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Abstract

Given a complemented poset P = (P,≤, 0, 1), we can assign to every x ∈ P
the set x+ of all its complements. We study properties of the operator + on P , in
particular, we are interested in the case when x+ forms an antichain or when + is
involutive or antitone. We apply + to the set MinU(x, y) of all minimal elements of
the upper cone U(x, y) of x, y and to the set MaxL(x, y) of all maximal elements of
the lower cone L(x, y) of x, y. By using + we define four binary operators on P and
investigate their properties that are close to adjointness. We present an example of
a uniquely complemented poset that is not Boolean. In the last section we study
the orthogonality relation induced by complementation. We characterize when two
elements of the Dedekind-MacNeille completion of P are orthogonal to each other.
Finally, we extend the orthogonality relation from elements to subsets and we prove
that two non-empty subsets of P are orthogonal to each other if and only if their
convex hulls are orthogonal to each other within the poset of all non-empty convex
subsets of P .
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1 Introduction

An element a of a complemented lattice L = (L,∨,∧, 0, 1) may have more than one
complement if L is not distributive. However, R. P. Dilworth [5] showed that in a dis-
tributive complemented (i.e. Boolean) lattice the complementation is unique. An element
of a modular lattice may have several complements and it may happen that for an ap-
propriate choice of these complements the lattice in question becomes orthomodular and
for another choice it need not become orthomodular. One can overcome the problem
of choosing an appropriate complement by considering for each a ∈ L the set a+ of all
complements of a without preferring any single of them. Hence, + is in fact a unary
operator on L, see e.g. [1]. For some reasons concerning so-called unsharp logics, we are
interested in complemented posets instead of lattices, see e.g. [4]. In posets we usually
work with the sets MinU(x, y) and MaxL(x, y) of all minimal elements of the upper cone
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U(x, y) of the elements x and y and of all maximal elements of the lower cone L(x, y) of
x and y, respectively. These sets substitute the missing elements x ∨ y and x ∧ y in the
case when the supremum or infimum of x and y, respectively, do not exist. Of course,
in the case when x∨ y exists it coincides with MinU(x, y) and a similar situation occurs
for x ∧ y. The operators MinU and MaxL serve as logical connectives disjunction and
conjunction, respectively, in certain kinds of unsharp logics, see again [4].

Now it is a question whether also for a complemented poset P = (P,≤, 0, 1) it makes
sense to define and study the operator + assigning to every element a of P the set of
all its complements, and moreover, whether this operator shares similar properties with
the corresponding operator in lattices. It makes no sense to study + for Boolean posets
since in this case every element a has a unique complement a′, thus a+ = {a′} like in
Boolean lattices. However, we show that a finite uniquely complemented poset need
not be distributive and hence Boolean. We demonstrate the properties of + in several
examples of complemented posets being neither Boolean nor lattices. Finally, using this
operator we define other derived operators having similar properties like t-norms and we
investigate corresponding adjointness properties.

2 Basic concepts

Basic concepts on posets are included e.g. in [1]. Let us recall some well-known concepts
and let us define some additional ones.

Let P = (P,≤) be a poset, a, b ∈ P , A,B ⊆ P and ′ a unary operation on P . Then
MaxA and MinA denote the set of all maximal and minimal elements of A, respectively.
We define

A ≤ B if x ≤ y for all x ∈ A and all y ∈ B,

L(A) := {x ∈ P | x ≤ A},
U(A) := {x ∈ P | A ≤ x},

A ≤ B if x ≤ y for all x ∈ A and y ∈ B,

A ≤1 B if for every x ∈ A there exists some y ∈ B with x ≤ y,

A ≤2 B if for every y ∈ B there exists some x ∈ A with x ≤ y.

Hence (U,L) forms the Galois correspondence between the posets (2P ,⊆) and (2P ,⊆)
induced by the binary relation ≤ on P .

Here and in the following we identify singletons with their unique element. Instead of
L({a}), L({a, b}), L(A ∪ {a}), L(A ∪ B) and L

(
U(A)

)
we simply write L(a), L(a, b),

L(A, a), L(A,B) and LU(A). Analogously we proceed in similar cases.

The subset A of P is called an

• upset if x ∈ A, y ∈ P and x ≤ y imply y ∈ A,

• down set if x ∈ A, y ∈ P and y ≤ x imply y ∈ A.

The smallest upset containing a is ↑ a := {x ∈ P | a ≤ x} and the smallest down set
containing a is ↓ a := {x ∈ P | x ≤ a}. The smallest upset including A is

A↑ :=
⋃
x∈A

(↑ x) = {y ∈ P | there exists some x ∈ A with x ≤ y}
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and the smallest down set including A is

A↓ :=
⋃
x∈A

(↓ x) = {y ∈ P | there exists some x ∈ A with y ≤ x}.

The mappings A 7→ A↑ and A 7→ A↓ are closure operators on the poset (2P ,⊆), i.e. we
have

• A ⊆ A↑; A ⊆ B ⇒ A↑ ⊆ B↑; (A↑)↑ = A↑,

• A ⊆ A↓; A ⊆ B ⇒ A↓ ⊆ B↓; (A↓)↓ = A↓.

Moreover, it is easy to see

• A ≤1 B ⇔ A ⊆ B↓ ⇔ A↓ ⊆ B↓,

• A ≤2 B ⇔ B ⊆ A↑ ⇔ B↑ ⊆ A↑.

The poset P is called distributive (see e.g. [7]) if it satisfies one of the following equivalent
conditions:

L
(
U(x, y), z

)
≈ LU

(
L(x, z), L(y, z)

)
,

UL
(
U(x, y), z

)
≈ U

(
L(x, z), L(y, z)

)
,

U
(
L(x, y), z

)
≈ UL

(
U(x, z), U(y, z)

)
,

LU
(
L(x, y), z

)
≈ L

(
U(x, z), U(y, z)

)
.

The poset P is called bounded if it has a least element 0 and a greatest element 1. Such
a poset will be denoted by (P,≤, 0, 1) and in the whole paper we assume that 0 differs
from 1, i.e. the bounded poset is non-trivial.

A reflexive and transitive relation on a set is called a quasiorder, in particular, the relations
≤1 and ≤2 are quasiorders on the power set 2P of P .

If the supremum or infimum of A exists in the poset P, we denote it by
∨
A and

∧
A,

respectively.

Now let P = (P,≤, 0, 1) be a bounded poset. Recall that b is called a complement of
a if a ∨ b = 1 and a ∧ b = 0. We write a ⊥ b in this case. This relation is consid-
ered as orthogonality. The poset P is called complemented if every element of P has at
least one complement. A distributive complemented poset is called a Boolean poset. A
unary operation ′ on P is called an involution if it satisfies the identity (x′)′ ≈ x, it is
called antitone if x, y ∈ P and x ≤ y imply y′ ≤ x′ and it is called a complementation
if x ⊥ x′ for all x ∈ P . A complementation that is an antitone involution is called
an orthocomplementation. An ortholattice is a bounded lattice (P,∨,∧, ′, 0, 1) with an
orthcomplementation.

The following result was already proved by the authors in [3]. For the reader’s convenience
we repeat the proof.

Proposition 2.1. Let (P,≤, 0, 1) be a bounded distributive poset and a, b, c ∈ P with
a ⊥ b and a ⊥ c. Then b = c and hence the complementation in a Boolean poset is a
unary operation that is an antitone involution (cf. [6]).
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Proof. We have

L(b) = L(1, b) = L
(
U(c, a), b

)
= LU

(
L(c, b), L(a, b)

)
= LU

(
L(c, b), 0

)
= LU

(
L(b, c), 0

)
=

= LU
(
L(b, c), L(a, c)

)
= L

(
U(b, a), c

)
= L(1, c) = L(c).

It was shown already by R. P. Dilworth [5] that a finite uniquely complemented lattice is
Boolean. By the previous Proposition 2.1, every complemented distributive poset has a
unique complementation and hence is Boolean. However, contrary to the case of lattices,
there exist finite uniquely complemented posets which are not Boolean, see the following
example.

Example 2.2. The poset depicted in Fig. 1

0

a b c d e

f f ′

e′ d′ c′ b′ a′

1

Figure 1. Uniquely complemented poset

is evidently uniquely complemented but not Boolean since it is not distributive, e.g.

L
(
U(c, f ′), a

)
= L(b′, 1, a) = {0, a} ̸= {0} = LU(0) = LU

(
L(c, a), L(f ′, a)

)
.

It was proved by J. Niederle [6] that every pseudocomplemented and uniquely comple-
mented poset is distributive and hence Boolean. Example 2.2 is not in conflict with
this result because the poset depicted in Fig. 1 is not pseudocomplemented. Namely, we
have L(a, a′) = L(a, f ′) = 0 but there does not exist some x ∈ P with a′, f ′ ≤ x and
L(a, x) = 0.

3 The operator +

Let P = (P,≤, 0, 1) be a bounded poset. We define the following unary operator on
subsets of P :

A+ := {x ∈ P | x ⊥ y for all y ∈ A}
for A ⊆ P . Hence, if (P,≤, ′, 0, 1) is a Boolean poset then x+ = x′ for all x ∈ P .
Obviously, (+,+ ) is the Galois correspondence between the posets (2A,⊆) and (2A,⊆)
induced by the symmetric relation ⊥. From this fact we obtain immediately
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Lemma 3.1. Let P = (P,≤, 0, 1) be a complemented poset and A,B ⊆ P . Then

(i) A ⊆ (A+)+,

(ii) A ⊆ B implies B+ ⊆ A+,

(iii)
(
(A+)+

)+
= A+,

(iv) A ⊆ B+ is equivalent to B ⊆ A+.

Since P is non-trivial, we have ∅+ = P and P+ = ∅.
A subset A of P will be called closed if (A+)+ = A. Let Cl(P) denote the set of all closed
subsets of P . Then clearly Cl(P) = {A+ | A ⊆ P}. Because of A+ ∩ A++ = ∅ for all
A ⊆ P we have that Cl(P) :=

(
Cl(P),⊆, +, ∅, P

)
forms a complete ortholattice with

orthocomplementation + and ∨
i∈I

Ai =

((⋃
i∈I

Ai

)+)+

,∧
i∈I

Ai =
⋂
i∈I

Ai

for all families (Ai; i ∈ I) of closed subsets of P .

Observe that A+ =
⋂
x∈A

x+ for all A ⊆ P and that in case that P is uniquely comple-

mented, in particular if P is Boolean, we have Cl(P) = {∅, P} ∪ {x+ | x ∈ P}.
In the following let N5 = (N5,∨,∧) denote the lattice visualized in Fig. 2.

0

a

c

b

1

Figure 2. Non-modular lattice N5

Of course, this lattice is complemented, e.g. we have b+ = {a, c}. The lattice Cl(N5) is
depicted in Fig. 3.

∅

0 b ac 1

N5

Figure 3. The lattice Cl(N5)
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Here we shortly write ac for {a, c}. Similarly we proceed in other figures.

Some basic properties of the operator + are as follows:

Proposition 3.2. Let P = (P,≤, 0, 1) be a complemented poset and a ∈ P . Then the
following hold:

(i) a ∈ (a+)+ and
(
(a+)+

)+
= a+,

(ii) (x+,≤) is an antichain for every x ∈ P if and only if P does not contain a sublattice
isomorphic to N5 containing 0 and 1,

(iii) (a+,≤) is convex,

(iv) if the mapping x 7→ (x+)+ from L to 2L is not injective then L does not satisfy the
identity (x+)+ ≈ x.

Proof.

(i) follows directly from above.

(ii) First assume there exists some b ∈ P such that (b+,≤) is not an antichain. Then
b /∈ {0, 1}. Now there exist c, d ∈ b+ with c < d. Since b /∈ {0, 1} and b ∈ c+∩d+ we
have c, d /∈ {0, 1}. Because of |P | > 1 we have b /∈ {c, d}. Hence the elements 0, b,
c, d and 1 are pairwise distinct and form an N5 containing 0 and 1. If, conversely,
P contains a sublattice (P1,∨,∧) isomorphic to N5 and containing 0 and 1, say
P1 = {0, e, f, g, 1} with e < f then e, f ∈ g+ and hence (g+,≤) is not an antichain.

(iii) If b, c ∈ a+, d ∈ P and b ≤ d ≤ c then {1} ⊆ U(a, d) ⊆ U(a, b) = {1} and
{0} ⊆ L(a, d) ⊆ L(a, c) = {0} showing d ∈ a+.

(iv) If the mapping x 7→ (x+)+ is not injective then there exist a, b ∈ L with a ̸= b and
(a+)+ = (b+)+ which implies b ∈ (b+)+ = (a+)+ and b ̸= a and hence (a+)+ ̸= a
showing that P does not satisfy the identity (x+)+ ≈ x.

Next we present an example of a complemented poset (P,≤, 0, 1) where (x+,≤) is an
antichain for each x ∈ P .

Example 3.3. The complemented poset P = (P,≤, 0, 1) visualized in Fig. 4

0

a b c d

e f g h

1

Figure 4. Non-distributive complemented poset P
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is not distributive since

L
(
U(a, b), c

)
= L(e, 1, c) = L(c) ̸= 0 = LU(0, 0) = LU

(
L(a, c), L(b, c)

)
and does not contain a sublattice isomorphic to N5 containing 0 and 1. Accordingly to
Proposition 3.2 (ii), (b+,≤) = (c+,≤) = ({f, g},≤) is an antichain. The lattice Cl(P) is
depicted in Fig. 5.

∅

0 a d bc fg e h 1

P

Figure 5. The lattice Cl(P)

An example of a complemented poset which is not a lattice where (x+,≤) need not be
an antichain is as follows.

Example 3.4. The complemented poset P = (P,≤, 0, 1) visualized in Fig. 6

0

a b c d i

e f g h j

1

Figure 6. Non-distributive complemented poset

is the horizontal sum of the poset from Fig. 4 and the four-element chain 0 < i < j < 1
and hence it is not distributive. Moreover, P contains the sublattice {0, a, e, i} isomorphic
to N5 and containing 0 and 1, and hence (b+,≤) = ({f, g, i, j},≤) is not an antichain in
accordance with Proposition 3.2 (ii).

Proposition 3.5. Let (P,≤, 0, 1) be a finite complemented poset such that x 7→ (x+)+

is injective and a ∈ L and assume (a+)+ ̸= a. Then there exists some b ∈ (a+)+ with
(b+)+ = b.

Proof. Let a1 ∈ (a+)+ \ {a}. Then (a+1 )
+ ⊆ (a+)+. Since a1 ̸= a and x 7→ (x+)+

is injective we conclude (a+1 )
+ ⫋ (a+)+. Now either (a+1 )

+ = a1 or there exists some
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a2 ∈ (a+1 )
+ \ {a1}. Then (a+2 )

+ ⊆ (a+1 )
+. Since a2 ̸= a1 and x 7→ (x+)+ is injective we

conclude (a+2 )
+ ⫋ (a+1 )

+. Now either (a+2 )
+ = a2 or there exists some a3 ∈ (a+2 )

+ \ {a2}.
Since P is finite and (a+1 )

+ ⫌ (a+2 )
+ ⫌ · · · there exists some n ≥ 1 with |(a+n )+| = 1, i.e.

(a+n )
+ = an and we have an ∈ (a+n )

+ ⊆ (a+n−1)
+ ⊆ · · · ⊆ (a+1 )

+ ⊆ (a+)+.

A poset is said to be of finite length if it has no infinite chains. Let (P,≤) be a poset
of finite length and A ⊆ P . Then MaxA ̸= ∅, MinA ̸= ∅, U(A) = U(MaxA), L(A) =
L(MinA), A ≤1 MaxA and MinA ≤2 A.

Lemma 3.6. Let P = (P,≤) be a poset of fine length and A,B ⊆ P with A ⊆ B. Then
the following holds:

(i) MaxA ≤1 MaxB and MaxL(B) ≤1 MaxL(A),

(ii) MinB ≤2 MinA and MinU(A) ≤2 MinU(B).

Proof. According to the remark at the beginning of this section we have A ≤1 MaxA.
Now MaxA ⊆ A ⊆ B ≤1 MaxB and therefore MaxA ≤1 MaxB. Finally we conclude
L(B) ⊆ L(A) and therefore MaxL(B) ≤1 MaxL(A). This shows (i). The proof of (ii) is
dual to that of (i).

In what follows we study connections among the sets MinU(x+, y+), MaxL(x+, y+),(
MinU(x, y)

)+
and

(
MaxL(x, y)

)+
.

Theorem 3.7. Let P = (P,≤, 0, 1) be a complemented poset of finite length and consider
the following statements:

(i) for all x, y ∈ P , x ≤ y implies y+ ≤ x+,

(ii) for all x, y ∈ P , x ≤ y implies y+ ≤1 x
+,

(iii) for all x, y ∈ P , x ≤ y implies y+ ≤2 x
+,

(iv)
(
MinU(x, y)

)+ ≤1 MaxL(x+, y+) for all x, y ∈ P ,

(v) MinU(x+, y+) ≤2

(
MaxL(x, y)

)+
for all x, y ∈ P .

Then (i) implies (ii) and (iii). Moreover, (iv) implies (ii), and (v) implies (iii). If for all
x ∈ P , x+ has a greatest element x2 then (i) implies (iv). If, finally, for all x ∈ P , x+

has a smallest element x1 then (i) implies (v).

Proof. Let a, b ∈ P .
That (i) implies (ii) and (iii) is clear.
If P satisfies (iv) and a ≤ b then

b+ =
(
MinU(a, b)

)+ ≤1 MaxL(a+, b+) ≤ a+.

If P satisfies (v) and a ≤ b then

b+ = MinU(a+, b+) ≤2

(
MaxL(a, b)

)+
= a+.
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Now assume (i) and that for all x ∈ P , x+ has a greatest element x2. Let c ∈
(
MinU(a, b)

)+
and d ∈ MinU(a, b). Then a, b ≤ d and hence d+ ≤ a+, b+ which implies c ≤ d2 ≤ a+, b+.

Thus c ∈ L(a+, b+) showing
(
MinU(a, b)

)+ ⊆ L(a+, b+) whence
(
MinU(a, b)

)+ ≤1

MaxL(a+, b+).
Finally, assume (i) and that for all x ∈ P , x+ has a smallest element x1. Let e ∈(
MaxL(a, b)

)+
and f ∈ MaxL(a, b). Then f ≤ a, b and hence a+, b+ ≤ f+ which im-

plies a+, b+ ≤ f1 ≤ e. Thus e ∈ U(a+, b+) showing
(
MaxL(a, b)

)+ ⊆ U(a+, b+) whence

MinU(a+, b+) ≤2

(
MaxL(a, b)

)+
.

The next example shows that the conditions (i) – (iii) of Theorem 3.7 are far from being
trivial, namely, we provide a complemented poset which is not a lattice where these
conditions are violated.

Example 3.8. Consider the complemented poset depicted in Fig. 7

0

1

a

b

d

c

h

i

n

m

o

p

e f g

j lk

Figure 7. Complemented poset

We have f ≤ k, f+ = [b, n] and k+ = [c, o] and hence k+ ̸≤ f+, k+ ̸≤1 f
+ and k+ ̸≤2 f

+.

That the generalized De Morgan’s laws do not hold in general is shown by the following
lemma.

9



Lemma 3.9. Let P = (P,≤, 0, 1) be a complemented poset of finite length that is not
uniquely complemented. Then the generalized de Morgan’s laws(

MinU(x, y)
)+ ≈ MaxL(x+, y+),(

MaxL(x, y)
)+ ≈ MinU(x+, y+)

do not hold.

Proof. SinceP is complemented, but not uniquely complemented, there exists some a ∈ P
with |a+| > 1. Let b, c ∈ a+ with b ̸= c. Suppose

(
MinU(x, y)

)+ ≈ MaxL(x+, y+) holds.
Then

a+ =
(
MinU(a, 0)

)+
= MaxL(a+, 0+) = MaxL(a+) ⊆ L(a+).

Since b, c ∈ a+ we have b ∈ a+ ⊆ L(a+) ⊆ L(c), i.e. b ≤ c. From symmetry reasons

we have also c ≤ b and hence b = c, a contradiction. Now suppose
(
MaxL(x, y)

)+ ≈
MinU(x+, y+) holds. Then

a+ =
(
MaxL(a, 1)

)+
= MinU(a+, 1+) = MinU(a+) ⊆ U(a+).

Since b, c ∈ a+ we have c ∈ a+ ⊆ U(a+) ⊆ U(b), i.e. b ≤ c. From symmetry reasons we
have also c ≤ b and hence b = c, a contradiction.

Example 3.10. The complemented poset (P,≤, 0, 1) visualized in Fig. 8

0

a b c d

e f g h

1

Figure 8. Non-distributive complemented poset

does not satisfy the generalized De Morgan’s laws since(
MinU(a, 0)

)+
= a+ = {c, d, g, h} ̸= {0} = MaxL(a+) = MaxL(a+, 0+),(

MaxL(a, 1)
)+

= a+ = {c, d, g, h} ̸= {1} = MinU(a+) = MinU(a+, 1+).

4 Derived operators

Using the operator + we define other important operators in complemented posets of
finite length as follows:

10



Definition 4.1. Let (P,≤, 0, 1) be a complemented poset of finite length and a, b ∈ P .
Define

a ◦ b := MaxL(a, b),

a → b := MinU(a+, b),

a⊙ b := MaxL
(
b, U(a, b+)

)
,

a ↪→ b := MinU
(
a+, L(a, b)

)
.

Observe that e.g.

MinU
(
a+, L(a, b)

)
= Min

(
U(a+) ∩ UL(a, b)

)
= Min

(
U(a+) ∩ U

(
MaxL(a, b)

))
=

= MinU
(
a+,MaxL(a, b)

)
.

The following can be easily seen:

x ◦ y = y ◦ x, and x ◦ y = x if x ≤ y,

1 → x = x, and x → y = 1 if x ≤ y,

x⊙ 1 = x, and y ⊙ x = x if x ≤ y,

1 ↪→ x = x, and x ↪→ y = 1 if x ≤ y.

The couple (◦,→) is said to form an adjoint pair if

x ◦ y ≤ z is equivalent to x ≤ y → z

for all x, y, z ∈ P .

Definition 4.2. We call a binary operator ∗ on a complemented poset (P,≤, 0, 1) of finite
length

• monotone from the left if x ≤ y implies x ∗ z ≤1 y ∗ z,

• monotone from the right if x ≤ y implies z ∗ x ≤2 z ∗ y,

• weakly antitone from the left if x ∗ y ≥ 1 ∗ y,

• weakly monotone from the right if x ∗ y ≤ x ∗ 1

(x, y, z ∈ P ).

Lemma 4.3. Let (P,≤, 0, 1) be a complemented poset of finite height. Then the following
holds:

(i) ◦ and ⊙ are monotone from the left,

(ii) → and ↪→ are monotone from the right.

Proof. Let a, b, c ∈ P with a ≤ b.
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(i) We have L(a, c) ⊆ L(b, c) and hence

a ◦ c = MaxL(a, c) ≤1 MaxL(b, c) = b ◦ c.

Moreover, we have {c} ∪ U(b, c+) ⊆ {c} ∪ U(a, c+) and hence

L
(
c, U(a, c+)

)
⊆ L

(
c, U(b, c+)

)
whence

a⊙ c = MaxL
(
c, U(a, c+)

)
≤1 MaxL

(
c, U(b, c+)

)
= b⊙ c.

(ii) We have U(c+, b) ⊆ U(c+, a) and hence

c → a = MinU(c+, a) ≤2 MinU(c+, b) = c → b.

Moreover, we have {c+} ∪ L(c, a) ⊆ {c+} ∪ L(c, b) and hence

U
(
c+, L(c, b)

)
⊆ U

(
c+, L(c, a)

)
whence

c ↪→ a = MinU
(
c+, L(c, a)

)
≤2 MinU

(
c+, L(c, b)

)
= c ↪→ b.

On the other hand, weak monotonicity from the right of the operator ⊙ yields that the
complementation of the poset in question is unique.

Lemma 4.4. Let P = (P,≤, 0, 1) be a complemented poset of finite length and assume
⊙ to be weakly monotone from the right. Then P is uniquely complemented.

Proof. Let a ∈ P and b, c ∈ a+. Then U(c, b+) = 1 since a ∈ b+ and c ∨ a = 1. Hence

b = MaxL(b, 1) = MaxL
(
b, U(c, b+)

)
= c⊙ b ≤ c⊙ 1 = c.

Now c ≤ b follows from symmetry reasons. Together we obtain b = c.

The next two results show how the properties of the pair (⊙, ↪→) influence the behavior
of the pair (◦,→).

Theorem 4.5. Let (P,≤, 0, 1) be a complemented poset of finite length and a, b, c ∈ P .
Then the following hold:

(i) If ↪→ is weakly antitone from the left then a ◦ b ≤ c implies a ≤ b → c.

(ii) If ⊙ is weakly monotone from the right then a ≤ b → c implies a ◦ b ≤ c.

Proof. The following are equivalent: a ◦ b ≤ c, MaxL(a, b) ≤ c, L(a, b) ≤ c. Moreover,
the following are equivalent: a ≤ b → c, a ≤ MinU(b+, c), a ≤ U(b+, c).
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(i) If ↪→ is weakly antitone from the left and a ◦ b ≤ c then

a = 1 ↪→ a ≤ b ↪→ a = MinU
(
b+, L(b, a)

)
and L(a, b) ≤ c and hence

U(b+, c) ⊆ U
(
b+, L(a, b)

)
⊆ U(a),

i.e. a ≤ U(b+, c) showing a ≤ b → c.

(ii) If ⊙ is weakly monotone from the right and a ≤ b → c then

MaxL
(
b, U(c, b+)

)
= c⊙ b ≤ c⊙ 1 = c

and a ≤ U(b+, c) and hence

L(a, b) ⊆ L
(
U(b+, c), b

)
⊆ L(c),

i.e. L(a, b) ≤ c showing a ◦ b ≤ c.

Remark 4.6. In a Boolean poset (P,≤, ′, 0, 1) the operator ↪→ is weakly antitone from
the left and the operator ⊙ is weakly monotone from the right since

x ↪→ y = MinU
(
x′, L(x, y)

)
= MinUL

(
U(x′, x), U(x′, y)

)
= MinULU(x′, y) =

= MinU(x′, y) ≥ y = 1 ↪→ y,

x⊙ y = MaxL
(
y, U(x, y′)

)
= MaxLU

(
L(y, x), L(y, y′)

)
= MaxLUL(y, x) =

= MaxL(y, x) ≤ x = x⊙ 1.

Corollary 4.7. If P is a complemented poset of finite length, ↪→ is weakly antitone from
the left and ⊙ is weakly monotone from the right then (◦,→) form an adjoint pair.

Of course, in a Boolean poset (P,≤, ′, 0, 1) the operator ↪→ is weakly antitone from the
left since in such a poset we have

x ↪→ y = MinU
(
x′, L(x, y)

)
= MinU

(
L(x, y), x′) = MinUL

(
U(x, x′), U(y, x′)

)
=

= MinULU(y, x′) = MinU(y, x′) ≥ y = 1 ↪→ y.

However, we can present an example of a non-uniquely complemented poset that is not
a lattice and where ↪→ is weakly antitone from the left.

Example 4.8. The complemented poset (P,≤, 0, 1) from Figure 8 is neither distributive
since

L
(
U(e, f), b

)
= L(1, b) = L(b) ̸= 0 = LU(0, 0) = LU

(
L(e, b), L(f, b)

)
nor a lattice since a ∨ b does not exist. Now let x, y, z ∈ P . Then

U(x+) =

{
P if x = 1,
1 otherwise,

x ◦ 1 = MaxL(x, 1) = x,

x → y = MinU(x+, y) =

{
MinU(0, y) = y if x = 1,
1 otherwise.

x ↪→ y = MinU
(
x+, L(x, y)

)
=

{
MinU

(
0, L(1, y)

)
= y if x = 1,

1 otherwise.

13



The assumption of (i) of Theorem 4.5 is satisfied since x ↪→ y ≥ y = 1 ↪→ y. Accordingly,
the conclusion of (i) of Theorem 4.5 holds:
If x ◦ y ≤ z and y = 1 then x = x ◦ 1 = x ◦ y ≤ z = 1 → z = y → z.
If x ◦ y ≤ z and y ̸= 1 then x ≤ 1 = y → z.

We now turn our attention again to the adjointness of the operators ◦ and →. In the
proof we use similar arguments as in [2].

Theorem 4.9. Let (P,≤, 0, 1) be a complemented poset of finite length. If

U
(
x+, L(x, y)

)
⊆ U(y) for all x, y ∈ P (1)

then for all x, y, z ∈ P
x ◦ y ≤ z implies x ≤ y → z.

If
L
(
x, U(x+, y)

)
⊆ L(y) for all x, y ∈ P (2)

then for all x, y, z ∈ P
x ≤ y → z implies x ◦ y ≤ z.

Proof. Let a, b, c ∈ P . Then the following are equivalent:

a ◦ b ≤ c,

MaxL(a, b) ≤ c,

L(a, b) ≤ c,

L(a, b) ⊆ L(c),

U(c) ⊆ UL(a, b).

Moreover, the following are equivalent;

a ≤ b → c,

a ≤ MinU(b+, c),

a ≤ U(b+, c),

a ∈ LU(b+, c),

L(a) ⊆ LU(b+, c),

U(b+, c) ⊆ U(a).

If a ◦ b ≤ c and (1) then U(c) ⊆ UL(a, b) and hence

U(b+, c) = U(b+) ∩ U(c) ⊆ U(b+) ∩ UL(a, b) = LU
(
b+, L(a, b)

)
⊆ U(a)

showing a ≤ b → c. If, conversely, a ≤ b → c and (2) then L(a) ⊆ LU(b+, c) and hence

L(a, b) = L(a) ∩ L(b) ⊆ LU(b+, c) ∩ L(b) = L
(
U(b+, c), b

)
⊆ L(c)

showing a⊙ b ≤ c.

Example 4.10. The poset from Figure 8 satisfies (1) since

U
(
x+, L(x, y)

){ = U(y) if x = 1
⊆ U(x+) = {1} ⊆ U(y) otherwise.
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Remark 4.11. Every Boolean poset (P,≤, ′, 0, 1) satisfies (1) and (2) since

U
(
x′, L(x, y)

)
= UL

(
U(x′, x), U(x′, y)

)
= ULU(x′, y) = U(x′, y) ⊆ U(y),

L
(
x, U(x′, y)

)
= LU

(
L(x, x′), L(x, y)

)
= LUL(x, y) = L(x, y) ⊆ L(y).

In the next theorem we prove a similar assertion as in Theorem 4.9, but for the operators
⊙ and ↪→.

Theorem 4.12. Let (P,≤, 0, 1) be a complemented poset of finite length. If

U
(
x+, L

(
x, U(x+, y)

))
⊆ U(y) for all x, y ∈ P (3)

then for all x, y, z ∈ P
x⊙ y ≤ z implies x ≤ y ↪→ z.

If

L
(
x, U

(
x+, L(x, y)

))
⊆ L(y) for all x, y ∈ P (4)

then for all x, y, z ∈ P
x ≤ y ↪→ z implies x⊙ y ≤ z.

Proof. Let a, b, c ∈ P . From the proof of Theorem 4.12 we have that a⊙b ≤ c is equivalent
to L

(
b, U(a, b+)

)
⊆ L(c) and that a ≤ b ↪→ c is equivalent to U

(
b+, L(b, c)

)
⊆ U(a). If

a⊙ b ≤ c and (3) then L
(
b, U(a, b+)

)
⊆ L(c) and hence

U
(
b+, L(b, c)

)
= U

(
b+, L(b) ∩ L(c)

)
⊆ U

(
b+, L(b) ∩ L

(
b, U(a, b+)

))
=

= U
(
b+, L

(
b, U(a, b+)

))
⊆ U(a)

showing a ≤ b ↪→ c. If, conversely, a ≤ b ↪→ c and (4) then U
(
b+, L(b, c)

)
⊆ U(a) and

hence

L
(
b, U(a, b+)

)
= L

(
b, U(a) ∩ U(b+)

)
⊆ L

(
b, U

(
b+, L(b, c)

)
∩ U(b+)

)
=

= L
(
b, U

(
b+, L(b, c)

))
⊆ L(c)

showing a⊙ b ≤ c.

Remark 4.13. Every Boolean poset (P,≤, ′, 0, 1) satisfies (3) and (4) since

U
(
x′, L

(
x, U(x′, y)

))
= U

(
x′, LU

(
L(x, x′), L(x, y)

))
= U

(
x′, LUL(x, y)

)
=

= U
(
x′, L(x, y)

)
= UL

(
U(x′, x), U(x′, y)

)
= ULU(x′, y) =

= U(x′, y) ⊆ U(y),

L
(
x, U

(
x′, L(x, y)

))
= L

(
x, UL

(
U(x′, x), U(x′, y)

))
= L

(
x, ULU(x′, y)

)
=

= L
(
x, U(x′, y)

)
= LU

(
L(x, x′), L(x, y)

)
= LUL(x, y) = L(x, y) ⊆

⊆ L(y).
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The poset from Figure 8 satisfies (3) since

U
(
x+, L

(
x, U(x+, y)

)){ = L(y) if x = 1
⊆ U(x+) = {1} ⊆ U(y) otherwise.

Recall that a poset P = (P,≤) is called modular if one of the following equivalent condi-
tions is satisfied:

U
(
L(x, y), z

)
= UL

(
x, L(y, z)

)
for all x, y, z ∈ P with z ≤ x,

L
(
U(x, y), z

)
= LU

(
x, U(y, z)

)
for all x, y, z ∈ P with x ≤ z.

The next result shows that stronger versions of modularity imply adjointness if ⊙ and
↪→.

Corollary 4.14. Let (P,≤, 0, 1) be a complemented poset of finite length. If

U
(
L(A, y), C

)
= UL

(
A,U(y, C)

)
for all y ∈ P and all A,C ∈ 2P \ {∅} with C ≤ A (5)

then for all x, y, z ∈ P
x⊙ y ≤ z implies x ≤ y ↪→ z.

If

L
(
U(A,B), z

)
= LU

(
A,L(B, z)

)
for all z ∈ P and all A,B ∈ 2P \ {∅} with A ≤ z (6)

then for all x, y, z ∈ P
x⊙ y ≤ z implies x ≤ y ↪→ z.

Proof. We have that (5) implies

U
(
x+, L

(
x, U(x+, y)

))
= U

(
L
(
U(x+, y), x

)
, x+

)
= UL

(
U(x+, y), U(x, x+)

)
=

= ULU(x+, y) = U(x+, y) ⊆ U(y)

for all x, y ∈ P , i.e. (3). Moreover, (6) implies

L
(
x, U

(
x+, L(x, y)

))
= L

(
U
(
L(x, y), x+

)
, x
)
= LU

(
L(x, y), L(x+, x)

)
= LUL(x, y) =

= L(x, y) ⊆ L(y)

for all x, y ∈ P , i.e. (4). Now Corollary 4.14 follows from Theorem 4.12.

5 Orthogonality, Dedekind-MacNeille completion and

convex subsets

In this section we investigate the binary relation ⊥ of orthogonality introduced in Sec-
tion 2 within the Dedekind-MacNeille completion (see e.g. [1]) of a poset and within the
poset of non-empty convex subsets of a bounded poset.

Let P = (P,≤) be an arbitrary poset. Put

D(P) := {L(A) | A ⊆ P} = {B ⊆ P | LU(B) = B}.
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Then D(P) := (D(P),⊆) is a complete lattice, called the Dedekind-MacNeille completion
of P. It is well-known that in D(P)

∨
i∈I

Ai = LU

(⋃
i∈I

Ai

)
,∧

i∈I

Ai =
⋂
i∈I

Ai.

Moreover, it is well-known that if a, ai ∈ P for all i ∈ I then

L(a) =
∨
i∈I

L(ai) if and only if a =
∨
i∈I

ai,

L(a) =
∧
i∈I

L(ai) if and only if a =
∧
i∈I

ai.

Further, the mapping x 7→ L(x) is an embedding of P into D(P), i.e. for all x, y ∈ P ,
x ≤ y if and only if L(x) ⊆ L(y). If P has a smallest element 0 and a greatest element 1
then L(0) and L(1) are the smallest, respectively greatest element of D(P). Hence, if P
is bounded and a, b ∈ P then a ⊥P b if and only if L(a) ⊥D(P) L(b).

We can characterize the orthogonality of two elements of the Dedekind-MacNeille com-
pletion of a bounded poset as follows.

Theorem 5.1. Let P = (P,≤, 0, 1) be a bounded poset and A,B ∈ D(P). Then the
following are equivalent:

(i) A ⊥D(P) B,

(ii)
∨

P(A ∪B) = 1 and x ∧ y = 0 for all x ∈ A and all y ∈ B.

Proof. We have A ⊥D(P) B if and only if A ∨D(P) B = L(1) and A ∧D(P) B = L(0).
Now the following are equivalent: A∨D(P)B = L(1), LU(A,B) = L(1), U(A,B) = U(1),∨

P(A ∪ B) = 1. Moreover A ∧D(P) B = L(0) if and only if A ∩ B = {0}. Now assume
A ∩ B = {0}. If a ∈ A, b ∈ B, c ∈ P and c ≤ a, b then a ∈ A = LU(A) and
b ∈ B = LU(B). Hence c ∈ LU(A)∩LU(B) = A∩B = {0}, i.e. c = 0 showing a∧ b = 0.
If, conversely x ∧ y = 0 for all x ∈ A and all y ∈ B and d ∈ A ∩ B then d = d ∧ d = 0
showing A ∩ B = {0}. So we finally obtain that A ∩ B = {0} is equivalent to the fact
that x ∧ y = 0 for all x ∈ A and all y ∈ B.

Let P = (P,≤) be a poset, a, b, c ∈ P and A,B ⊆ P . Recall that A is called convex if
x, z ∈ A, y ∈ P and x ≤ y ≤ z together imply z ∈ A. Let ConvP denote the set of all
convex subsets of P. We define a binary relation ⊑ on 2P by

A ⊑ B if and only if A ≤1 B and A ≤2 B.

Since the intersection of convex subsets of P is again a convex subset of P, there exists
a smallest (with respect to inclusion) convex subset A of P including A, the so-called
convex hull of A.

Lemma 5.2. Let (P,≤) be a poset and A ⊆ P . Then

A = {x ∈ P | there exist y, z ∈ A with y ≤ x ≤ z}.
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Proof. Let a, c ∈ A and b ∈ P and assume a ≤ b ≤ c. Then there exist d, e ∈ A with
d ≤ a and c ≤ e. Now d ≤ b ≤ e which shows b ∈ A. We have proved A ∈ ConvP. Now
let B ∈ ConvP with A ⊆ B and let f ∈ A. Then there exist g, h ∈ A with g ≤ f ≤ h.
Since g, h ∈ B ∈ ConvP we conclude f ∈ B. This shows A ⊆ B completing the proof of
the lemma.

Observe that A = A↓ ∩ A↑. Moreover, let Conv*P denote the set of all non-empty
elements of ConvP.

Lemma 5.3. Let P = (P,≤) be a poset. Then the following holds:

(i) ConvP := (ConvP,⊑) is a poset,

(ii) if P has a smallest element 0 and a greatest element 1 then

Conv*P := (Conv*P,⊑, {0}, {1})

is a bounded poset.

Proof.

(i) Since ≤1 and ≤2 are quasiorders, the same is true for ⊑. Let A,B ∈ ConvP, assume
A ⊑ B and B ⊑ A and let a ∈ A. Because of B ≤2 A there exists some b ∈ B with
b ≤ a, and because of A ≤1 B there exists some c ∈ B with a ≤ c. Since b ≤ a ≤ c
and b, c ∈ B ∈ ConvP we conclude a ∈ B. This shows A ⊆ B. From symmetry
reasons we have also B ⊆ A, i.e. A = B.

(ii) According to (i), (Conv*P,⊑) is a poset. It is easy to see that {0} ⊑ C ⊑ {1} for
all C ∈ Conv*P.

Example 5.4. For the bounded poset P depicted in Fig. 9

0

a b

1

Figure 9. Bounded poset P

the bounded poset Conv*P is visualized in Fig. 10
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0ab

ab1

1

Figure 10. Poset of convex subsets of P

Here we write 0ab1 instead of {0, a, b, 1}, and so on.

Let P = (P,≤, 0, 1) be a bounded poset and A,B ⊆ P . Then we define

A ⊥P B if and only if x ⊥P y for all x ∈ A and all y ∈ B.

Finally, we show that two non-empty subsets of a bounded poset (P,≤, 0, 1) are orthog-
onal if and only if their convex hulls are orthogonal in the bounded poset of non-empty
convex subsets of P .

Theorem 5.5. Let P = (P,≤, 0, 1) be a bounded poset and A,B non-empty subsets of
P . Then A ⊥P B if and only if A ⊥Conv*P B.

Proof. First assume A ⊥P B. Let C ∈ Conv*P with A,B ⊑ C. Assume a ∈ C. Then
there exist b ∈ A and c ∈ B with b, c ≤ a. Hence there exist d ∈ A and e ∈ B with d ≤ b
and e ≤ c. Since d, e ≤ a and d ∨ e = 1 we conclude a = 1. Hence A ∨Conv*P B = {1}.
Now let D ∈ Conv*P with D ⊑ A,B. Assume f ∈ D. Then there exist g ∈ A and h ∈ B
with f ≤ g, h. Hence there exist i ∈ A and j ∈ B with g ≤ i and h ≤ j. Since f ≤ i, j
and i ∧ j = 0 we conclude f = 0. Hence A ∧Conv*P B = {0}. This shows A ⊥Conv*P B.
Conversely, assume A ⊥Conv*P B. Let k ∈ A, l ∈ B and m,n ∈ P with m ≤ k, l ≤ n.
Then ↓ m ⊑ A,B ⊑↑ n and hence ↓ m = {0} and ↑ n = {1} whence m = 0 and n = 1.
This shows k ⊥P l. Since k and l were arbitrary elements of A and B, respectively, we
get A ⊥P B.
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