Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Available online at www.sciencedirect.com

"*2* ScienceDirect FUzZzZvy

sets and systems

oW ¥ el
ELSEVIER Fuzzy Sets and Systems 161 (2010) 1343—1349
www.elsevier.com/locate/fss

Convex normal functions revisited
John Harding, Carol Walker*, Elbert Walker

New Mexico State University, Las Cruces, NM 88003, USA

Available online 1 November 2008

Abstract

The lattice L, of upper semicontinuous convex normal functions with convolution ordering arises in studies of type-2 fuzzy sets. In
2002, Kawaguchi and Miyakoshi [Extended t-norms as logical connectives of fuzzy truth values, Multiple-Valued Logic 8(1) (2002)
53-69] showed that this lattice is a complete Heyting algebra. Later, Harding et al. [Lattices of convex, normal functions, Fuzzy Sets
and Systems 159 (2008) 1061-1071] gave an improved description of this lattice and showed it was a continuous lattice in the sense
of Gierz et al. [A Compendium of Continuous Lattices, Springer, Berlin, 1980]. In this note we show the lattice L, is isomorphic to
the lattice of decreasing functions from the real unit interval [0, 1] to the interval [0, 2] under pointwise ordering, modulo equivalence
almost everywhere. This allows development of further properties of L. It is shown that L, is completely distributive, is a compact
Hausdorff topological lattice whose topology is induced by a metric, and is self-dual via a period two antiautomorphism. We also
show the lattice L, has another realization of natural interest in studies of type-2 fuzzy sets. It is isomorphic to a quotient of the
lattice L of all convex normal functions under the convolution ordering. This quotient identifies two convex normal functions if they
agree almost everywhere and their intervals of increase and decrease agree almost everywhere.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The algebra of truth values of type-2 fuzzy sets [8] consists of the set M = [0, 111011 of all mappings from [0, 1]
to [0, 1], together with operations formed as convolutions [7] of the basic operations on the unit interval. In particular,
binary operations I, LI on M are defined by setting

(fmg)x) =sup{f(¥) A gy Az =x},
(fug)x)=sup{f(y) A g)lyVz=x}

A unary operation — is deﬁlled by = f(x) = f(1 — x) and constants 0,1 by 0(x) = 1 if x = 0 and O(x) = O otherwise
and 1(x) = 1if x = 1 and 1(x) = 0 otherwise.
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While the algebra (M, N, U, —, 0, 1) satisfies some of the properties of bounded lattices, it is not a bounded lattice. In
particular, the absorption laws f LI(f M g) = fand f N (f U g) = f donot hold in M. However, there are subalgebras
of M of natural interest that do form bounded lattices. It is in several of these that our interest here lies.

We say a function f from [0, 1] to [0, 1] is normal if 1 is the supremum of its image, and strongly normal if it
attains the value 1. We say fis convex if it lies above all its chords; that is, if x <y <z, then f(y)= f(x) V f(2).
Let L be the set of convex normal functions, L the set of convex strongly normal functions, and L, the set of
convex strongly normal functions that are upper semicontinuous, meaning that the inverse image f~'[1 — ¢, 1 — ¢]
of each closed interval with 0<<e< 1, is closed. All three are subalgebras of M, and furthermore all are bounded
distributive lattices with the operations 1, LI being meet and join, and 0, 1 being the lower and upper bounds. The
operation — makes these into De Morgan algebras [1]. A primary focus in [4] is to show each of these lattices is
complete.

As L, L1, and L, are lattices, they have an associated partial ordering defined through the meet and join operations
r and U. This ordering, which we call the convolution ordering, is not the usual pointwise ordering on functions. For
instance, the function 1 is the largest element of L, yet takes the value zero at all points except x = 1 where it takes
value 1. The convolution ordering can seem quite unnatural and difficult to work with.

A primary contribution of [4] is to realize the lattices L, L1, and L, isomorphically as lattices of real-valued functions
under the usual pointwise ordering. The idea is very simple. A convex function f from [0, 1] to [0, 1] is increasing
on some initial segment, then decreasing on some terminal segment. One straightens out the function f to produce a
function f* from [0, 1] to [0, 2] by taking the mirror image about the line y = 1 of the increasing portion of f and
leaving the remainder of f alone. For instance, the function 1 which takes the value 0 on [0, 1) and takes value 1 at
x = 1 yields the function (1)* taking value 2 on the interval [0, 1) and value 1 at x = 1. A complete account is found
in [4].

Using this technique, it is shown in [4] that the lattice L is isomorphic to the lattice D of all decreasing functions from
[0, 1] to [0, 2] having 1 as an accumulation point when ordered under the usual pointwise ordering. It is also shown
that L is isomorphic to the lattice D of all functions in D taking the value 1, and L, is isomorphic to the lattice D,, of
functions in D that are band semicontinuous, meaning that the inverse image f ~I[1 — ¢, 1 + ¢] of each band centered
at 1 is closed.

In this note we show that the representation of L, can be further improved. Let X be the set of all decreasing functions
from the interval [0, 1] to [0, 2] under the pointwise ordering. Then for each fin X there is a unique band semicontinuous
function agreeing with f almost everywhere (abbreviated: a.e.). So for @ the relation on X of equivalence a.e., each
equivalence class of @ contains a unique member of D,,. It follows that D,,, and hence L, is isomorphic to the lattice
X /0O of decreasing functions from [0, 1] to [0, 2] modulo equivalence a.e. Certainly this lattice X/® seems an object
of natural interest. Using this representation we are able to establish a number of further properties of the lattice L.
We show L, is complete, and completely distributive. From this, the earlier results that L, is a distributive continuous
lattice and a Heyting algebra follow. We also show that L,, is a compact Hausdorff topological lattice under a topology
induced by a metric that is simply described using an integral. So the lattice L, has a most satisfying collection of
properties.

It seems natural in the study of type-2 fuzzy sets to consider the notion of equivalence a.e. directly in the context of
the lattice L of convex normal functions. One immediately sees that care is required as the bounds 0 and 1 of the lattice
L both take value O at all but a single point, hence agree a.e. So the relation of equivalence a.e. provides an equivalence
relation on L, but not a lattice congruence, and is of limited use. The correct notion seems to come from a strengthening
of this relation. We say two convex normal functions f, g agree convexly almost everywhere (abbreviated: c.a.e.) if f
and g agree a.e. and their intervals of increase and decrease agree a.e. We write f®g if fand g agree c.a.e. For the
isomorphism * : L — D that straightens out convex functions, we have f and g agree c.a.e. if and only if f* and g*
agree a.e. It follows that @ is a congruence on L and that L /@ is isomorphic to D /@, which in turn is isomorphic to
X /6O, and hence to L,,. So our lattice L,, is isomorphic also to the lattice of convex normal functions modulo equivalence
c.a.e., a lattice that seems natural in considerations of type-2 fuzzy sets.

This paper is organized in the following manner. In the second section we derive some basic properties of the relation
O of equivalence a.e. on X and show X /@ is a complete, completely distributive lattice. In the third section we use
results of Birkhoff [2] to show the pseudometric d( f, g) = f | f(x) — g(x)|dx on X yields a metric on X/®, and that
the metric topology on X/ is a compact Hausdorff topology making X /@ a topological lattice. In the fourth, and
final, section, we show the lattice X /® of decreasing functions modulo equivalence a.e., the lattice L, of convex upper
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semicontinuous convex normal functions under convolution order, and the lattice L/® of convex normal functions
under convolution order modulo equivalence c.a.e. are pairwise isomorphic.

2. The lattice X/O

In this section we establish the properties of the lattice of decreasing functions from [0, 1] to [0, 2] modulo equivalence
almost everywhere (a.e.). The term decreasing is not meant to imply strictly decreasing, and may be replaced by non-
increasing if one desires. Also regarding terminology, the term countable refers to a set that is either finite or equipotent
with the natural numbers. The key fact used repeatedly in this section is that a decreasing function has only countably
many points of discontinuity, and all such discontinuities are jump discontinuities [6].

Definition 2.1. Let X be the set of decreasing functions from [0, 1] to [0, 2].

As the pointwise meet and join of decreasing functions are decreasing, X is a sublattice of the completely distributive
lattice [0, 21111 that is closed under arbitrary meets and joins. It follows that X is a complete, completely distributive
lattice.

Lemma 2.2. For f, g € X, these are equivalent.

(1) fand g agree a.e.
(2) fand g agree on a dense set.
(3) fand g agree except at countably many points.

Proof. 3 = 1 = 2 is trivial. For 2 = 3 define 2(x) = | f(x) — g(x)| and let C be the set of all points where both f and
g are continuous. Then 7% is continuous at each point of C and [0, 1]\ C is countable. We claim # = 0 on C, which will
establish the result. If not, there is x € C with h(x) = ¢ > 0. By continuity, there is an interval around x with & > ¢/2
on this interval. But then f and g agree at no points of the interval, contrary to their agreeing on a dense set. [l

Definition 2.3. Let O be the relation on X defined by f@g if f = g ae.

It is well-known, and easily seen that © is a congruence on the lattice X. We show more that @ is compatible with
arbitrary meets and joins in X.

Lemma 2.4. If f; (i € I) is a family of elements of X, then

(1) (\/ fi)/ O is the least upper bound of the family f;/© (i € I).
(2) ()\ fi)/© is the greatest lower bound of the family f;/© (i € I).

Thus X/ O is complete, (\/ f;)/© = \/(fi/©) and ()\ fi)/O = \(fi/O).

Proof. Let f =\/ fi. Foreachi € I we have f; < f everywhere, so f;/©@ < f/©. Thus /O is an upper bound of this
family. As we are in a lattice, to show this element is the least upper bound, it is enough to show that if g € X is such
that g/® < f/0, then g/0 is not an upper bound of this family. For such g, we may assume g < f by considering
g’ = f A gifnecessary. Then as g/@ < f/O we cannot have g and fagree on a dense set, so there is an open interval
(x — &, x + ¢) on which g < f. There must be points in this interval where g is continuous, and it does no harm to
assume g is continuous at x. As g < f and f = \/ f;, there is some i € [ and A > 0 with fi(x) = g(x) + 4. By
continuity, there is some 0 < & < ¢ with g(y) < g(x) + A/2forall y € (x — &, x + &). As f; is decreasing, for all
y € (x — &, x) we have g(y) < g(x) + A/2 < fi(x)< fi(y). So it is not the case that f; /O < g/®, showing g/® is not
an upper bound of this family. [

Definition 2.5. A lattice L is completely distributive if whenever we have a set /, and for each i € I a set J;, and for
eachi € I and j € J; an element a;; € L, we have \/;, /\jel,- ajj = /\0(61_[1 I Vier tiay and /\;; \/J-EJ[_ ajj =
Ve, s Nier Ginti)-
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Corollary 2.6. X/0 is a complete, completely distributive lattice.

Proof. This is a simple consequence of the previous lemma as the lattice X is completely distributive. [J
3. The topology on X/

Following Birkhoff [2], a valuation on a lattice Lis amap v : L — R satisfying v(x) + v(y) = v(x V y) +v(x A y).
It is called isotone if x <y implies v(x) <v(y), and positive if x < y implies v(x) < v(y).

Definition 3.1. Define v: X — Rby v(f) = fi f(x)dx.
A bit of basic analysis provides the following.
Proposition 3.2. The map v is an isotone valuation on X.

For f,g € X,setd(f,g) =v(f Vg —v(fAg= fol | f(x) — g(x)| dx and let @ be the relation on X defined by
f@g it d(f, g) = 0. Then by Birkhoff [2], & is a lattice congruence and X /@ is a metric lattice in the sense of [2].
Further, setting D(f/®, g/®) = d(f, g), we have D is a metric on X /@ in the sense commonly used in analysis, and
under this metric the operations A and V are uniformly continuous. But by basic analysis, fol |f(x) —gx)|dx =0if
and only if f = g a.e., and hence @ = ®.

Corollary 3.3. X /0 is a metric space under the metric

1
D(f/0.5/6) = [ 1) = gt dx
0
and under this metric, meet and join are uniformly continuous.
We will show this topology on X/ is compact, but first a lemma.

Lemma 34. For f € X and ¢ > 0 there is a natural number n and 6 > 0 so that for any g € X with |g(i/n) —
f@/n)| < dforeachi =0, ...,n, we have d(f, g) < e.

Proof. Choose n so that 1/n < ¢/4 and let 6 = ¢/2. Fori = 0,...,nletx; = i/n and y; = f(x;), and for
i =1,...,nlet J; be the interval [x;_1, x;]. Consider the behavior of f and g on the interval J;. As fis decreasing
we have y; < f<yj—1 on J;. As g(x;—1) is within 6 of y;_1, g(x;) is within J of y;, and g is decreasing, we have
vi—0<g<yi—1+donJ;.So|f — gl <yi—1—yi+0onlJ;. Thus

! 1 1 1
|f —gldx < ;(yo—y1+5)+;(y1 —yz+5)+-~-+;(yn_1 — Yu +0).
0
Sod(f, g) < (1/n)(yo — y») + 0, and as yg, y, lie between O and 2, d(f, g) <e. [
Proposition 3.5. The metric topology on X /O is compact.

Proof. With the usual topology, [0, 2] is compact, so T = [0, 2]!% ! is compact in the product topology. We first show
X is a closed subspace of T. Suppose f ¢ X. Then there are x < y with f(x) < f(¥), so f(y) = f(x) + ¢ for some
& > 0. The set of all g € T lying within ¢/2 of fin both the x and y coordinates is an open cylinder in 7 that contains f
but does not contain any decreasing function. So X is closed in 7, hence is compact under the subspace topology.

We next show that the canonical quotient map x : X — X /@ is continuous with respect to the subspace topology
on X and the metric topology on X /0. For f € X and ¢ > 0 we seek an open neighborhood of fin X mapped by « into
the ball in X /O of radius ¢ centered at f/@. This is precisely what is provided by Lemma 3.4. Then as X is compact,
and x is onto and continuous, it follows that X/ is compact. [
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4. The isomorphisms between X /0, L /®, and L,

In [4] we showed that the lattice L, of convex strictly normal upper semicontinuous functions is isomorphic to the
lattice D,, of decreasing functions f from [0, 1] to [0, 2] that take value 1 and are band semicontinuous, meaning that
f’l[l — ¢, 1 + ¢] is closed for each ¢ > 0. Our first task is to show X /@ is isomorphic to D,, and hence is also
isomorphic to L,,.

Definition 4.1. For f € X and a € [0, 1] let

D fla™) =lim,, .- f(x);
Q) f(a®) =lim, g+ f(x).

We next provide a result that describes when a function f € X belongs to D,,. Informally, it says that at each jump
discontinuity, the value f attains must be the one as close as possible to the line y = 1. The proof is similar to that of
the well known fact that a decreasing function is upper semicontinuous if and only if it is continuous from the left, and
we omit it.

Lemma 4.2. For f € X we have f € D, if and only if the following hold.

(1) If FO)> 1, then £(0) = f(OF), otherwise £(0) = 1.
@) If FA)<1, then f(1) = f(17), otherwise f(1) = 1.
() If f(a™)<1, then f(a) = f(a™).

@) If f(at)>1, then f(a) = f(a™).

B) If f(a) > land f(a*) < 1, then f(a) = 1.

Proposition 4.3. For each f € X there is a unique f* € D, that agrees with f a.e. Further, the mapping ¥ : X — D,
is an idempotent lattice endomorphism, i.e. a retraction.

Proof. To produce such f7 one modifies the values of fat 0, 1 and any of the countably many jump discontinuities
to comply with the conditions of the above lemma. Namely, if f(07)>1, we set f f(0) = £(0T) and otherwise set
fT(O) = 1, and so forth. The resulting f% is seen to be decreasing. So fT(OJ“), fT(lf), fT(a’), and fT(cﬁ) exist for
all0 < a < 1. As fT agrees with fat all but countably many points, these values agree with f(01), f(17), f(a™), and
f(at) forall 0 < a < 1. It follows that fT satisfies the conditions of the above lemma, hence belongs to D,,, and by
construction fT agrees with fa.e.

For uniqueness, suppose g is a function in D,, that agrees with fa.e. Then by Lemma 2.2 we have fand g agree on a
dense set, and this implies f(0") = g(0™), f(17) = g(17), f(a~) = g(a~) and f(a™) = g(a™t) foreach0 < a < 1.
As g € D,, by the above lemma its values are determined by the values of the g(0"), g(17), g(a™), and g(a™), hence
g is determined by f.

For the further comments, idempotence is obvious as f1 is a member of D, that agrees with itself a.e., and hence
fTT = f7. To see that § preserves finite meets, note first that finite meets in D, are given componentwise [4]. So for
f.g € X we have fT A g7 belongs to D,, and as f agrees with fa.e. and g" agrees with g a.e., we have f7 A g7
agrees with f A g a.e. Thus (f A )T = fT A gT. That  preserves finite joins follows from symmetry. [

Theorem 4.4. The lattice D, and therefore also L, is isomorphic to X /0.

Proof. This follows immediately from Proposition 4.3 as ¥ : X — D, is a surjective homomorphism whose kernel
is@. U

Before considering the next isomorphic realization of L,, we recall a few facts about the lattice L of convex normal
functions. For a function f € L and a point x € [0, 1], we say x is a point of increase of fif f(x)> f(y) for all y<x,
and x is a point of decrease of fif f(x)> f(y) for all x <y. As fis convex, each point is either a point of increase
or a point of decrease; and as fis normal, a point x is both a point of increase and a point of decrease if, and only if,
f(x) = 1. Clearly the points of increase form an interval containing 0, and the points of decrease form an interval
containing 1.
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In [4] we defined a function * : L — D to straighten out convex normal functions by setting

) = 2 — f(x) if x is a point of increase,
Sx) if x is a point of decrease.

Definition 4.5. For functions f, g € L we say f, g agree convexly almost everywhere (c.a.e.) if fand g agree a.e. and
their intervals of increase and decrease agree a.e. Let @ be the relation on L given by f®g if fand g agree c.a.e.

Proposition 4.6. For f,g € L, f®g if and only if f*Og*.

Proof. If f g, then for almost all x, we have f(x) = g(x) and x is a point of increase of fif, and only if, it is a point
of increase of g. It follows that f* agrees with g* a.e. For the converse, suppose f*, g* agree a.e. Note f is increasing
at x if, and only if, f*(x)>1 and fis decreasing at x if, and only if, f(x)< 1. It follows that the intervals of increase
and decrease of f, g agree a.e. and that f, g agree a.e. [J

Theorem 4.7. L/® is isomorphic to D/, and hence also to X /6.

Proof. From [4] the map % : L — D is a lattice isomorphism. So by the previous result L/@ is isomorphic to
D/©®. It was also shown in [4] that D is a sublattice of X that contains D,. It then follows from Proposition 4.3
that ¥ : D — D, is a surjective homomorphism whose kernel is @. Thus D/@ is isomorphic to D, and hence
to X/0. O

Corollary 4.8. Each of the isomorphic lattices Ly, X/O, and L/® is complete, and completely distributive. There-
fore each is a complete Heyting algebra as well as a continuous lattice. Each of these lattices has a natural metric
that makes it a compact Hausdorff topological lattice, and this compact Hausdorff topology agrees with its Lawson

topology.

Proof. As these lattices are isomorphic, it is enough to establish these results for any one of them. In Section 2 we
showed X /O is complete and completely distributive. This obviously shows it is a Heyting algebra, and by [3, p. 85,
Cor [-2.9] this also implies it is a continuous lattice. In Section 3 we showed there is a metric on X/® giving a compact
Hausdorff topology under which the lattice operations A, V are even uniformly continuous. By [3, p. 85, Cor [-2.9], on
any continuous lattice the Lawson topology is the unique compact Hausdorff topology making A continuous, therefore
the metric topology and the Lawson topology agree. [l

Throughout, we have considered our structures only in terms of the bounded lattice operations. One can, however,
equip each lattice with an additional operation — called negation. On X we define (—f)(x) = 2 — f(1 — x). One
easily sees that — is order inverting and of period two, thus an antiautomorphism of X. So with this operation X is
a De Morgan algebra [1]. Clearly this operation is compatible with the congruence © of agreement a.e., so yields a
De Morgan negation also on X/©. It is simple to see d( f, g) = d(—f, —g), so the De Morgan negation is uniformly
continuous with respect to the natural metric on X/@. Summarizing, we have the following.

Theorem 4.9. Each of the lattices L,, X/© and L/® has a De Morgan negation that is uniformly continuous with
respect to the metric topology. In particular, each of these lattices is self-dual.

Finally, we remark that the lattice X /@ of decreasing functions modulo equivalence a.e. is a natural object of study.

Additionally, it has a large number of very attractive order theoretic and topological properties. It would be of interest
to see if there is some abstract characterization of this lattice, perhaps in terms of some kind of universal property.
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