficiency) Trivial.

(Necessity) Since H is quasitrivial, it is idempotent and hence it is also symmetric
by Lemma 3.6. Using quasitriviality and associativity of H, it is then easy to see
that the binary relation < on X defined as

(5) v <y < Hy =y,  2yekX,
is a linear order. Using symmetry, we then have H(xz,y) = xv<y forallxz,ye X. O

Remark 4. The second example given in Remark 3 shows that the quasitriviality
of H is necessary in Proposition 3.7.

For arbitrary chains (X, <) and (X, <), the operations F: X™ - X of the form
(4) need not be nondecreasing w.r.t. <. In the following proposition we characterize
the class of linear orderings < on X for which those operations F' are nondecreasing
w.r.t. <.

Definition 3.8. Let (X, <) and (X, <) be chains. We say that the linear ordering
< is single-peaked w.r.t. < if for any a,b,c € X such that a < b < ¢ we have b < a or
b<ec.

Remark 5. The concept of single-peaked linear ordering was introduced for finite
chains in social choice theory by Black [3,4] (see [2,12] for more recent references).
Here we simply apply the same definition to arbitrary chains. Thus defined, < is
single-peaked w.r.t. < iff, from among three distinct elements of X, the centrist one
(w.r.t. <) is never ranked last by <.

Proposition 3.9. Let (X,<) and (X,<) be chains and let F: X" — X be of the
form (4). Then F is nondecreasing w.r.t. < iff < is single-peaked w.r.t. <.

Proof. (Necessity) We proceed by contradiction. Suppose that there exist a,b,c € X
satisfying a < b < ¢ such that b > a and b > ¢. Then by nondecreasing monotonicity
we clearly have

b = F(a,(n-1):b) < F(a,(n-1)+¢) < F(b,(n-1)-¢) = b
and hence F'(a,(n—-1)-c¢) = b, which contradicts quasitriviality.

(Sufficiency) We proceed by contradiction. Suppose that there exist k € [n] and
(z1,...,2n), (x],...,2}) € X" such that z; < x}, and x; = z} for all ¢ € [n]\ {k} and
F(xy,...,zn) > F(2x],...,2],), that is,

TjV<Tp > TjV<T),
where x; = T1 V< - V< Tp_1 V< Ths1 V< - V< T
We only have two relevant cases to consider.
o If 2y, <x; <z}, then we obtain zj, < x), < x;.
o If 2} <z, <y, then we obtain z; < xj < z},.
We immediately reach a contradiction since < cannot be single-peaked w.r.t. < in
each of these two cases. O

The following two propositions provide characterizations of single-peakedness.
Recall first that, for any chain (X, <), a subset C of X is said to be convex w.r.t.
< if for any a, b, c € X such that a < b < ¢ we have that a,c € C implies b € C.
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Proposition 3.10. Let (X,<) and (X, <) be chains. Then < is single-peaked w.r.t.
< iff for every t € X the set {x € X | x <t} is convexr w.r.t. <.

Proof. (Necessity) We proceed by contradiction. Suppose that there exist a, b, ¢, to €
X satisfying a < b < ¢ such that a,ce {x e X |z <tg} and b¢ {x e X |z <to}. This
means that a <ty <b and ¢ <ty < b, a contradiction.

(Sufficiency) We proceed by contradiction. Suppose that there exist a,b,c € X
satisfying a < b < ¢ such that b > a and b > ¢. Setting ty = a V< ¢, we have
a,ce{xeX |z <ty}. By convexity we also have b € {x € X | z < ty}. Therefore
aV<c<b=zty=aVv<ec, a contradiction. O

Proposition 3.11. Let (X, <) and (X, <) be chains. Then < is single-peaked w.r.1.
< iff for any xg, 1,22 € X such that To < x1 and xg < x2 we have

(6) To<T1<Ty OF To<xT1<Tog = T1<Ta.

Proof. (Necessity) We proceed by contradiction. Suppose that there exist g, 21,z €
X satisfying xo < 21 and g < a2 for which (6) fails to hold, i.e., either (z¢ < 21 < 2
and xg < T2 < x1) or (e < T1 < g and g < T2 < 1), which clearly shows that < is
not single-peaked w.r.t. <.

(Sufficiency) We proceed by contradiction. Suppose that there exist a,b,c € X
satisfying @ < b < ¢ such that b > a and b > ¢. Letting zg = a A< ¢, 1 = b, and
Za = a V< ¢, we obtain either (zg < 21 < 9 and g < x2 < 1) or (z2 < 21 < xy and
Zo < T < x1), which shows that (6) fails to hold, a contradiction. O

Corollary 3.12. Let (X,<) and (X,<) be chains and suppose that (X,<) has a
minimal element xo. Then < is single-peaked w.r.t. < iff (6) holds for all x1,z9 € X.

Proof. (Necessity) The result follows from Proposition 3.11.

(Sufficiency) We proceed by contradiction. Suppose that there exist a,b,c € X
satisfying a < b < ¢ such that b > a and b > ¢. Since xg is the minimal element of
(X, <), we must have xg # b. If 29 < b, then setting x; = b and x2 = ¢, we obtain
To < 1 < X2 and 9 < x1, a contradiction. We arrive at a similar contradiction if
o > b. O

Using Propositions 3.1, 3.7, 3.9, Theorem 3.2, and Corollary 3.4, we easily derive
the following theorem.

Theorem 3.13. Let X be a chain and let F: X" — X be an operation. The
following assertions are equivalent.

(i) F is quasitrivial, symmetric, nondecreasing, and associative (associativity
can be ignored when n =2).
(ii) F is of the form (2), where G:X? — X is quasitrivial, symmetric, and
nondecreasing.
(iii) F is of the form (4) for some single-peaked linear ordering < on X.

If any of these assertions holds, then G is associative and F is derived from G.

We now investigate the particular case where the operations satisfying any of
the assertions of Theorem 3.2 have neutral elements.

Proposition 3.14. Let X be a chain and let e € X. Assume that F: X" — X 1is of
the form (2), where G: X? — X is quasitrivial and symmetric. Then the following
assertions are equivalent.
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(i) e is a neutral element of F.
(ii) e is a neutral element of G.
(iii) The point (e, e) is isolated for G.
(iv) The point (n-e) is isolated for F.

In particular, if F has a neutral element, then it is unique.

Proof. The equivalence (i) <> (ii) is straightforward. The equivalence (ii) <> (iii)
and the the implication (iv) = (i) follow from Lemma 2.4. Let us now prove the
implication (iii) = (iv). Suppose that (e,e) is isolated for G and that (n-e) is not
isolated for F. Then, there exists (z1,...,%,) # (n-e) such that G(e,e) = F(n-¢e) =
F(xy,...,2n) = G(A]L 24, Vieq ), which contradicts the assumption that (e, e) is
isolated for G. g

Remark 6. We observe that if an operation F: X™ — X is of the form (4) for some
linear ordering < on X, then F' has a neutral element e € X iff (X, <) has a minimal
element xy. In this case e = xg.

Ezample 2. Consider the real operation F:[0,1]™ - [0,1] of the form (2), where
G:[0,1]%> - [0,1] is defined as G(z1,22) = 1 V X9, if 1,20 > 0, and G(x1,22) =
0, otherwise. It is easy to see that F' satisfies the conditions of assertion (ii) of
Theorem 3.13 and that G does not have any neutral element. It follows that F'
has no neutral element either by Proposition 3.14. By Proposition 3.7 and (5) we
see that F is of the form (4), where < is the single-peaked linear ordering on [0,1]
defined as
r <y < 0<z<y or y=0, x,y€[0,1].

From this representation it is easy to see that F' can also be expressed as

F(z1,...,20) = F(VE F ), X1,...,2n €[0,1],
where f:]0,1]u {2} - [0,1] is defined as f(y) =y, if y € ]0,1], and f(2) = 0.

Example 3. Consider the real operation F:[0,1]? - [0, 1] defined as F(z,y) = x vy,
ifx+y>1, and F(x,y) = = Ay, otherwise. It is easy to see that F' satisfies the
conditions of assertion (ii) of Theorem 3.13 (with G = F') and that it has the neutral
element e = 3. By Proposition 3.7 and (5) we see that F is of the form (4), where
< is the single-peaked linear ordering on [0, 1] defined as

<y < (y<ax<l-y or l-y<z<y), x,y€[0,1].

Interestingly, we observe that for every x € [0,1], there is no y € [0,1] such that
r<y<l-xorl-x<y<x From this observation we can show that the chain
([0,1],%) cannot be embedded into the real chain (R,<). Indeed, suppose on the
contrary that there exits an injective (i.e., one-to-one) map ¢:([0,1],%) » (R, <)
such that z <y iff g(z) < g(y) for all ,y € [0,1]. For any x € [0,1] \ {1} we have
x # 1 -2 and hence g(z) # g(1 —x). Let I, denote the real open interval having
g(z) and g(1 - x) as endpoints. We can always pick a rational number ¢, in I,.
For any distinct z,y € [0,1] ~ {%} we have I, n I, = @ and hence ¢, # g,. It follows
that the set {q, | € [0,1]\ {$}} is uncountable, a contradiction.

Recall that a uninorm on a chain X is a binary operation U: X2 — X that is
associative, symmetric, nondecreasing, and has a neutral element (see [7,17]). It
is noteworthy that any idempotent uninorm is quasitrivial. This fact can be easily
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verified by following the first few steps of the proof of [6, Theorem 3], which actually
hold on any chain.
The concept of uninorm can be easily extended to n-ary operations as follows.

Definition 3.15 (see [13]). Let X be a chain. An n-ary uninorm is an opera-
tion F: X" — X that is associative, symmetric, nondecreasing, and has a neutral
element.

Lemma 3.16 (see [11]). If F: X™ - X is associative and has a neutral element
e € X, then F is derived from the associative operation H:X? — X defined as
H(x,y)zF(:m(n—?)-e,y).

Corollary 3.17. Let X be a chain. Any idempotent n-ary uninorm F: X" — X
satisfies the assertions of Theorem 8.13. In particular,

F has a unique neutral element e;
F((n-1)-z,y)=F(z,(n-1)-y)=F(z,(n-2)-e,y) for all z,y e X;

the operation G in assertion (ii) is an idempotent uninorm with e as the
neutral element;

the chain (X, <) in assertion (iii) has the minimal element e.

Proof. By Lemma 3.16, F is derived from the associative operation H: X? — X
defined as H(z,y) = zoy = F(x,(n-2) -e,y). By definition, H is associative,
symmetric, nondecreasing, and has a neutral element. We now show that it is also
idempotent. Although this property immediately follows from [13, Lemma 3.5] we
present here an alternative and very simple proof of it. Suppose that H(x,x) = z #
x. If x < z (the case x > z is similar), then by nondecreasing monotonicity of H we
have

r < 2z =xox < zox = xoxox < zoxoxr = xoxoxox < .-
= go-ox = F(x,...,x) = =z,
———
n

a contradiction. Therefore H is an idempotent uninorm and hence it is quasitrivial
(as observed above). It follows that F is quasitrivial and hence satisfies assertion
(i) of Theorem 3.13. Also, we have

F(z,(n-2)-e,y) = woy = xo-oxoy = woyo--oy.
[ —

———
n-1 n-1
The rest of the corollary follows from Proposition 3.14 and Remark 6. O

Corollary 3.18. Let X be a chain and let F: X™ - X be an operation. Then F
is an n-ary idempotent uninorm iff there exists an idempotent uninorm U: X? - X
such that

F(xy,...,2n) = UAL i, Ve, Ti), T1,..., Ty € X.

Remark 7. The results presented in this section strongly rely on the symmetry of
the operations F: X™ — X. The generalization of these results to the nonsymmetric
case is a topic of ongoing research. On this issue, partial results can be found, e.g.,
in [13, Lemma 3.15].
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4. BISYMMETRIC OPERATIONS

In this section we investigate bisymmetric n-ary operations and derive a few
equivalences involving associativity and bisymmetry. For instance we show that if
an m-ary operation has a neutral element, then it is bisymmetric iff it is associative
and symmetric. Also, if an n-ary operation is quasitrivial and symmetric, then it
is associative iff it is bisymmetric. In particular this latter observation enables us
to replace associativity with bisymmetry in Theorems 3.2, 3.13, and Corollary 3.4.

Lemma 4.1 (see [5]). Let F: X% - X be an operation. Then the following asser-
tions hold.

(a) If F is bisymmetric and has a neutral element, then it is associative and
symmetric.

(b) If F is associative and symmetric, then it is bisymmetric.

(¢) If F is bisymmetric and quasitrivial, then it is associative.

Definition 4.2. We say that a function F: X" — X is ultrabisymmetric if
F(F(r1),...,F(rn)) = F(F(r}),...,F(r}))

T

for all n x n matrices [ry - r,]7, [t} - v/ ]T € X" where [r] - r},]7 is obtained

from [r; - r,]7 by exchanging two entries only.

Proposition 4.3. 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 ultrabisymmetry repeatedly to exchange the (4, 7)- and (7, %)-entries for
all i,7 € [n]).

Now suppose that F: X" — X is symmetric and bisymmetric. Then we have

F(F(ry),...,F(rn)) = F(F(r}),...,F(ry,))

for all matrices [ry -~ r,]7,[r] - r/,]7 € X" where [r] - r/,]T is obtained from
[r; - 1, ]T 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,7)- and (k,l)-entries can be performed through the fol-
lowing three steps: exchange the (i,7)- and (i,l)-entries in row i, exchange the

(i,1)- and (k,l)-entries in column [, and exchange the (i,7)- and (%,!)-entries in

row 1. (]

Remark 8. (a) The symmetry property is necessary in Proposition 4.3. In-
deed, for any k € [n], the kth projection operation F: X™ — X defined as
F(x1,...,2,) = x is bisymmetric but not ultrabisymmetric.

(b) An ultrabisymmetric operation need not be symmetric. For instance, con-
sider the operation F: X2 — X, where X = {a,b,c}, defined by F(a,c) = a
and F(x,y) = b for every (z,y) # (a,c). Clearly, this operation is not sym-
metric. However, it is ultrabisymmetric since F(F(x,y),F(u,v)) = b for
all z,y,u,veX.

Lemma 4.4. If F: X" — X is surjective (i.e., onto) and ultrabisymmetric, then it
18 symmetric.
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Proof. Let x1,...,2, € X. Then there exists a matrix [r; - r,,]7 € X™" such that
x; = F(r;) for i =1,...,n. By ultrabisymmetry,
F(z1,...,2,) = F(F(r1),...,F(ry))
is symmetric in x1,...,2y. [l

Remark 9. We observe that if F: X" — X is idempotent or quasitrivial or has a
neutral element, then it is surjective.

Lemma 4.5. If F: X" - X is quasitrivial, then for any z,y € X, there exists
k € [n] such that

F((k-1)+z,(n-k+1)-y) =y and F(k-z,(n-k)-y) = z.

Proof. We proceed by contradiction. Suppose that there exist x,y € X, with z # v,
such that for every k € [n] we have

(7) F((k-1)-z,(n-k+1)-y) = x or F(k-z,(n-k)-y) = y.
Using the fact that F'(n-y) =y we see that only the second condition of (7) holds.
When k =n this gives F(n-x) =y, a contradiction. O

Proposition 4.6. If F: X" - X is quasitrivial and ultrabisymmetric, then it is
associative and symmetric.

Proof. Symmetry immediately follows from Lemma 4.4 and Remark 9. Let us prove
that associativity holds. Let x1,...,29,-1 € X and let ¢ € [n — 1]. By Lemma 4.5
there exists k € [n] such that

F((k-1)ex;,(n-k+1) xien) = xisn and F(k-x;,(n—k) zin) = ;.
We then have

F(xy,..., i, F (@i, Tiin-1)s Tigny - - - T2n—1)
= F(oy, ..z, F(@iy o @ign1), F((B=1), (n=Kk+1)"Ti1n), Tisvns1, - T2n-1)
Replacing x; with Fi(n-x;) for all j € [2n - 1]\ {4,...,i+n} and then applying
ultrabisymmetry repeatedly to exchange the (n — 1)-tuples
(Tis1,-- > Tign-1) and  ((k=1)-z5, (n—k) - Titn),

we see that the latter expression becomes

F(xla"'7xi—17F(k'mia(n_k)'xi+n)aF(Ii+1a-"7Ii+n)7xi+n+1a"'7x2n—l)
= F(zla"'7xiaF(xi+1a"'7xi+n)7xi+n+1a"'7x2n—1)~

This shows that F' is associative. O

Remark 10. (a) Ultrabisymmetry cannot be relaxed into bisymmetry in Propo-
sition 4.6. For instance, the kth projection operation F'(x1,...,2,) =z} is
quasitrivial, bisymmetric, and associative, but it is not symmetric.

(b) It is an open question whether a quasitrivial and bisymmetric operation is
associative (this is true for binary operations by Lemma 4.1(c)).

Proposition 4.7. If F: X" — X s associative and symmetric, then it is ultra-
bisymmetric.
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Proof. Let [ty - 1,7, [r] - v/ ]T € X" where [r] - r/,]T is obtained from

[ry - r,]T by exchanging the (i,7)- and (k,1)-entries for some i, j,k,1 € [n]. We
only need to prove that
F(F(ry),...,F(r,)) = F(F(r}),...,F(r))).

Permuting the rows of [ry --- r,,]7 if necessary (this is allowed by symmetry), we may
assume that k =i+ 1. Denote by z; ; (resp. zx,) the (4, j)-entry (resp. (k,!)-entry)
of [ry - r,]7.

Using associativity and symmetry, we see that there exist p,q € {1,...,n}, with
p#j and ¢ # [, such that

F(F(r1),...,F(ry,))

F(F(r1),...,F(ric1),F(zip,...,xi;), F(Tr1, -, Thg) F(Trs1), ..., F(ry))
F(F(r1),...,F(ric1),®ip, F (... @i, F(Zht, - o Thg)), F(Thser), ..., F(ry))
= F(F(r1),...,F(ric1),zip, F (..., F(Zi s Thty - - )5 Thog)s F(Ths1)s - - F(ry)).

This shows that F' is ultrabisymmetric since the latter expression is symmetric in
x5 and Ty . O

Corollary 4.8. If F: X" - X is quasitrivial, then it is associative and symmetric
iff it is ultrabisymmetric.

Proof. The statement immediately follows from Propositions 4.6 and 4.7. O

Remark 11. If F: X" - X is ultrabisymmetric but not quasitrivial, then it need
not be associative (e.g., F(x,y,2) = 2x + 2y + 2z when X =R).

Corollary 4.9. If F: X" - X is quasitrivial and symmetric, then it is associative
iff it is bisymmetric.

Proof. The statement immediately follows from Propositions 4.3, 4.6, and 4.7. [

From Corollary 4.9 we immediately derive the following theorem, which is an
important but surprising result.

Theorem 4.10. In Theorems 3.2, 8.13, and Corollary 3.4 we can replace associa-
tivity with bisymmetry.

We end this section by investigating bisymmetric operations that have neutral
elements.

Proposition 4.11. If F: X" —» X s 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 x1,..., 2, €
X, let 4,5 € [n], and let [c1 - ¢, ] = [ry - 1, ]T € X™" be defined as

((j-1)-e,mi,(n—-j)-€), ifk=i
b= { (G- eesay (n-i)-e), itk
((k-1)-e,zx,(n—k)-e), otherwise.
By bisymmetry we have
F(F(r1),...,F(rn)) = F(F(c1),...,F(cy))

F(zy,...,2%5,..., %, ..., Tpn).

F(zy,. ...,z ., 25,...,Z5)
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This shows that F' is symmetric.

Let us now show that F' is associative by using ultrabisymmetry (which follows
from bisymmetry and symmetry by Proposition 4.3). Let x1,...,29,-1 € X, let
ie[n-1]and let [ry - r,]T, [r] - v/ ]T € X™" be defined as

(zg, (n-1)-e), if k<i
re = (@, Tizn-1), ifk=14
(Zgan-1,(n—-1)-e), ifk>1

and
(xg,(n-1)-e), ifk<i+1
r, = 3(@is1se ey Tisn), ifk=i+1
(Zgsn-1,(n-1)-e), fk>i+1.

Using ultrabisymmetry, we then have

F(xy, .20, F(Ti, - Tisno1), Tisny - Tano1) = F(F(r1),..., F(ry))
= F(F(I'i),,F(I‘{n)) = F(zla”'7'1:1"F(zi+17'-'7xi+n)7$i+n+la~"7'1:2n—1)-

This shows that F is associative. O

Corollary 4.12. Assume that F: X™ — X has a neutral element. Then the follow-
ing assertions are equivalent.
(i) F is bisymmetric.
(ii) F is associative and symmetric.
(iii) F' is ultrabisymmetric.

Proof. We have (i) = (ii) by Proposition 4.11. We have (ii) = (iii) by Proposi-
tion 4.7. Finally we have (iii) = (i) by Proposition 4.3. O

Remark 12. 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) =  + 2y + 3z when
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).

5. OPERATIONS ON FINITE CHAINS

We now consider the special case when X is a finite chain. Without loss of
generality we will only consider the k-element chains Ly = {1,...,k}, k> 1, endowed
with the usual ordering relation <. It is known (see, e.g., [2]) that there are exactly
2F=1 linear orderings < on Ly that are single-peaked w.r.t. <.

Corollary 5.1. Let F:Lj — Lj be an operation. The following assertions are
equivalent.

(i) F is quasitrivial, symmetric, nondecreasing, and associative (associativity
can be ignored when n =2).
(ii) F is an idempotent n-ary uninorm.
(ili) There ezists a linear ordering < on Ly, that is single-peaked w.r.t. < such
that

(8) F(xy,...,2p) = 1 Ve VaIyp, T1,..., Ty € L.

If any of these assertions is satisfied, then F has the neutral element a1, where ay
is the minimal element of (L,,<). Also, there are evactly 2871 such operations.
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Proof. (i) = (iil) This implication follows from Theorem 3.13.

(iii) = (ii) This is immediate since the minimal element of (L,,, <) is the neutral
element of F.

(ii) = (i) This implication follows from Corollary 3.17. O

Remark 13. By Corollary 4.9 (resp. Corollary 4.8) we can replace associativity with
bisymmetry (resp. associativity and symmetry with ultrabisymmetry) in Corol-
lary 5.1.

It is easy to see that any single-peaked linear ordering a; < --- < ay on Ly can be
constructed as follows.
1. Choose aq € Ly.
2. For i =2,...,k, choose for a; a closest element to the set C;_1 in L \ C;_1,
where C; = {aq,...,a;}.
From this observation we can now provide a graphical characterization of the idem-
potent n-ary uninorms F: L} - L;, in terms of their contour plots.

Theorem 5.2. The following algorithm outputs the contour plot of an arbitrary
idempotent n-ary uninorm F: Ly — L.

Step 1. Choose the neutral element ay € Ly and set Cy = {a1}. The point (n-ay) is
necessarily isolated for F with value ay
Step 2. Fori=2,...,k
1. Pick a closest element a; to C;_1 in Ly ~ Cij_1
2. Set C’z = {a,} U Ci—l
3. Connect all the points in CI* \ C}* | with common value a;

The operation thus constructed by this algorithm is then defined as (8), where a; <
- < ag 18 a single-peaked linear ordering on Ly, that is,

ay, ifaye{ry,...,xn} and as,...,ar ¢ {x1,..., 2.},
Far,... 2n) = as, .z'fage{xl,...,xn} and ag,...,ax ¢ {x1,..., 20},
ag, if age{x1,...,zn}.

Figure 1 gives two possible idempotent binary uninorms on L4 (connected points
are joined by edges or paths).

Remark 14. We remark that the binary versions of Corollary 5.1 and Theorem 5.2
were established in [5] by means of elementary proofs without using Proposition 3.7.

FI1GURE 1. Two possible idempotent binary uninorms on Ly
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We end this section by the following alternative description of the class of idem-
potent n-ary uninorms.

Theorem 5.3. An operation F: L — Ly, with a neutral element e is an idempotent
uninorm iff there exists a nonincreasing map g:{1,...,e} - {e,...,k} (nonincreas-
ing means that g(x) > g(y) whenever x <y), with g(e) = e, such that

Nici iy if Vi 2 <G(AL @) and N2y z; <g(1),
Vi, i, otherwise,

F(xzy,...,z,) =

where g: Ly, — Ly, is defined by

9(x), ifr<e,
g(z) = {max{ze{l,....e}|g(z) 2z}, ife<xz<g(l),
Proof. This result was established when n = 2 in [8, Theorem 3]. The general n-ary
version then follows from Theorem 3.13. O
ACKNOWLEDGMENTS

The authors would like to thank Bruno Teheux for fruitful discussions and valu-
able remarks. This research is supported by the internal research project R-AGR-
0500 of the University of Luxembourg.

REFERENCES

[1] N. L. Ackerman. A characterization of quasitrivial n-semigroups. To appear in Algebra Uni-
versalis.

[2] S. Berg and T. Perlinger. Single-peaked compatible preference profiles: some combinatorial
results. Social Choice and Welfare 27(1):89-102, 2006.

[3] D. Black. On the rationale of group decision-making. J Polit Economy, 56(1):23-34, 1948

[4] D. Black. The theory of committees and elections. Kluwer Academic Publishers, Dordrecht,
1987.

[5] M. Couceiro, J. Devillet, and J.-L. Marichal. Characterizations of idempotent discrete uni-
norms. Submitted for publication. arXiv:1701.07253

[6] E. Czogata and J. Drewniak. Associative monotonic operations in fuzzy set theory. Fuzzy Sets
and Systems, 12(3):249-269, 1984.

[7] B. De Baets. Idempotent uninorms. Eur. J. Oper. Res., 118:631-642, 1999.

[8] B. De Baets, J. Fodor, D. Ruiz-Aguilera, and J. Torrens. Idempotent uninorms on finite
ordinal scales. Int. J. of Uncertainty, Fuzziness and Knowledge-Based Systems, 17(1):1-14,
2009.

[9] W. Dérnte. Untersuchengen iiber einen verallgemeinerten Gruppenbegriff. Math. Z., 29:1-19,
1928.

[10] W. A. Dudek and V. V. Mukhin. On topological n-ary semigroups. Quasigroups and Related
Systems, 3:73-88, 1996.

[11] W. A. Dudek and V. V. Mukhin. On n-ary semigroups with adjoint neutral element. Quasi-
groups and Related Systems, 14:163—-168, 2006.

[12] E. Foundas. Some results of Black’s permutations. Journal or Discrete Mathematical Sciences
and Cryptography, 4(1):47-55,2001.

[13] G. Kiss and G. Somlai. A characterization of n-associative, monotone, idempotent functions
on an interval that have neutral elements. Semigroup Forum, to appear.

[14] J. Martin, G. Mayor, and J. Torrens. On locally internal monotonic operations. Fuzzy Sets
and Systems 137:27-42, 2003.

[15] E. L. Post. Polyadic groups, Trans. Amer. Math. Soc., 48:208-350, 1940.

[16] E. Vincze. Verallgemeinerung eines Satzes iiber assoziative Funktionen von mehreren
Verénderlichen (German). Publ. Math. Debrecen, 8:68-74, 1961.



16 JIMMY DEVILLET, GERGELY KISS, AND JEAN-LUC MARICHAL

[17] R. R. Yager and A. Rybalov. Uninorm aggregation operators. Fuzzy Sets and Systems, 80:111—
120, 1996.

MATHEMATICS RESEARCH UNIT, UNIVERSITY OF LUXEMBOURG, MAISON DU NOMBRE, 6, AVENUE
DE LA FONTE, L.-4364 ESCH-SUR-ALZETTE, LUXEMBOURG
E-mail address: jimmy.devillet[at]uni.lu

MATHEMATICS RESEARCH UNIT, UNIVERSITY OF LUXEMBOURG, MAISON DU NOMBRE, 6, AVENUE
DE LA FONTE, L-4364 ESCH-SUR-ALZETTE, LUXEMBOURG
E-mail address: gergely.kiss[at]uni.lu

MATHEMATICS RESEARCH UNIT, UNIVERSITY OF LUXEMBOURG, MAISON DU NOMBRE, 6, AVENUE
DE LA FONTE, L.-4364 ESCH-SUR-ALZETTE, LUXEMBOURG
E-mail address: jean-luc.marichal[at]uni.lu



