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Abstract. We consider generalized monotone functions f : X — {0,1} defined for an ar-
bitrary binary relation < on X by the property z < y = f(z) < f(y). These include the
standard monotone (or positive) Boolean functions, regular Boolean functions and other in-
teresting functions as special cases. It is shown that a class of functions is closed under con-
junction and disjunction (i.e., a distributive lattice) if and only if it is the class of monotone
functions with respect to some quasi-order <.

We consider the monoid of all conjunctive operators on a set and show that this monoid is
algebraically isomorphic to the monoid of all binary relations on this set. In this development,
two operators, positive content and positive closure, play an important role.

The results are then applied to the version space of all monotone hypotheses of a set of
binary examples also called the class of all monotone extensions of a partially defined Boolean
function, to clarify its lattice theoretic properties.

Keywords: machine learning, version spaces, lattices, ordinal classification, Boolean func-
tions, monotone functions, generalized monotone functions, regular functions, Horn functions,
positive content, positive closure, partially defined Boolean functions.

1 Introduction

It is well known that the class of all Boolean functions is closed under conjunction
and disjunction (hence forms a distributive lattice (e.g., [11])). The same holds for the
class of all monotone (also called positive) Boolean functions. In this paper, we point
out that the monotonicity can be defined in quite a general setting, still maintaining
the property that the class of generalized monotone functions forms a distributive
lattice. In addition to the standard monotone Boolean functions, the generalized
* This work was partially supported by the Scientific Grant in Aid by the Ministry of Education, Science,
Sports and Culture of Japan. The visit of the first author to Kyoto University in January and February,

2000, was also made possible by this grant. The results of this paper were first presented at the fall
meeting of Informs, Dallas 1997.



monotonicity includes such Boolean functions as regular [1,9,21,23], aligned [5], Q-
transitive [6] and g-transitive [6] functions. Although Horn functions [17,19] are not
monotone in our sense, some part of the theory can also be applied to them.

More precisely, given a ground set X, we consider functions f : X — {0,1}. Note,
that these functions are just the characteristic functions of the subsets of X. For any
binary relation < on X, we say that f is monotone with respect to < if x < y implies
f(z) < f(y) for all z,y € X, where < is the usual inequality on {0,1}. The case of
a quasi-order < is particularly interesting, since it is shown that a class of functions
is closed under conjunction and disjunction if and only if it is the class of monotone
functions with respect to some quasi-order <.

We then consider the operators defined on the class of all functions. After intro-
ducing the notion of conjunctive operators, we show that the set of all binary relations
and the class of all conjunctive operators are isomorphic, if viewed as monoids under
composition of relations and composition of operators, respectively. In this proof,
special operators, called the positive content and the positive closure, are introduced
and utilized.

Monotone functions (in the generalized sense) have been studied in logical analysis
of data ([6,10]), where extensions (i.e., Boolean functions) which are consistent with
a given data sets (i.e., partially defined Boolean functions) are sought. This is because
the generalized monotonicity often embodies the structure inherent in the data set
under consideration. Given a binary relation <, an interesting problem in this area
is to investigate mathematical properties of the class of all monotone extensions of
a given data set. We show that this class , also called a version space in machine
learning is also closed under conjunction and disjunction. In order to clarify the
lattice structure of this version space, it becomes clear that the above operators,
positive content and positive closure, play an important role. In particular, the map
7 from the class of all monotone functions to the class of all monotone extensions
can be described by using such operators, and it provides an algorithm to determine
minimal representations of a given monotone extension.

2 Preliminaries

2.1 Functions and lattices
Given a finite set X, we consider the class of characteristic functions,
BOX) = {f|/: X — {0,1}}.

The order < is defined on {0,1} by 0 < 0,1 < 1 and 0 < 1. In particular, if
X ={0,1}", then B(X) denotes the class of Boolean functions of n variables. In this



paper, it is assumed that the reader is familiar with a basic knowledge of Boolean
functions [16,21,22]. For f € B(X), define

I(f)={r e X | f(z) = 1},
F(f)={z e X | f(x) =0}

We denote f < g if T(f) C T(g) holds. The relation < on B(X) is a partial order.
Two functions top T and bottom L in B(X) are defined by T(z) =1 and L(z) =0
for all z € X (i.e., T(T) = X and T(L) = (), respectively. Obviously f < T and
1 < f hold for all f € B(X).

Consider a subset £ of B(X). If f,¢g € L, then the smallest element larger than
both f and g in the sense of < is called the least upper bound (lub) of f and g, and
this element is denoted by f LI ¢g. Similarly, the greatest lower bound (glb) of f and
g is denoted f M g. A subset £ C B(X) is called a sublattice of B(X) if L is closed
under M and L. The smallest element f;, and the largest element f,., of a lattice
L, if they exist, are called the universal bounds of L : fuin < g < fmax for all g € L.

A lattice L is distributive if fL(gMh) = (fUg)M(fUg) holds for all f, g, h € L. The
lattice B(X) is obviously a distributive lattice with fi.x = T and bottom fu;, = L,
such that flLlg = fVgand flg = fAg, where the binary operations V and A are the
usual operators respectively called disjunction and conjunction. By convention, the
operator is sometimes omitted from an expression; e.g., f A g may be written as fg.
It is clear that L is a distributive sublattice of B if it is closed under conjunction and
disjunction, since flLlg = fVgand fIg= f Aghold in such £, and the distributive
law fV (gAh)=(fVg)A(fVg) always holds.

2.2 Generalized monotone functions

Let < be an arbitrary binary relation on X. A function f € B(X) is called monotone
with respect to < if © < y implies f(z) < f(y) for any z,y € X. The class of
monotone functions with respect to < is denoted by M(X<). As we shall see later, a
binary relation < is particularly interesting if it is a quasi-order (i.e., reflexive: x < x
for all z € X, and transitive: + < y and y < z imply x < 2 for all z,y, 2 € X).

Note that the class B(X) itself is monotone with respect to the equality relation =,
i.e., B(X) = M(X_-). Now consider the case X = {0,1}". For the ordinary inequality
< between vectors (i.e., z <y < z; <y, for all j), a function f € M(X<) has been
traditionally called monotone (or positive). If it is necessary to distinguish, we say
standard monotone functions and generalized monotone functions, respectively.

A function f € M(X<) that satisfies the following additional condition is called
regular [1,9,21,23]: fe—02,=1 < fei=12;=0 for any i < j, where fy, ;.. is the
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restriction of f to the space with z; = a and x; = b. It is known that a regular function
is monotone in the above sense if < is defined by * < y & ngk zj < ngk y; for all
ke{l,2,...,n}

There are still other types of (generalized) monotone functions. A function f €
B(X) is aligned [5] if it is monotone with respect to the relation < defined by z <y <
x; < y; fori e {1,2,... n} implies Z].Q. T > Zj<n y;- A monotone function f is Q-
transitive [6], if < is defined as follows: Given an m x n real matrix Q, =z < y < Qz <
Qy. It is interesting to see that a standard monotone function and a regular function
are special cases of a ()-transitive function when Q is the identity matrix and when
Qi; = 1 if and only if ¢ > j, respectively. Finally, a monotone function is g-transitive
if, given a function ¢ : {0,1}" — R, & < y holds if and only if g(z) < ¢(y), where
R denotes the set of real numbers. For example, if g(x) = Y77_, x;, then a function
f is monotone with respect to < if and only if it is a positive symmetric function,
where a function f is called symmetricif f(z) = f(y) holds for all z,y € {0,1}" with
DT =5 Y

For our discussion, the following theorem is essential; it says that M(Xx) is a
distributive sublattice of B(X).

Theorem 1. For any binary relation < on X, M(X<) is closed under conjunction
and disjunction, and contains T and L.

Proof. Let f,g € M(X<). By definition, for any = <y, € T'(f) implies y € T(f)
and z € T(g) implies y € T(g). Thus v € T(f) NT(g9)(= T(f A g)) implies y €
T(f)NT(g). Hence f A g is monotone with respect to <, and M(X<) is closed under
conjunction. Similarly for disjunction, since x € T(f) UT(g) and x < y obviously
imply y € T'(f) UT(g). The second statement T, L € M(X) is also obvious since
T and L are monotone with respect to any relation <.

Definition 1. A subset L C B(X) is called an A-semilattice if f A g € L holds for
all f,g € L. Such an L is called topped if T € L.

Ezample 1. There are A-semilattices £ C B(X), which are not closed under disjunc-
tion. A Boolean function f is called Horn if it has a CNF (conjunctive normal form)
such that each clause in it has at most one positive literal. It is well known that the
class of all Horn functions Cyom is closed under conjunction but not under disjunction.
As another example, let X = {1,2,... ,n} and let f € B({0,1}") be a Horn
function. Then each x € T'(f) is considered as a map z : X — {0,1} (i.e., T(x) =
{7 | x; = 1}). It is known that the class H; = {x | x € T(f)} is closed under
conjunction but not under disjunction [19]. H is topped if f(11---1) =1 holds.
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If we consider the complement of Horn functions in the above description, we can
define classes which are closed under disjunction but not under conjunction.

Let £ C B be a topped A-semilattice. Then L is not a sublatttice of B, unless it
is closed under disjunction. Nevertheless, even if it is not closed under disjunction,
then we can define the operator L, where LI is not equal to V, such that £ becomes
a lattice, see ([11])

Lemma 1. A topped A-semilattice L is a lattice, where fMg= fAg and fUg =
N{h | fVg<h} hold

3 The Quasi-Order Induced by £

In this section, we show that a topped A-semilattice £ on a finite set X induces a
quasi-order C; on X. We then discuss relationships between £ and M(Xc,), and
between < and C, for £ = M(Xx).

3.1 Relationship between £ and M (Xr)
Definition 2. Let X be a finite set, and let L C B(X) be a topped A-semilattice. Let

me=/\{g€L|zeT(g} =X (1)
Then the relation T, induced by L is defined by
vy yeT(myg).
The subscript L of T is usually omitted unless confusion arises.

Note that m, € £ holds since L is closed under conjunction. By definition (1), it
is also obvious that

x € T(my) (2)
always hold.

Ezample 2. Let £L = M(X<), i.e., the class of monotone functions in the traditional
sense. Then m, is represented by the term obtained from the minterm of = by deleting
all negative literals. For example, x = (10011) has the minterm zZ,Z3x425 and the
function m, is represented by xix4x5. Thus x C y holds if and only if y satisfies the
term xix4x5. In this case, it is not difficult to see that x C y < = < y holds.
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For £ = Cxom, m, is represented by the conjunction of all Horn clauses that
contain z. As a single literal is a Horn clause, m, for z = (10011) for example is
represented by its minterm z1Z9Z3x4x5. Thus, x C y < v = y.

Finally, let £ = H; for a Horn function f (see Example 1 for its definition), where
X ={1,2,...,n}. Denote i ¢ j if all x € T(f) with x; = 1 satisfy x; = 1. Then
T(m;) = {j | i s j} holds, and we obtain z C y < i I, j. By Boolean algebra, it
can be shown that ¢ F; j holds if and only if clause (Z; V x;) is an implicate of f.

Lemma 2. Let L C B(X) be a topped N-semilattice, and let C be the relation induced
by L. Then x Ty holds if and only if m, < m, holds.

Proof. If x C y, then y € T'(my). Since m, € L, this implies m, = A{g e L |y €
T(g)} < my. Conversely, assume m, < m,. By (2), we have y € T'(m,) C T'(m,),
implying z C y.

Lemma 3. Let L C B(X) be a topped N-semilattice, and let C be the relation induced
by L. Then C is a quasi-order on X.

Proof. By (2), x € T(m,) holds, i.e., C is reflexive. Now let © C y and y C z. By
Lemma 2, we have m, < m, and m, < m,, and hence m, < m, & v C z;ie., Cis
transitive. Thus C is a quasi-order.

In the next lemma we consider the class of all functions which are monotone
with respect to the quasi-order C induced by a topped A-semilattice £. This class is
denoted by M(Xc). Define the disjunctive closure of L by

Cl(L)={glg=\/f. S}

fes

Lemma 4. Let L C B(X) be a topped N-semilattice, and let T be the quasi-order
induced by L. Then L C M(Xc) and Cly (L) = M(X¢).

Proof. Take any f € £. Then x € T(f) = m, < f (by (1)), and therefore, x € T(f)
and x C y imply y € T(m,) C T(f). This shows that f is monotone with respect
to C, ie., f € M(Xr), and hence £ C M(X). To prove the second statement, it
suffices to show that any f € M(Xc) belongs to Cly (L), since Cly (L) C M(Xr)
is clear from Theorem 1 (i.e., M(Xr) is closed under disjunction). For such f, take
an arbitrary z € T(f). Then any y € T'(m,) (i.e., x C y) satisfies y € T(f). Hence
mg < f by (1). Therefore,

f=\ m, (3)

z€T(f)



since \/ m, < f is implied by m, < f and f <\/m, is implied by m,(z) =1 for all
z e T(f).

Corollary 1. If £ C B(X) is closed under conjunction and disjunction, and contains
T and L, then £L = M(Xg) holds for the quasi-order T induced by L.

Putting Theorem 1 and this corollary together, we have the next theorem.

Theorem 2. A class of functions £ C B(X) is closed under conjunction and dis-
gunction, and contains T and L, if and only if it is the class of monotone functions
with respect to a quasi-order < on X.

Note that this theorem does not exclude the possibility that M(X<,) = M(Xx,)
for some <; and <y, where < is a quasi-order but < is not.

Ezample 3. As a case in which X is not equal to {0,1}", consider the class £ = H;
defined for a Horn function f : {0,1}" — {0,1} (see Examples 1 and 2). Then the
set M(Xr) is the collection of functions w (cf. the notion of upset in [11]) such that
i € T(u) and i =y j imply j € T'(u). It can be further shown, by the definition of +;
given in Example 2, that M (Xr) = Hp holds, where f' is the Horn function given
by f' = /\Z.Ffj (z; V ;). Now recall that, if H is closed under not only conjunction
but also disjunction, then f is called submodular [14]. Tt is known that such an f has
a CNF of the form /\Z.Ff (Z; V xj), which is the same as the above f’. This is not

j
surprising because M (X¢) is closed under conjunction and disjunction (Theorem 1).

3.2 Relationship between < and L

Let < be a binary relation on X. Recall that M(X<) is a topped lattice closed under
conjunction and disjunction (Theorem 1). Therefore, £ = M(X<) induces a quasi-
order C on X (Lemma 3). In this section, we discuss the relationship between the
relations < and C.

First of all, it is easy to see that

r<y=xLCy (4)

holds. For this, assume z < y. Then any g € M(X<) satisfies g(x) < g(y); ie.,
x € T(g) implies y € T'(g). Therefore y € T'(m,) holds, where m, = A{g € M(X<) |
xz € T(g)}, concluding = C y.

Theorem 3. Let T be the quasi-order induced by M(X<), where < is a binary re-
lation on X. Then M(X<) = M(Xp).



Proof. Note first that (4) implies M(Xg) € M(X<). To prove the converse, i.e.,
M(X<) € M(Xp), take an f € M(X<). Then for any x € T(f), we have m, < f
by definition (1). Therefore, z € T(f) and x C y imply y € T'(m,) C T(f), i.e., f is
monotone with respect to C. This proves f € M(X¢).

Let us define the reflexive transitive closure of a binary relation < as the smallest
quasi-order that contains <. We now show, via a few lemmas, that the relation C is
the reflexive transitive closure of <. Define a function Tz by

T(tr)={ye X |z =2y} (5)
Note that T'(Tx) can be empty, since < may even not be reflexive.
Lemma 5. Let < be a binary relation on X. Then:

a) = reflexive < v € T(Tx) for allx € X,
b) =< transitive & to € M(X<) for all z € X.

Proof. a) Immediate from the definition of Tz in (5).

b) Suppose < is transitive. To prove that T is monotone, let y € T'(1x) and y < z.
Then we have x < y and y < z, and x < z by transitivity. Therefore, z € T(1 ).
This implies To € M(X<). To prove the converse, assume that + < y and y < z, but
x A z. Then y € T(Tx) and z ¢ T'(1x) for y < 2. This shows that 1z is not monotone
with respect to <.

Lemma 6. Let < be a binary relation on X, and let my, = N{g € M(X3) | z €
T(g)}. Then = is a quasi-order if and only if Tx = m, holds for all z € X.

Proof. First assume that < is a quasi-order. By Lemma 5, we have x € T(Tz) and
tz € M(X<). Then z € T'(Tz) implies m, <tz. We now show Tz < my, i.e., Tz <g
for all g € M(X<) with g(z) = 1. For this, assume g(z) = 1 and y € T(x). Then,
since z < y and = € T(g), we have y € T'(g). This proves 1z < g.

To prove the converse, assume Tz = m,. Then 1 z(z) = m,(z) = 1 holds.
Furthermore m, € M(Xx) is clear because M(X<) is closed under conjunction.
Thus < is a quasi-order by Lemma 5.

Theorem 4. Let < be a binary relation on X. Then the quasi-order T induced by
M(X<) is the reflexive transitive closure of <.

Proof. Considering (4), it is sufficient to prove that < equals C whenever < is a
quasi-order on X. Let = C y. Since z C y < y € T(m,) and < is a quasi-order by
assumption, Lemma 6 says that + C y <y € T(tz). Thus = < y.

Corollary 2. If < is a quasi-order on a finite set X, then <=LC holds, where C is
the quasi-order induced by M(X<).



3.3 Disjunctive representation of generalized monotone functions

In this subsection, suppose that < is a quasi-order on X. Then we define an equiv-
alence relation ¢ on X by zpy & mgy = m,. According to lemma 6, we have
rpy < (te =1y) & (r = y and y = x). The equivalence classes [z], form a
partially ordered set denoted by X/u. Now, given an f € M(Xx), it is easy to see
that every equivalence class [z], satisfies either [x], C T'(f) or [z], C F(f). Let

minT(f) ={x € T(f) | noy € T(f) satisfies y < z and = A y}.

As min7'(f) is also a disjoint union of some equivalence classes [z],, we select one
representative from each equivalence class and denote the resulting set of representa-
tives by R(min7(f)). The next lemma describes a method to represent a monotone
function.

Theorem 5. Let < be a quasi-order on X, and let f € M(X<). Then f has the
disjunctive representation:

ER(minT(f))

This representation is irredundant (in the sense that no m, can be removed without
changing the function f) and is unique.

Proof. First note that + <y &ty <tz & m, < m,, by Lemma 6. Thus it is clear
that representation (3) leads to the above representation (6). The representation (6)
is irredundant and unique, since, by definition, two z,y € R(minT(f)) satisfy neither
r < ynory <z, and any =,y in the same equivalence class [z], satisfy m, = m,,.

Theorem 5 is an extension of the result known as the unique DNF form of prime
implicants for the standard monotone functions [16, 21]. However, in the general case
m, is not necessarily a conjunction of literals.

Ezample 4. Let X = {0,1}*, and define a quasi-order < by z < y < 7, +T9 < y1+%o,
and z3 + 24 < y3 + y4. Now consider the function f defined by f = z1zy V (z12324 V
Tow3x4). Then f is monotone with respect to < . Furthermore, R(min7T(f)) is for
example given by the set of equivalence classes {(1100),(0111)}, and the unique
representation (6) of f becomes

[ =mai00) V mor111) = 1122 V (212324 V T27374).



3.4 Dual theory of generalized monotone functions

The results obtained so far can be dualized in a way that is similar to the ’principle of
duality’ known in Boolean algebra and lattice theory (cf., [11, 16,21, 22]). We present
a summary of such results in this subsection, without detailed proofs, since most of
them can be done in the symmetric manner.

Call a subset £ C B(X) an V-semilattice if fV g € L holds for all f, g € £. Such
an L is bottomed if 1L € L. Even if it is not closed under conjunction, Theorem 1
can be modified to show that a bottomed V-semilattice is a lattice, in which 1 is not
equal to A.

Definition 2 is modified as follows. Given a bottomed V-semilattice £ C B(X), let

M,=\/{geL|zeF(g} z€X. (7)

Then the relation C, induced by L is defined by: y T, = < y € F(M,). It is not
difficult to see that this definition of C, is the same as that in Definition 2, if L is
closed both under conjunction and disjunction.

In the standard case of X = {0,1}" and <=<, M, for w € X is given by
the disjunction of literals z; such that w; = 0. For exmple, w = (010110) gives
Mw :]Il\/l‘g\/]}G.

Define the conjunctive closure of L by

CinL)={glg= N\ Ff ScL}
fes
Also define the function |z by
T(lz)={ye X |y Za}. (8)

Then the whole discussion in Section 3 can be dualized just by considering the fol-
lowing correspondences: V <> A, my <> M, and Tz <> | x. Note that the statement
12 = m, in Lemma 6 should read o = M, (i.e., complemented), and the represen-
tation (3) in Theorem 4 becomes

f= N\ M.

zEF(f)
Define max F'(f) by

max F'(f) ={xz € F(f) | noy € F(f) satisfies ¢ < y and y A x}.

Using the equivalence relation p defined by zpy < M, = M,, we can define R(max F'(f))
by selecting one representative from each equivalence class of p. Then we have the
following dual version of Lemma 5.
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Theorem 6. Let < be a quasi-order on X, and let f € M(X<). Then f has the
conjunctive representation:

z€R(max F(f))

This representation is irredundant (in the sense that no M, is removed without chang-
ing the function f) and is unique.

FEzample 5. Consider the X, < and f in Example 4. Then max F'(f) has two equiva-
lence classes {(0011} and {0101, 0110, 1001, 1010).} Thus R(max F'(f)) is for example
given by {(0011),(0101)}. By applying (7) to this case, we have Mg11) = 12, and
Moi01y = (21 Va3) (21 Vas) (@2 Vas) (w2 Vay). Therefore the conjunctive representation
(9) of f becomes

f = (1‘1 V 1‘2)((1’1 V 1‘3)(1’1 V 1‘4)(1’2 V 1'3)(1'2 V 1'4)),

which is of course equal to x1x9 V x12374 V 22324 obtained in Example 4.

4 M-operators on B(X)

In this section we discuss operators on B(X) that are conjunctive, i.e mappings of
the form ¢ : B(X) — B(X), that satisfy the condition: Vf,g € B(X) : o(f A
9) = () A(g); or that are disjunctive Vf,g € B(X) : (fV g) = $(f) V t(g).
Both conjunctive and disjunctive operators are order preserving (monotone): Vf, g €
B(X): f<g= ¢(f) < 9(g). In Boolean function theory these mappings arise
in the context of approximation operators. As a typical example we mention the
mapping f — V(f), where V(f) denotes the largest positive function contained in
f- Some early observations on approximation operators can already be found in [16,
21,22]. These operators have been used by Bioch and Ibaraki [3,4] in the framework
of decompositions. The idea of approximation operators has been generalized for
Boolean functions by considering other orderings on {0, 1}" than the standard partial
ordering < . This has been done by Bshouty [7] in the context of computational
learning theory, and by Khardon and Roth [18] in the context of reasoning. In this
section we generalize these ideas further to operators on B(X) that are conjunctive or
disjunctive, where X is a (finite) set. (Note, that the condition | X | < oo is not always
necessary). It appears that in this general setting approximation operators are highly
related to the modal operators of necessity and possibility: [1 and ¢ used in modal
logic [8]. Therefore, many properties of the operators that depend on the properties of

11



the relation < on X discussed here, and more, can be found in the literature on modal
logic. The main difference with our discussion and the abstract framework in modal
logic is that in modal logic the modal operators are applied to logical expressions
rather than to (generalized) Boolean functions. In the next section we prove that the
monoid of all conjunctive/disjunctive operators on B(X) is algebraically isomorphic
to the monoid of all binary relations on the set X. Furthermore, it appears that there
is a one-to-one correspondence between approximation operators and quasi-orders.
In the last section of this paper we use the theory on (generalized) approximation
operators to investigate the lattice structure of the version space of all monotone
hypotheses on a binary data set.

4.1 Approximation operators

For a function f € B(X), we call a function g € B(X) a major (minor) of fif f <g
(g < f). It is positive (negative) if g € M(X<) (g9 € M(Xxr), where the inverse
order <! of < is defined by <! y < y < 2. Then the largest positive minor and the
smallest positive major of f are respectively defined as follows:

V<(f) = \/{g | g is a positive minor of f},
A<(f) = /\{g | g is a positive major of f}.

The largest negative minor and the smallest negative major of are similarly defined.
These operators are respectively denoted by ¥< and A<. We will refer to the operators
defined here as: approzimation operators.

Obviously, if f € M(X<), then f = V(f) = A(f) holds, and if f € M(X<:), then
f=A (f) = ¥(f) holds. It easily follows from the definition that the approximation
operators are are all order preserving(monotone); e.g, f < g = V(f) < V(g). In the
next fundamental lemma we show that the operator V< is conjunctive. The negation
operator — used in this lemma is defined as follows: Vf € B(X) : =(f)(z) = f(z),
where f denotes the complement of f: f(x) = 1 — f(x). In the following we also use
the obvious but important observation: f € M(X<) < f € M(X<1).

Lemma 7. Let < be a relation on X. Then:
a)Vf,g€BX):V(fAg)=V(f)AV(g)
b) Vj — Aj .

Proof. a) Since the operator V< is monotone, it follows that V<(fAg) < V<(g9)AV(g).
Conversely, since V<(f), V<(g) € M< and M(X<) is closed under intersection we
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have in addition: V<(g) A V(g) < V<(f A g).
b) This is immediate from the definition.

Now, in order to examine how to compute these functions, we restrict ourselves
to the case of Boolean functions: X = {0, 1}". Furthermore, we will restrict ourselves
to binary relations that are self-dual.

Definition 3. Let < be a relation on X = {0,1}". Then =< is called self-dual if
r2yeIgeyT

Finally, let < be a binary relation on X. Then the reflexive transitive closure of
= is denoted by [=]. Obviously, [=] is the smallest quasi-order that contains < .

Lemma 8. Let < be a binary relation on X = {0,1}". If < is self-dual, then [<] is
also self-dual.

Proof. This is immediate from the definitions.

It is easy to see that the standard partial order on X and the order used in the
definition of regular functions are self-dual. For a Boolean function f € B(X), f* and
f¢ are defined by

T(f)={z |z eT(f)} and T(f) ={z |7 € F(f)},

where Z is the binary vector obtained from z by complementing all elements. This
may be alternatively denoted by f*(z) = f(Z) and f?(z) = f(Z). The function f¢
is known as the dual function of f. However, if f € M(X<)) then not necessarily
fhe M(Xx).

Lemma 9. Let < be a self-dual relation on X, and let f € M(X<) then f? €
M(X3).

Proof. Since % is the negation of f*, it is sufficient to prove that f € M(X<) =
f* e M(Xzi). So, let v =T y & y <X x. Then, by the self-duality of < we have
I =< 7. Since f is monotone this implies f(%) < f(§). Hence we have proved that
fre M(Xzr).

The following relations between the approximation operators are already known in
the theory of Boolean functions [16, 22] in the case that < equals the standard partial
order <. However, here we generalize this result to the the case that < is self-dual.

Lemma 10. Let < be a self-dual binary relation on X = {0,1}™. Then the approxi-
mation operators V, A, ¥, A, are related as follows.
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a) V=xVx=dAd=— A,

b) A =x A x=dVd=-V~,

) V=xVx=dAd=—4A,

d) A= xAx = dVd = V.
Proof. By definition V<(f) = \/{g | ¢ is a positive minor of f}. Therefore, V(f) =
d N{g? | g is a positive minor of f}. Since by Lemma 9 g¢ is a positive major of f¢,
we have V(f) = d A{h | h is a positive major of f¢} = dAd(f). The other results
are proved similar.

Furthermore, in the standard case of Boolean functions we have [3,4, 16, 21]:

Lemma 11. Let f be a Boolean function, and assume that <= <. Then:

a) V(f): Remove negative literals in a CNF of f.
b) A(f): Remove negative literals in a DNF of f.
c) Y(f): Remove positive literals in a CNF of f.
d) A (f): Remove positive literals in a DNF of f.

Note that, if in the above process all literals in a term of a DNF are removed,
then the DNF becomes T. Similarly, if all literals in a clause of a CNF are removed,
then the CNF becomes L.

Ezample 6. 1) Consider the Boolean f function defined by:
f = 21X V Tox3.

Then f¢ = (21 V Zy) (2o V 3) = 2125 V 2173 V Towz and hence f has the following
CNEF:

f=(x1Va)(xy Vaz)(2a Vas).

Therefore, by Lemma 11, we obtain V(f

A(f)=x1Vaoxs, Y(f)=Land A (f) =
11) f = l‘lfg\/i'll'g = ($1V1‘2)(l’1\/i‘ )

Y(f)=Land A (f) =71 V Zo.

) = (371 \Y4 JTQ)(ZUl V xg)l'g = 1123 V ToT3,

hen we obtain: V(f) = L, A(f) = z1 Vo,

4.2 Isomorphism between operators and relations

In this subsection we show that the collection of all conjunctive operators is iso-
morphic to the set of all binary relations on X, when viewed as monoids. In this
development, we introduce the box-operator [ defined for a binary relation < and
show some of its properties and its relationship to the largest positive minor of a
function with respect to this relation.
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Definition 4. An operator ¢ : B(X) — B(X) is conjunctive if the following two
properties hold.

a) O(f Ag) =o(f) A(g), for frg € BIX),
b) Y(T)=T.

The collection of all conjunctive operators is denoted by Ox(B(X)).

The conjunctive operators are just the homomorphisms of B(X) viewed as a
topped semi-lattice with respect to conjunction. Note that O (B(X)) is a monoid
under composition of operators, since the composition 11y of 1y, 1y € Ox(B(X)) is
also a conjunctive operator (because yt(f A g) = 1 (tha(f) Aa(g)) = trtn(f) A
Y1102(g)). In this monoid, the identity operator ¢— defined by ¢_(f) = f for all
f € B(X) is the 1-element, and the operator 1)y defined by ¢y(f) = T forall f € B(X)
is the 0-element.

Lemma 12. If 1) € OA(B(X)), then ¢ is monotone.

Proof. A conjunctive operator 1 is order-preserving(monotone) in the sense that
f < g implies ¢(f) < 1(g), because f < g < fAg = f and hence ¥(f) =¥ (fAg) =
(f) A(g) < ¥(g).

Now we turn to the collection of all binary relations on X, and denote it as R(X).
We recall that the composition o of two binary relations <; and <, is defined as
follows for z,y € X: z(=; o <9)y & Jz € X such that x <; z and z <, y. Since
=<1, <€ R(X) clearly implies <1 o <5 € R(X), R(X) is a monoid under composition,
in which the equality relation = is the 1-element and the empty relation §) (i.e., no
z,y € X satisfies 20y) is the 0-element.

To prove the isomorphism between R(X ) and O, (B(X)) as monoids, we introduce
the next definitions.

Definition 5. For a binary relation < on X, let U< be the operator defined by
reT(@<(f) & te</,
where T was defined in (5). Then O<(f) € B(X) is called the positive content of f.

Note that, although the function 1 x is possibly equal to L, we always have
v € T(Ox (1),

Lemma 13. The operator U< is conjunctive.
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Proof. The conditions O<(f A ¢) = O<(f) AO<(g) and O<(T) = T are immediate
from the definition.

The following definition shows that every conjunctive operator induces a binary re-
lation on X.

Definition 6. Let ¢ be a conjunctive operator on B(X). Then <,€ R(X) is defined
by x Xy y <y e T(mY), where

my = \{g € B(X) |z € T(y(9))}.

In analogy with 1z, let the function 1, be defined by T'(1yz) = {y € X | z =<y
y}. Then we have:

T =2pyeyeT(mY) e ml =ty. (10)

We now show that the map: R(X) — O(B(X)) defined by: < — [, and the
inverse map: O, (B(X)) — R(X) defined by: ¢ +— =<, are both bijections.

Lemma 14. Let <,0<,9 and <y be defined as in Definitions 5 and 6. Then the
following properties hold.

a) Zo.==, for any <€ R(X),
b) V<, =1, for any € Or(B(X)).

Proof. a) Denote O = O< for simplicity. By definition, we have

mZ = N{glzeTO(9)} = Nlg|tz < g} =tz

Therefore, we may conclude: x <py & yeT(Tz) & x<y.

b) Denote [ = 1<, for simplicity. We first show OI(f) < o(f) for all f € B(X).
Assume z € T(O(f)). Then z € T(O(f)) Ty < f holds, and hence ¢ (1y,x) < ¥(f)
(since 1 is order preserving). Now, from (10), we have ¢ (1 4z) = A{¢(g) | = €
T(¢(g))}. This implies = € T'(¢)(1y2)) and hence = € T(¢(f)). Conversely we show

Y(f) < O(f). Assume = € T((f)). Then m¥ = AN{g | z € T(¥(9))} < f. Now
tpx =m? < f implies z € T(D(f)) by definition.

The next lemma shows that the bijections < +— [< and ¢ + =<, are both

homomorphic in the sense that they preserve the monoid operations on respectively
OA(B(X)) and R(X).
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Lemma 15. Let <1, =<9 € R(X) and 11,19 € Ox(B(X)). Then the following prop-
erties hold.

a’) 0,0, = D(ﬁ1°ﬁ2)
b) Sige = D¢ © Dy -
Proof. a) Denote O; = O<, and O, = O, for simplicity. Let <==<; o <,. Then

z € (O<(f)) ©Tx < f holds, where T(tz) = {2 | Jysuch that v <y y =<, z}.
Therefore, we prove

v € T(OOa(f)) &1z < F, (11)

for all f € B(X). For this, we note that x € T((0,0:(f)) © T2 < Oy(f), where 1,2
is defined by T'(1;x) = {y | * =; y}. However, the latter condition is equivalent to
saying that, for any y with = <y y, y € T(O(f)) (i-e., Toy < f) holds. The condition
1oy < f is equivalent to that any z with y <, z satisfies z € T'(f). This proves (11).

b) This holds true because the map [ is bijective by Lemma 14, and is homomor-
phic by the above property a). Thus the map =<, which is the inverse of O (Lemma
14), is homomorphic.

Combining Lemma, 14 and Lemma 15 gives the following result:

Theorem 7. The monoids OA(B(X)) and R(X) are algebraically isomorphic.

4.3 Disjunctive M-operators

The results on conjunctive operators can be dualized as follows. Call an operator
Y B(X) — B(X) disjunctive if it satisfies

a) Y(fVg)=1(f)Vilg), for f,g € BX),
b) (L) = L.

The collection of all disjunctive operators ¢ is denoted by O (B(X)). Note, that
the disjunctive operators are just the homomorphism of B(X) viewed as a bottomed

semi-lattice with respect to disjunction. For each binary relation <, let the operator
¢~ be defined by:

v e TW() & Tenf+ L.

Then 4<(f) is called the positive closure of f. Conversely, given a disjunctive operator
1, define the following the function

MY =\/{f € BX) |z € F(4(f))}, = € X. (12)
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Then the relation < induced by ¢ is defined by y <, = & y € F(MY).
It is possible to show that Lemmas 14 and 15 can be extended to the collection
of disjunctive operators and Therefore, the following theorem holds:

Theorem 8. The monoids O (B(X)) and R(X) are algebraically isomorphic.

4.4 Properties of M-operators

The properties of M-operators are similar to those of the modal operators known in
modal logic [8]. Therefore, we will mention a few properties which are either similar
to those in modal logic or easy to prove.

For a binary relation <, we have

Dj = _|‘5_| and ‘j = _'l:‘j_' (13)

In addition to the positive content [1< and the positive closure ¢<, we introduce
here two more operators Mz and (< called negative content and negative closure,
respectively. In analogy with (5), define |z by € T'(lz) = {y | y < «}. Then B
and Q< are defined by

.’L'G.j(f)@\l/l'gf,
reQ<(f)elonf#L

Obviously, these operators satisfy properties similar to those of (15 and 4.
Lemma 16. Let < be a relation on X. and f,g € B(X). Then:

a) O(f) vO(g) <O(f Vg).
b) O(f) A O(g) < O(f Ag).

Lemma 17. Let < be a relation on X. and f € B(X). Then:
a) = is reflexive < O(f) < f.

b) < is symmetric < [ < OO(f).
¢) f e M(X) & f<0(f).

Lemma 18. Let < be a relation on X. and f € B(X). Then the following assertions
are equivalent:

a) < is transitive.

b) f<0(f)
¢) O(f) € M(X).
d) O(f) < 0O0(f).
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4.5 Relationship between approximation operators and M-operators

The next lemma shows that if the binary relation < is a quasi-order then the approx-
imation and M-operators are the same.

Lemma 19. Let < be a binary relation on X. Then the following conditions are
equivalent.

a) < is a quasi-order.

b) A<= <.
c) V< =0x<.
6) Aj :‘j

Proof. This follows easily from the definitions.

The preceding Lemma and Theorem 7 imply:

Corollary 3. There is a one-to-one correspondence between the collection of all
quasi-orders =< on X and the collection of all approzimation operators V<.

Recall that if < is a binary relation on X, then the reflexive transitive closure of
< is denoted by [=<]. Since, M(X[5)) = M(X<) we have: Aixy=A< . Therefore, the
preceding lemma implies that the collection of all approximation operators on B(X)
is a (proper)-subclass of the class of all M-operators:

Theorem 9. Let < be a binary relation on X. Then:

a) A= Q1<
b) V< =
C) V< = .[j]'
d) A< = 4.

5 Monotone Extensions of Partially Defined Boolean
Functions

In this section, we restrict ourselves to Boolean functions, i.e. X = {0,1}". Given a
subset D C X. A function

fo: D {0,1}, (14)
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is called a partially defined Boolean function (pdBf). A pdBf is just a representation
of a Boolean data set, and an extension of f is a Boolean function that is consis-
tent with this data set. Extensions of partially defined Boolean functions have been
extensively studied in machine learning in general and in logical analysis of data [6,
10] in particular. In machine learning an extension is also called a hypothesis and
the collection of all extensions is called the version space [20]. It is easy to that in
the case of Boolean functions the version space is a lattice. In this section we will
investigate the lattice-structure of version spaces consisting of generalized monotone
Boolean functions.

5.1 Preliminaries

Let fp be a pdBf. Then:

Tp={reD| fp(z) =1},
Fp={ze D] fp(z) =0}, (15)
are respectively called the true and false sets of fp. Two functions f_ and f, : X

{0, 1} are respectively defined by T'(f_) = Tp and T'(f}) = X\ Fp, for which f_ < f,
clearly holds.

Definition 7. A Boolean function g is called an extension of a pdBf fp if f- < g <
f+ holds. The class of all extensions of fp is denoted by E(fp).

It follows that each extension g agrees with fp on D : f(z) = fp(x) for z € D.
The following lemma is immediate from the definitions.

Lemma 20. For a pdBf fp, E(fp) is closed under conjunction and disjunction.
Hence E(fp) is a finite distributive lattice universally bounded by f_ and f,.

5.2 Lattices of generalized monotone extensions

In this subsection we consider version spaces consisting of generalized monotone
Boolean functions. Therefore, we assume that X = {0,1}", and that < is an ar-
bitrary relation on X.

Definition 8. Let < be a binary relation on X. A Boolean function g is a monotone
extension of a pdBf fp with respect to < if g € E(fp) N M(X<) holds. The class of
all monotone extensions of fp is given by E<(fp) = E(fp) "N M(X<).
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Assume E<(fp) # 0, and define

Jmin = /\{9 | g€ gj(fD)}a
fune =101 9 € (o)), (16)

and

M, =\/{g € M(X2) |z € F(g)}.

The following theorem shows that £<(fp) is a universally bounded distributive
lattice under conjunction and disjunction. Therefore, £<(fp) is an interval of gener-
alized monotone Boolean functions: E<(fp) = [fmin, fmaz]-

Theorem 10. If E<(fp) # 0, then fumin < fmax, and we have

Ex(fp) = {9 € M(X2) | fmin < 9 < fmax}-

Proof. The inequality fiin < fmax follows from definition (16). The expression for
E<(fp) also follows from Definition (8) and (16). £<(fp) is closed under conjunc-
tion and disjunction, since so are £(fp) and M(X<). Finally, £<(fp) is universally
bounded by fiin and frz, since fuin, fmax € E<(fp) holds by (16).

Now we consider when E<(fp) # 0 holds.

Lemma 21. Let fp,Tp, Fp and = be defined as above.
a) Ex(fp) £ 0= T(\{m, |z €Tp})NFp=0<Tp CT(N{M, |z € Fp}).
b) If < is a quasi-order, then: E<(fp) # 0 < nox € Tp and y € Fp satisfy x < y.

Proof. a) Assume E<(fp) # 0. Suppose f € E<(fp) and z € Tpp. Then m, < f holds
since f(x) = 1. As f is an extension, we have T(f) N Fp = 0 = T(m,) N Fp = 0.
Thus \/{m, | * € Tp} A Fp = (. Conversely, if \/{m, | v € Tp} A Fp = 0, then
g = \V{m,; | = € Tp} is a monotone extension of fp, proving that E<(fp) # 0.
This proves the first equivalence. The second equivalence can be proved in a similar
manner just by dualizing the argument.

b) In this case, m, =tz by Lemma 6. Also T'(Tz) N Fp = () & Jy € Fp such that
x < y. Thus, b) follows from the first part of a).
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Note that the condition in b) of the above lemma can be checked in polynomial
time in terms of the input length n(|Tp| + |Fp|), assuming that the condition y < z
can be checked in polynomial time. This was discussed in [4].

To derive other explicit formulas for f;, and fiax, we further define

minTp ={z € Tp | no y € Tp satisfies y < x and = & y},
max Fp = {x € Fp | no y € Fp satisfies x <y and y A =}.

Lemma 22. If fp is pdBf such that E<(fp) # 0, then fmin and fmax are given by
and

fmin = \/{m;p | S minTD},
fmax = /\{Mw | WS maxFD}.

Proof. Denote the right hand side of fy,;, by G. We first note that G = \/{m, | z €
Tp} holds, since x < y = m, < m, holds by Lemma 2. Then G € £<(fp) as noted in
the proof of Lemma 21 a). This implies fimin < G by the definition of fi,;,. Conversely,
note that m, < fumi, holds for all z € T because fuin(2) = 1. This implies my; < fimin
for all z € T and hence G < fiin.

The proof for f,.x can be done similarly by dualizing the argument.

Example 7. Consider the case of positive functions, i.e., <=<. In this case, m, is
obtained from the minterm of x by deleting negative literals, as discussed in Ex-
ample 3. Similarly, M, is obtained from the maxclause of z by deleting negative
literals. For example, = (10011) has m, = zz4x; and M, = (xg V x3). Let
Tp = {(10011),(11001), (01111)} and Fp = {(10010), (01010), (10101)}. Obviously
minTp = Tp and max Fp = Fp hold in this case. Then it follows that

fmin = T12475 V T1T2T5 V ToX3T4T5,
fmax = (X2 V23V x5) (21 V 23 V 25) (22 V 24)

=122V X9x3V XX V T3T4 V T4T5.

5.3 The structure of the lattice £<(fp)

We will now study the structure of the lattice £<(fp) in more detail. With a function
g € M(X<), we can associate the monotone extension 7(g) of the pdBf fp as follows:

7T(g) = fmin \% gfmax- (17)
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By Theorem 10, it is easy to see that 7 is a map from M (X<) onto £<(fp), and that
respectively m(g) = ¢ if and only if ¢ € E<(fp, and 7 is idempotent, i.e., 7% = 7. It
is also important to observe the following property.

Lemma 23. The map 7 is a lattice homomorphism from M(X<) onto E<(fp).

Proof. It was already noted that 7 maps M(X<) onto £<(fp). To show that 7 is
homomorphism, we note that for all g, g, € M(X<) :

(g1 A g2) =7(g1) A 7(g2)
(g1 V g2) =7(g1) V 7(g2).

The first relation holds because
7‘—(91) A 7T(92) — (fmin Vv glfmax) (fmin V ngma.x)
= fmin \ glfminfma.x \ ngminfma.x \ glg2fmax

= fmin V 9192 fmax
=7(g1 N g2)

by Theorem 10. Similarly for the second relation.

Now define an equivalence relation # on M(X<) by

01092 < m(g1) = 7(92).

It is easy to see that

91992 = g1 ¥ g2 S fmin Vv fmax;

i.e., g1(z) and go(z) can differ only if x € T(fimin) U F(fmax). Let [g]y denote the
equivalence class of g. Then according to standard lattice theory (e.g., [11]) 6 is a so-
called congruence relation, i.e. § is an equivalence relation such that Vf € M(X<) :

flgfg = f1f9f2f, and we have:

Lemma 24. Let fp be a pdBf on X and let ™ and 0 be defined as above. Furthermore,
let g € M(X<). Then

(a) [gls is a sublattice of lattice M(X<),
(b)) M(X<)/0 = E<(fp) (where = denotes isomorphism),
(c) m is order preserving, i.e., g1 < go = 7(g1) < 7(g2).
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5.4 Minimal representations of extensions

Let fp be a partially defined Boolean function and < a binary relation on X = {0, 1}".
Since M<(X) = M<(X), where [<] denotes the reflexive transitive closure of <,
we may assume that < is a quasi-order on X. Let ¢ € M<(X) Then according to
section 3.3 we have the following irredundant and unique representation of g :

g= '\  ma. (18)
zER(minT'(g))

Recall that
minT(g) = {z € T'(g) | no y € T'(g) satisfies y < = and = A y},

and that R(min7(g)) denotes a fixed set of representatives of the equivalence classes
[z],, contained in minT'(g). The equivalence relation ;2 on X was defined by zuy <
my = my. Equivalently we have: zuy & (tz =1y) & (r <y and y < ).

Definition 9. Let x € X. Then the extension induced by x s defined by:

€x = ﬂ-(mx) = fmin Vv mxfma.x- (19)

Let & € frax. Since we assume that < is a quasi-order on X, we have z € T'(m,) C
T(fmax). Therefore, in this case e, = fuyin V My, and from definition (19) it follows
that e, is the smallest extension of fp that contains x:

Lemma 25. Let x € fuax. Then

e = {g € E(fp) | w € T(9)}. (20)

Now, let f € £<(fp). Then «(f) = f, and equation (18) implies:

f=\A{ex | © € RiminT(f)) \ minT (fumin)}- (21)

Although it can be easily verified that this representation is unique and irredundant,
it is not minimal. To minimize the representation in equation (21) we will use induced
extensions e, < f, where x is not restricted to & € fax. Therefore, we introduce the
universal bounds of the lattice [g]y discussed in the preceding subsection.

Definition 10. Let g € M(X<). Then ¢ and § denote respectively the smallest and
the greatest element in the sublattice [glg.
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The determination of these bounds will be discussed in the next subsection. Here, we
will use the minimal vectors of f to minimize the representation (21) of an extension
f of fp. Note, that g and § are respectively the smallest and largest function in M«
such that 7(g) = ¢g and 7(g) = g¢.

Lemma 26. Suppose f € Ex(fp). Then Vz,y € X:

a) e, < f e my < fv<:> 3z € minT(f) such that © < y.
b) Let v € minT(f) and let y < x. Then e, < f implies my; = my, (or
equivalently xuy).

Proof. a) From 7(f Vv m,) =7(f)Vr(m,) = f Ve, and the definition of f it follows
that e, < f & m, < f . The second equivalence follows from the assumption that <
is a quasi-order, so that y € T'(m,).

b) Let € minT(f) and let y < 2. According to a) e, < f implies Iz € min T(f)
with z < y. Since y =< x, we have by transitivity z < x. From the minimality of x we

conclude that zpzuy.

Corollary 4. )
a) If e, < f, then 3 € minT'(f) such that e, < e, < f.

b) Let x € minT(f) and let y < x. Then e, = e, implies xpy.

Now, let f € £<(fp). Then according to Corollary (4a) we can rewrite equation (21)
as:

f=\A{ex | © € RiminT(f)) \ minT (fumin)}- (22)

However, we cannot conclude from Lemma (26) that the representation in equation
(22) is irredundant. For, if x,y and z are pairwise incomparable (with respect to <)
minimal vectors of f, then e.g. the following may occur: e, < e, or e; < e, Ve,, as
is shown in the following example.

Example 8. Consider the case of standard positive functions, i.e., <=<.

Let Tp = {(11010), (01111)} and Fp = {(11100), (11001), (01010)}.

Then it follows that fuin = T17224 V xox37425 and frax = 124 V 2324 V 2325 V 24T5.
First consider the extension: f = xixox4 Vrox3xsV r3xs. Then it is easy to verify that
(11000) and (01100) are minimal vectors of f, and that ejy < eg3, where €5 = m(x129)
and egy = m(x2x3). Subsequently, consider the extension: f = x3x4 V 2425 V 212924 V
12325 V Toxzws. In this case it can be verified that (10001), (10100) and (00011) are
minimal vectors of f and that e;5 < e13 V ey5, see also the next example.
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The problem of generating irredundant expressions of the form (22) can be formulated
as a set-covering problem. Let {vy, vy, -+ ,v,} and {wy, wy, - -, w,,} respectively de-
note the set of minimal vectors of an extension f and of f. Then according to Lemma
(26) Yv;Jw; such that v; € T(ey,). Therefore, the set C; = {j | v; € T(ew,)} is
non-empty, and v; € A{T'(ew,) | j € Ci}. Define the positive Boolean function F' by:

Flyys-oym) =\ Ny | € G} (23)

Let t = y;,¥i, - -yi, be a prime implicant of the dual of F. Then, as is well
known, the term ¢ has at least one literal in common with every prime implicant of
F (transversal property). From the definition of F' it follows that:

f= \/{ewj | VES {i17i27 e Zk}} (24)

Since t is a prime implicant of F¢ equation (24) is an irredundant expression of f.
Therefore, the irredundant expressions of f of the form (24) are in one-one corre-
spondence with the minimal vectors of F'?. Examples will be given in subsection

(5.7)

5.5 Universal bounds of the sublattice [g]q

We now focus on the sublattice [g]y. In this subsection, we characterize its universal
bounds, and in the next subsection we discuss how to compute them. Subsequently,
these results will be applied to the case of standard positive functions. In the following
lemma [CI( f) denotes the largest monotone minor of f with respect to a binary relation
<, so according to Theorem ?7 O(f) = O<(f) = V<(f). Similarly, = #<(f) =
A< (f) denotes the largest monotone major of f.

Theorem 11. Let g € M(X<), and let § and § denote the smallest and the greatest
elements in the sublattice [glp, respectively. Then we have:

(CL) g - |:|(fmin vig \% f_max)y
(b) g = O(Qfma.xfmin)

Proof. a) Let G denote the right hand side, i.e.,
G = |:l(fmin Vv g V fma.x) - |:l(fmin V gfma.x Vv fmax) - D(ﬂ-(g) Vv fmax)-
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Since 7(g) is monotone, this implies 7(g) < G. Furthermore G' < 7(g) V fmax by
the definition of OJ. Next, since 7 is order-preserving (Lemma 24) and idempotent, it
follows that

™ (9) <7(G) < 7(7(9) V frnax)
72(g) V T(fmax) (by Lemma 23)

= (g) \4 (fmin \% fmaxfmax) = 71—(g)

Therefore w(g) = 7(G) or equivalently G € [g]p. This establishes the inequality
G < g. To prove the converse, note that 7(§) (= fmin V §fmax) = 7(g). This implies
G fmax < 7(g), or equivalently § = §(fmax V fmax) < 7(g) V fmax. Since § is monotone,
this implies § = (g < O(7(g) V fmax) = G. Thus we conclude § = G. b) Denote the
right hand side as H = (g fmaxfmin). First note that 7(¢) = fmin V ¢fmax = 7(g fmax)
by definition. This says that § < ¢fmax < fmaxs i-€-, T(§) = fminV§. Hence g fumax fmin <

(fmin \4 gfmax)fmin = 7-‘—(g)fmin = 7-‘—(g)fmin S g Since g 18 monotone, applylng ’ to
both sides, we then have H < ¢¢ = §. Next, we shall show 7(H) = 7(g). (This means
¢ < H and proves b).) Since 7(g) = fmin V 9 max > 9 maxfmin and 7(g) is monotone,
we have 7(g9) = #(7(g)) > #(9fmaxfmin) = H implying 7*(g) = w(g) > =(H).
Furthermore, 7(g) = fmin V ¢fmax = fmin V ¢ maxSmin < fmin V H fmax = 7(H) follows
from ¢ fiaxfmin < H (by definition of ). Thus 7(H) = 7(g).

Finally, using the fact derived in Lemma 10 that [J = d4d, we conclude:

Corollary 5. If X = {0,1}" and < is a self-dual relation on X, then g% = O(fr, V
dy, fd
g \4 fmax))‘

5.6 Computation of the universal bounds

We will now first show that for Boolean functions and the standard partial order it is
possible to compute the DNFs/CNFs of the universal bounds of the sublattice [g]y.
Subsequently, we will indicate how these results can be extended to the case of an
arbitrary relation < on X = {0,1}". We first note that according to Theorem 11
the function ¢ is the largest positive minor of a non-positive function. However, we
can take advantage of the fact that the functions fu;, and fna.x are monotone. So,
consider the function g € E<(fp). Then, since fmin < g < fmax, We have

g = D(fmin VgV fmax) = D(g \% fmax) = d‘(gdf;:lax)7 (25)
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where the last equality follows from Lemma 10. Therefore, an essential step is comput-
ing the least monotone major of g?f:. . In this case, g < fmax implies g > f¢. . In

[3], for Boolean functions and the standard partial order we have proved the following
lemma.

Lemma 27. Let f and g be positive functions such that f < g Then:
minT(¢gf) = minT(g) \ min T'(f).
Lemma 28. Let h be a not necessarily positive Boolean function. Then:
min 7' (¢(h)) = minT'(h).

Proof. Since 4(h) is the positive closure of h we have by definition: y € T(4(h)) <
dr <y, where x € T'(h). Therefore, if y € T'(¢(h)), then 32 € minT'(h) such that z <
y. This implies min 7'(h) C min T'(#(h)). To prove the converse note that h < #(h).
This implies: if y € min7'(#(h)) then y = z. Therefore, min T (¢(h)) C minT'(h).

Theorem 12. Suppose fp is a pdBf and et g € E<(fp). Then:

min T (#(g%f%,,) = minT(g%) \ min T(f2. ).

Proof. This follows from Lemma 27 and Lemma 28.

Noting that ¢ is the dual of the positive closure #(g?f=, ), we now have the

following algorithm to compute all the prime implicants in the DNF of g.

Algorithm: MAX([g]y)
Input: A monotone extension g € E<(fp).
Output: All prime implicants in the DNF of g.

1. Dualize g and fna, to compute all prime implicants of ¢g¢ and f2
tively.
2. Remove all prime implicants of g? that are also prime implicants of f2 .

According to Lemma 12, the resulting set gives all prime implicants of
(9" fma)-
3. Dualize the DNF obtained in step 2. This yields the DNF of g.

respec-

ax?

The complexity of this algorithm is open, since the complexity of dualizing a
monotone function is one of the well known open problems [2,12,15], and may not
be done in polynomial time even though there is a pseudo-polynomial algorithm
(hence it is unlikely to be NP-hard) [15].
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Generalized monotone Boolean functions. We will now indicate how Theorem
(12) can be generalized to the case that < is an arbitrary binary relation on X =
{0,1}™. It is easy to see that Lemmas (27) and (28) also hold for an arbitrary binary
relation < . Note, that in this case the minimal vectors of a function f are just the
true vectors of f that are minimal with respect to the relation <. If < is self-dual,
then we use the property (1 = d4d, to show that Theorem 12 still holds. However, if
=< is not self-dual then we can use the property [1 = =, to prove a theorem similar
to Theorem 12. Note, that in this case Lemma 27 has to be reformulated for the case
of negative functions.

5.7 Application to standard positive functions

In this subsection we show how the results of the previous subsections can be applied
to the case of standard positive functions.

Ezxample 9. Consider the pdBf fp of Example (8).
SO fmin = T122x4 V X9x374%5 and finax = 174 V 2374 V 2375 V 14T5.
Let f be the extension f = 2324 V 2425 V T12224 V 12325 V ToX3T5.

Note, that f is self-dual: f¢ = f. To compute f we first determine fa
d

. as follows.
max = (71 V 24) (23 V 24) (13 V 25) (T4 V T5) = 0334 V 1475 V 217325, . Applying Steps

2 and 3 of algorithm MAX([f]y) yields f¢ = x1x9z4 V Tox3735.

So, f =x9 Vw3V x5V xsxy V xexs. Therefore, we have:

f=eVesVeVeuVes (26)
To minimize expression (26) we note that:

€y =X 1X9%T4 V ToX3XT4 V ToX3T5 V ToX4Ts
€13 = T1T2T4 V T1T3T4 \% T1T3 \% ToX3T4Tx
€15 =T1T9T4 V T1X3%5 V T104T5 V ToT3T 4T
€34 = T1T2T4 V T34 V ToT3T4Tx

€45 = T1T2T4 V Tqls.

Now equation (23) yields: F'(yi,--- ,¥ys) = y1 Vy2y3 Vs Vys. By dualizing the function
F' it appears that f has the following two irredundant expressions:

f=eyVegVesVeys,

f:€2\/€15\/634\/€45.
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Basic DNF representations of extensions Let fj be a pdBF, then e; := 7(x;) =
fmin V Z; fmax 18 @ monotone extension of fp. We call this extension a basic-extension.
Recall that two basic-extensions e; and e; are the same if and only if z; ® z; <
fnin V fmax holds. Furthermore, if g is an arbitrary monotone function, then Lemma
23 says that

w(g(x1, 22, ..., 2,)) = g(m(z1),7m(22), ... ,7w(x)) = gler, e2,...,€,).

Therefore, every extension 7(g) is a monotone function of the basic-extensions e;.
Furthermore, if ¢ has the DNF g = \/(ihizw’im)d Zi Tiy * - T4, , which uses only un-
complemented literals (recall that such DNF is unique (e.g., [16,21] and Theorem
5)), then 7(g) can be represented by the following basic DNF

wg)=m@) = \  enen--ei,. (27)

(31,825 sim)ET

However, as we have seen this expression is in general not irredundant. However, by
using the results of section (5.4) we can obtain irredundant representations by using
the minimal vectors of g.

Ezxample 10. We continue with extensions of the pdBf f of Example (9). Again let
f be the extension

f=x324Va x5V I 0004V 12375V rex3xs. Using the functions fi;, and fi,.¢ obtained
in this Example we have found:

f=eVegVesVeys,

f = €9 V €15 V €34 V €45.
Therefore, f has the following two basic minimal representations:
f=eyVeeszVeseyV eyes,
f — €9 V €1€x V €3€4 V €4€5.
6 Conclusion and Further Research

We studied generalized monotone functions from the lattice theoretic point of view.
Moreover, we studied the properties of conjunctive and disjunctive operators on char-
acteristic functions of the form f : X +— {0,1}. Subsequently, we investigated the
relationship between these operators and the monoid of binary relations on X. The
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results were then applied to the problem of finding (generalized) monotone extensions
of a given partially defined Boolean function. The problem of extensions is an impor-
tant subject in such fields as data mining, knowledge discovery and logical analysis
of data. As there are many important classes of generalized monotone functions, as
noted in Section (2.2), the results in this paper will find places in various applications.

It should be pointed out, however, that many algorithmic and complexity issues
related to generalized monotone functions are not answered yet. For example, such
problems as listed below may be of interest: how to compute m, and M,, how to
compute the positive content and positive closure of a given function f, how to
compute ¢, how to compute fnin and fnax of a pdBf fp, and how to compute basic
extensions in Subsection (5.7).

An important omission from the generalized monotone functions is the class of
Horn functions and related functions [13,14,17,19]. As the class of Horn functions is a
topped A-semilattice (but not closed under disjunction), it may also be an interesting
challenge to extend the results in this paper to such semilattices.
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