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Abstract

The notion of a context in formal concept analysis and that of an
approximation space in rough set theory are unified in this study
to define a Kripke context. For any context (G,M,I), a relation on
the set G of objects and a relation on the set M of properties are
included, giving a structure of the form ((G,R), (M,S), I). A Kripke
context gives rise to complex algebras based on the collections of pro-
toconcepts and semiconcepts of the underlying context. On abstraction,
double Boolean algebras (dBas) with operators and topological dBas
are defined. Representation results for these algebras are established in
terms of the complex algebras of an appropriate Kripke context. As
a natural next step, logics corresponding to classes of these algebras
are formulated. A sequent calculus is proposed for contextual dBas,
modal extensions of which give logics for contextual dBas with opera-
tors and topological contextual dBas. The representation theorems for
the algebras result in a protoconcept-based semantics for these logics.
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1 Introduction

Formal concept analysis (FCA) [1] and rough set theory [2] are both well-
established areas of study with applications in several domains including
knowledge representation and data analysis. There has also been a lot of study
connecting and comparing the two areas, e.g. in [3-11], and the work presented
here is motivated by such studies from the perspective of algebra and logic.

The central objects of FCA are contexts and concepts of a context [12].
A context is a triple K := (G, M, I), where G is the set of objects, and M is
the set of attributes and I C G x M. For any A C G, B C M, the following
sets are defined: A’ := {m € M : forall g € G(g € A = gRm)}, and
B :={geG:forallme M(m e M = gRm)}. A pair (A, B) is called
a concept of K, if A’ = B and B’ = A. For a concept (A, B), A is its extent
and B its intent. B(K) denotes the set of all concepts of K. An order relation
< is obtained on B(K) as follows: for (A, B1), (A2, B2) € B(K), (A1,B;) <
(Ag, Bs) if and only if A} C As (equivalent to By C By).

The notion of a concept was generalized to that of semiconcepts and pro-
toconcepts in [13, 14]. A pair (A, B) is called a semiconcept of K, if A’ = B
or B" = A. (A, B) is called a protoconcept of K, if A” = B’ (equivalently
A" =B"). H(K) and PB(K) denote the sets of all semiconcepts and protocon-
cepts of K respectively. It is observed that B(K) C $(K) C B(K). The partial
order < on B(K) is extended to the set P (K) as: for any (A, B), (C, D) € B(K),
(A,B)C (C,D) if and only if A C C and D C B.

The following operations are defined on B(K). For (A1, By), (A2, Ba) in P(K),

(A1, By) M (Ag, By) := (A1 N Ay, (A1 N Ag)),
(A1, By) U (As, By) := ((B1 N By) , B1 N By),
~(4,B) = (G\ 4,(G\ 4)),
J(A,B):=((M\ B),M\ B),
T :=(G,0),
1= (0, M).

With these operations, the protoconcepts of any context form an algebraic
structure called double Boolean algebra (dBa) [14]. The structure of a dBa is
such that there are two negation operators in it, which result in two Boolean
algebras being derived from it — justifying the name. The set of semiconcepts,
with the same operations as above, forms a subalgebra of the algebra of pro-
toconcepts. In this work, our interest lies in contextual and pure dBas [14, 15],
the structures formed by protoconcepts and semiconcepts respectively.

There may be circumstances in which the objects and properties defining a
context are indistinguishable with respect to certain attributes. For example,
two diseases may be indistinguishable by the symptoms available. Indistin-
guishability of objects and properties have motivated authors [5, 8, 11, 16] to
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study “indiscernibility” relations on the set of objects and the set of proper-
ties. Rough set-theoretic notions of approximation spaces and approximation
operators [2, 17] are then introduced in FCA.

A Pawlakian approximation space is a pair (W, E), where W is a set and
E is an equivalence relation on W. This is generalised to a pair (W, E) with E
any binary relation on W, and called a generalised approximation space [18].
For x € W, E(z) :=={y € W : zRy}. The lower and upper approximations
of any A(C W) are defined respectively as A :={x € W : E(z) C A}, and
A% = {r e W : E(x)NA # 0}. Kent introduced the notion of approximation
space into FCA [8, 16], and defined lower and upper approximations of contexts
and concepts. The work of Saquer and Deogun [11] differs from that of Kent
in choosing the “indiscernibility” relations. Kent considers an indiscernibility
relation on the set G of objects which is externally given by some agent,
whereas Saquer and Deogun consider a relation that is determined by the given
context. For a given context K := (G, M, I), relations F1, Es are defined on
the set G of objects and the set M of properties respectively, as follows.

(a) For g1,92 € G, g1E1g2 if and only if I(g1) = I(g2).

(b) For my,ma € M, mjEams if and only if 17 (mq) = I~ (ms).
Furthermore, for A C G, B C M, lower and upper approximations are defined
in terms of concepts of K, and using these, approximations of any pair (A, B)
that is not a concept, are given. Apart from Saquer and Deogun, Hu et.al. [5]
introduce approximation spaces on the sets of objects and properties. In [5],
for a given context K := (G, M, I), relations Jp, Jo are defined on G and M
respectively, as follows.

(a) For g1,92 € G, g1J192 if and only if I(g1) C I(g2).

(b) For my,mg € M, myJoms if and only if I71(my) C I~ (ma).

The relations Ej, F2 are equivalence relations [11], while the relations Ji, Ja
are partial order relations [5]. These observations have motivated us to define
the Kripke context, which unifies within a single framework, the notions of a
context of FCA and approximation space of rough set theory.

Definition 1 A Kripke context based on a context K := (G, M, I) is a triple KC :=
((G,R), (M, S),I), where R, S are relations on G and M respectively.

So a Kripke context consists of a context of FCA and two Kripke frames, which
in the terminology of rough set theory, are generalised approximation spaces.
Note that for a context K := (G, M, I), we get a Kripke context KCpg :=
((G,E1), (M, E3),I). Moreover, KCpg is an example such that the relations
FE, and E5 are reflexive, symmetric and transitive. This observation has led us
to define reflexive, symmetric or transitive Kripke contexts, where the relations
R and S are reflexive, symmetric or transitive.

It is shown that, using the lower and upper approximation operators
induced by the approximation space (G,R), (M,S) in a Kripke context
KC := ((G, R), (M, S), I), one can define unary operators fr and fg on the set
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PB(K) of protoconcepts of the underlying context K := (G, M, I) such that fr
is an interior-type operator, while fg is a closure-type operator. The Kripke
context thus leads to complex algebras. The algebra of protoconcepts with the
operators fr and fg, is called the full complex algebra of KC. Any subalgebra
of the full complex algebra of KC is called a complex algebra. For a Kripke
context KC, the algebra of semiconcepts H(K) with operators fr[$(K) and
fs19H(K) is an instance of a complex algebra of KC. We show how, in terms
of approximation spaces and operators fg, and fg,, the full complex algebra
of the Kripke context KCpg can be utilised to compute all the approximation
operators defined in the work of Saquer and Deogun [11].

To understand the equational theory of the full complex algebra of pro-
toconcepts and the complex algebra of semiconcepts, abstractions of these
structures are defined: these are the double Boolean algebras with operators
(dBao) and topological dBas respectively. An immediate example of a dBao is
a Boolean algebra with operators [19]; a topological Boolean algebra [20] gives
an instance of a topological dBa. It is shown that the full complex algebra
of KC forms a contextual dBao, while the complex algebra of semiconcepts
forms a pure dBao. For a reflexive and transitive Kripke context, the full com-
plex algebra forms a topological contextual dBa and the complex algebra of
semiconcepts forms a topological pure dBa. Representation theorems for these
classes of algebras are then proved, in terms of the complex algebras of proto-
concepts and semiconcepts of an appropriate Kripke context. The results are
based on the representations obtained for dBas by Wille [14] and Balbiani [21].

As a natural next step, logics corresponding to dBaos are formulated. A
sequent calculus, denoted CDBL, is proposed for contextual dBas. CDBL
is extended to MCDBL and MCDBL4 for the contextual dBaos and topo-
logical contextual dBas respectively. Due to the representation theorems for
the algebras, one is able to get another semantics for these logics, based on
protoconcepts of contexts.

Section 2 gives the preliminaries required for this work. Kripke contexts,
their examples and the related complex algebras are studied in Section 3. In
particular, we indicate in Section 3.1 how the various approximations defined
in [11] can be expressed using terms of the full complex algebra of KCpg.
The dBaos and the topological dBa along with the representation results are
presented in Section 4. In Section 5, the logics corresponding to the algebras
are studied. CDBL for the class of contextual dBas is discussed in Section 5.1;
in Section 5.2, CDBL is extended to MCDBL and MCDBLA4. In Section 5.3,
the protoconcept-based semantics for the logics is given. Section 6 concludes
the article.

In our presentation, the symbols =, <, and, or and not will be used with
the usual meanings in the metalanguage. Throughout, for a map f on X, f[A
denotes the restriction of the map f on A C X, P(X) denotes the power set
of any set X, and the complement of A C X in a set X is denoted A°. For
basic notions on universal algebra and lattices, we refer to [22, 23].
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2 Preliminaries

In the following subsections, we present basic notions and results related to
dBas, Boolean algebras with operators and approximation operators. Our
primary references are [11, 12, 14, 19-21].

2.1 Double Boolean algebra

A double Boolean algebra is defined as follows.

Definition 2 [14] An algebra D := (D,U,M,—~, 4, T,1), satisfying the follow-
ing properties is called a double Boolean algebra (dBa). For any z,y,z € D,
(la) (zxNz)Ny=zNy (16) (zUz)Uy =z Uy

a)
(20) zMNy=yNz (20) zUy=yUzx
Ba)zM(yNz)=(xNy)Nz B zU(yUz)=(zUy)Uz
(4a) ~(zMz) =~z (4b) J(zUz) =1z
(ba) zN(zUy)=zNzx (5b) zU(zMNy) =z Uz
(6a) zM(yVz)=(xMNy)V(xMNz) (6b) zU(yAz)=(xzUy) A(zUz2)
(Ta) zN(zVy)=zNzx (M) zU(zAy)=zUzx
(8a) ~=(zMNy)=zNy (80) u(zUy) =z Uy
(9a) zM—-z =1 (9b) zllx =T
(10a) =L =TAT (10b) T =LUL
(1la) -T = L (11b) oL =T
(

12) (zMNz)U(zNz)=(xUz)N(zUx),
where x V y := —(—zM-y), and = Ay :=2(uzUly). A quasi-order relation C on D is
defined as follows: x C y if and only if xMy = xMz and xUy = yUy, for any z,y € D.

A dBa D is called contextual if C is a partial order. A contextual dBa is also
known as a regular dBa [24]. D is pure if for all x € D, either z Ma = x or
zUx = z. In the following, let D := (D,U, M, -, 5, T, L) be a dBa. Let us give
some notations that shall be used:

Dn:={xeD : zNaz=z},Dy:={xe€D : zUzx =2z}, D,:=DrUD,.
Forx € D, xqn:=a2Mz and 2, :=x Uz.

Proposition 1 [14] Dy := (Dp,U, M, =, 4, T, L) is the largest pure subalgebra of D.
Moreover, if D is pure, Dp = D.

Proposition 2 [21] Every pure dBa D is contextual.

Proposition 3 [25]

1. Dn:= (Dn,M,V,—, L,—1) is a Boolean algebra whose order relation is the
restriction of C to D and is denoted by Cr.

2. Dy :=(Dy,U, A, 5, T,4T) is a Boolean algebra whose order relation is the
restriction of C to Dy, and it is denoted by C.
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. xCyifandonlyifeMax EyMNy and x Uz C yUy for z,y € D, that is,
rn Enyn and oy E g

Proposition 4 [26] Let z,y,a € D. Then the following hold.

rMLl=1and Ul =xUx thatis L C .
rUT=TandaNT=axMNxthatisx T T.

x =y implies that x C y and y C .
rCyandyCoxifandonlyifeMez=yNyandzUz=yUy.
zMNylz,yLoxUy,zMNyCy,zCxUy.

x CyimpliesxMaC yMaand zUa EyUa.

A

Proposition 5 [27] For any z,y € D, the following hold.

—zM-x = —z and JeUsx =_x, that is, o = (—x)n € Dn, sz = (uz)y € Dy
x C y if and only if -y C -z and Ly C.zx.

——x =xzMx and Jor =2 Ux.

x\/yé Dm,x/\y € Du.

-1l =1,and T =T.

—(xMNy) =-2V-yand s(xUy) =1zAly.

SOl o=

Definition 3 A subset F' of D is a filter in D if and only if zMy € F for all z,y € F,
and for all z € D and x € F,x C z implies that z € F'. An ideal in a dBa is defined
dually.

A filter F' (ideal I) is proper if and only if F # D (I # D). A proper filter F' (ideal
I) is called primary if and only if x € F or ~x € F (x € [ or uz € I), for all x € D.
The set of primary filters is denoted by Fpr(D); the set of all primary ideals is
denoted by Zp, (D).

A base Fy for a filter F is a subset of D such that F = {z € D : z C x for some z €
Fy}. A base for an ideal is defined similarly.

For a subset X of D, F(X) and I(X) denote the filter and ideal generated by X
respectively.

Lemma 1 [26] Let F be a filter and I an ideal of D. Then for any element x € D,

1. F(FU{z})={a €D : zMNwC a for some w € F}.
2. IIU{z})={a€D : aCzUw for some w € I}.

The following are introduced in [14] to prove representation theorems for dBas.
Fp(D):={F C D:Fisafilter of D and F N Dp is a prime filter in Dn}.
Z,(D):={I C D:Iisanideal of D and I N Dy, is a prime ideal in Dy,}.

Proposition 6 [27] (D) = Fpr (D) and Z,(D) = Zp- (D).

Lemma 2 [14]
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1. For any filter F' of D, FN D and FN Dy, are filters of the Boolean algebras
Dn, Dy, respectively.

2. Each filter Fy of the Boolean algebra Dp is the base of some filter F' of D
such that Fy = F' N Dn. Moreover if Fy is prime, F' € F,(D).

It is straightforward to show that similar results hold for ideals of dBas.

For a context K := (G, M, I) and sets A C G, B, C M, recall the sets A’, B’
and the operations on protoconcepts of K defined in Section 1.

Lemma 3 [23]

1. AC A" and B C B”.
2. A C X implies that X’ C A’, B CY implies that Y’ C B’, for any X C G
and Y C M.

Theorem 7 [14]
1. P(K) := (P(K), M, U, =, 5, T, L) is a contextual dBa.

2. H(K) := (H(K), MU, -, 5, T, L) is a pure dBa. Moreover, H(K) = B(K),.

Theorem 8 [14]

1. The power set Boolean algebra (P(G),N,U,°, G, D) is isomorphic to the
Boolean algebra B(K)n := (P(K)n,M,V,—, L, —1), where any A(C G) is
mapped to (4, A) € P(K)n.

2. The power set Boolean algebra (P(M),U,N,*, M, ) is anti-isomorphic to
the Boolean algebra PB(K), := (P(K)y, U, A, 5, T, T), where any B(C M)
is mapped to (B, B) € P(K),.

Let us now move to representation theorems for dBas. The following nota-
tions and results are needed. Let D be a dBa. For any =z € D,
F,={FeF,D) : z€F}tand I, :={I €Z,(D) : z €I}

Lemma 4 [10, 14] Let € D. Then the following hold.

1. (Fp)¢=F-, and (I,)¢ = I,.
2. qul‘ly = F’I‘ N EJ and ImUy = I’I‘ N Iy

To prove the representation theorem, Wille uses the standard context cor-
responding to the dBa D, defined as K(D) := (F,(D),Z,(D), A), where for
all F e F,(D) and I € Z,(D), FAI if and only if F NI = (. Then we have

Lemma 5 [14] For all 2 € D, F, = Iy, and I}, = Fy -
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Theorem 9 [14] The map h : D — P(K(D)) defined by h(z) := (Fz,Iz) for all
x € D is a quasi-embedding.

As a consequence of the above theorem, we have

Corollary 1 For a contextual dBa D, the map h : D — P(K(D)) defined by h(z) :=
(Fz,I) for all z € D is an embedding.

Theorem 10 [21] Let D be a pure dBa. The map h : D — H(K(D)) defined by
h(z) := (Fz, I) for all z € D is an embedding.

2.2 Boolean algebras with operators

In the literature, there are several definitions of Boolean algebras with addi-
tional operators. In this section, we mention the ones to be used in this
work.

Definition 4 [19] A Boolean algebra with operators (Bao) is an algebra A :=
(B,V,A,—,0, f) such that (B, V,A,—,0) is a Boolean algebra and f : B — B satisfies
the following.

Normality: f(0) =0, Additivity: f(zVy) = f(z)V f(y).

Note that [19] gives a general definition of Baos with more than one operator.
In [20], a Boolean algebra (B,V, A, —,0) with only an additive operator f is
taken as the definition of Bao.

Definition 5 [20] An algebra A := (B,V,A,—,0, f) is called a closure algebra if
(B,V,A,—,0) is a Boolean algebra and for all z,y € B, f : B — B satisfies the
following conditions.

L. f(0) = 0. 2. f(xVy) = flz)V fy).

3. ff(@) = fz). 4.z < f(=).

Note that for a closure algebra 24 := (B,V,A,—,0, f), one can define an
operator g on B as: g(x) := —f(—x), for all x € B. Then for all z,y € B,

1. g(1) =1. 2. gz Ay) = g(z) A g(y).

3. 99(2) = g(a). 4'. g() < x.
An algebra 2l := (B, V,A,—,0,g), where (B, V, A, —,0) is a Boolean algebra and
g satisfies 1/,2/,3', 4’ is called a topological Boolean algebra in [28]. Moreover,
for a topological Boolean algebra 21 := (B,V,A,—,0,g), one can define an
operator ¢°(z) := —g(—z), for all z € D such that 2 := (B, V,A,—,0,¢%) is a
closure algebra. In other words, a closure algebra and a topological Boolean
algebra of [28] are dual to each other and one can be obtained from the other.
In this work, by a topological Boolean algebra, we shall mean a closure algebra.
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2.3 Approximation operators

Recall the definitions of lower and upper approximation operators in an
approximation space given in Section 1. If the relation is clear from the context,

we shall omit the subscript and denote Ay by A, a by A.

Proposition 11 [18]
I. For an approximation space (W, E), the following hold.

() A= ((4%)", A = ((A9)".

(i) W=Ww.

(iii) ANB=ANB,AUB=AUB.

(iv) A C B implies that A C B,A C B.

I1I. Moreover if E is a reflexive and transitive relation then the following hold.
(v) ACAand ACA.

(vi) (4)=Aand (4)=A

Let K := (G,M,I) be a context and recall the approximation spaces
(G, E1) and (M, E3) mentioned in Section 1. In [11], A C G and B C M are
called feasible if A” = A and B"” = B. Then the concept approximation(s) of
A are defined as follows.

- If A is feasible, the concept approximation of A is (A4, A).
- If A is not feasible, A is considered as s rough set of the approximation space
(G, Ey), and its concept approximations are defined with the help of its

—E
lower approximation Ap, and upper approximation A ' The lower concept
approzimation of A is the pair ((Ag,)",(Ag,)"), while its upper concept

).

approrimation is ((ZEl)” (A
For B C M:

- if B is feasible, the concept approximation of B is (B, B);
- if B is non-feasible, the lower and upper concept approximations of B are

defined by ((EEz)’, (EEZ)”) and ((Bg,)’, (Bg,)") respectively.

A pair (4, B) is called a non-definable concept, if it is not a concept of the
context K. A concept is said to approximate such a pair (A, B), if its extent
approximates A and intent approximates B. The four possible cases for A, B
are considered: (i) both A and B are feasible, (ii) A is feasible and B is not,
(iii) B is feasible and A is not, and (iv) both A and B are not feasible. In case
both A and B are feasible and A" = B then the pair (A, B) itself constitutes
a concept and no approximations are needed. For the other cases, the lower
approximation of (A, B) is obtained in terms of the meet of the lower concept
approximations of its individual components, while the upper approximation
of (A, B) is obtained in terms of the join of the upper concept approximations
of its individual components. For example, consider case (iv), when both A
and B are not feasible.
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The lower approzimation of (A, B) is defined by (A, B) :=

— By, —E, —Fs —
((Ag)", (Ag,)) (B ), (B 7)") = ((Ag)" N (B ), ((4g,)" N (B
The upper approzimation of (A, B) is defined by (A, B) :=

(@™, @A"Y U ((Bg,), (Bg,)") = (A™Y 1 (Bg,)"Y, (A" N (Bg,)").

Let us illustrate these notions by an example. The following context (G, M, I)
is a subcontext of a context given by Wille [12] with some modifications.
G := {Leech, Bream, Frog, Dog, Cat} and M := {a,b,c, g}, where a:= needs
water to live, b:= lives in water, c:= lives on land, g:=can move around. [ is
given by Table 1, where * as an entry corresponding to object x and property
y means xly holds.

Eo

)))-

Table 1: Context K

a|lblc|g
Leech * | * *
Bream | * | * *
Frog * | ok E3
Dog ¥ ¥
Cat * *

Observe that the properties a and g are indiscernible by objects, while Leech
and Bream as well as Dog and Cat are indiscernible by properties. The induced
approximation spaces are (G, {{Leech, Bream},{Frog},{Dog,Cat}}) and
(M, {{a, g}, {0}, {c}}).

Let A := {Leech,Bream,Dog} and B := {a,c}. A is not feasible, as
A” # A. B is also non-feasible. The upper and lower concept approxima-
tions of A are (G, {a,g}) and ({Leech, Bream, Frog},{a,b,g}), respectively.
The upper and lower concept approximations of B are both given by
({Frog, Dog,Cat},{a,g,c}). Moreover, (A4, B) is a non-definable concept. The
lower approximation of (A4, B) is ({Frog}, M) and the upper approximation

is (G,{a,g}).

3 Kripke context

As given by Definition 1 in Section 1, a Kripke context based on a context
K := (G,M,I) is a triple KC := ((G,R),(M,S),I), where R, S are binary
relations on G and M respectively. Let us give a couple of examples of Kripke
contexts. The first example is based on Pawlakian approximation spaces.

Ezample 1 KC := ((G,R),(M,S),I), where G := {D1, D2, D3, D4} represents a
collection of diseases and M := {S1, 52, 53,54, S5} a collection of symptoms. D;IS;
holds if disease D; has symptom .S;, and [ is given by Table 2. Equivalence relations
R on G and S on M are then induced as follows, relating respectively, the diseases
that have the same set of symptoms, and the symptoms that apply to the same set
of diseases:
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D;RDj, if and only if I(D;) = I(Dy), i,5 € {1,2,3,4} and S;RS};, if and only if

I71(S;) = 174(8), 4.5 € {1,2,3,4,5}.
One thus gets the approximation spaces (G, R) and (M, S).

Table 2: Context K

5'1 SQ 5'3 S4 55
D * * *
Do * *
Ds * * *
Da * * *

Our next example is motivated by the notion of bisimulation between
Kripke frames [19]. It gives a Kripke context KC := ((G, R), (M, S),I) such
that the relation I is in fact, a bisimulation between the Kripke frames (G, R)
and (M, S), that is, it satisfies the back and forth conditions: for all ¢ € G and
m e M,
for all g1 € G (gR¢g1 and gIm = there exists mq € M (mSm4 and g1Imq));
for all mi € M (mSmq and gIm = there exists g1 € M (gRg1 and g1Im;)).

Ezample 2 KC := ((G,R),(M,S),I), where G := {¢,d,e}, M := {a,b}, R :=
{(d,e),(c,d)} and S := {(a,b),(b,a)}. I is given by Table 3. Figure 1 depicts the
objects, properties and the three relations R, S, I. Each circular node represents an
object and each rectangular node a property. Two circular nodes are connected by
an arrow if they are related by R. Similarly for the rectangular nodes. The dotted
arrow represents the relation I. From the figure it is clear that I satisfies the back
and forth conditions.

Table 3: Context K
a | b

*

In a Kripke context KC := ((G,R),(M,S),I), if (G,R) is a Pawlakian
approximation space, one gets an interior operator —g : P(G) — P(G) defined
as —p(A) := Ap for all A € P(G) (Proposition 11). Similarly, one has the
interior operator —g : P(M) — P(M) defined by —p(B) := Bg for all B €
P(M), if (M,S) is a Pawlakian approximation space. Now from Theorem
8, we get the isomorphism f : P(G) — PB(K)n given by f(A4) := (A4, A4")
for all A € P(G) and the anti-isomorphism g : P(M) — PB(K), given by
g(B) := (B, B) for all B € P(M). Taking a cue from the compositions of
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Fig. 1: Kripke Context KC

fy—r and g, —g, we can define two unary operators fr and fs on P(K) as
given below. It will be seen in Theorem 12 that fg is an interior-type operator
on ‘PB(K), while gg is a closure-type operator on B(K). For any (4, B) € P(K),

* fr((A, B)) == (4g,(4r)"),
* fs((4,B)) = ((Bs)',Bs)-

fr, fs are well-defined, as (A, (Ar)") and ((Bg)’, Bg) are both semiconcepts
and hence protoconcepts of K. This implies that the set P(K) of protoconcepts
is closed under the operators fgr, fs. We have

Definition 6 Let KC := ((G, R), (M, S),I) be a Kripke context. The full complex
algebra of KC, P (KC) := (P(K),, M, -, 5, T, L, fr, fg), is the expansion of the
algebra P(K) of protoconcepts with the operators fr and fg.
Any subalgebra of @"' (KC) is called a complex algebra of KC.

Let fR, fs denote the operators on P(K) that are dual to fr, fs respec-
tively. In other words, for each z := (A, B) € P(K),
fo(x) == ~fr(-z) = =fr((A°, A7) = ~(4%, (4%)) = (A%)°, (4R)7) =
(ZR, (ZR)'), by Proposition 11(i).
Similarly f3(z) :=_fs(z) = (B ), B).
Again, note that f3(z) = (ZR, (ZR)') and fi(z) = ((Es)',gs) are semicon-
cepts of K. Let us now list some properties of fr and fs.

Theorem 12 For all z,y € P(K), the following hold.

- fr(@Ny) = fr(z) N fr(y) and fs(zUy) = fs(z) U fs(y).
fR(x MNz) = fr(z) and fs(zUzx) = fo(x).
E ) = -1 and fS(JT) =2T.

—x) = ~fp(z) and fs(ax) =of§(@).

—

= W N
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Proof Let z:= (A, B) and y := (C, D).

1. We use Proposition 11(iii) in the following equations. fr((A, B)M(C, D)) = fr(AN
C,(ANC)) = (ANCR, (ANCR)) = (Ag N Cr,(Ag N Cr)") = (AR, (Ag)) 1
(Cr: (CR)") = fr((A,B)) N fr((C,D)).

Is((A,B) U (C, D)) = fs((BND),BND) = (BODs)', BN Dg) = fs((A, B)) U
fs((C, D)).

2. fr((A,B) N (A, B)) = [r((A,A) = (AR, (Ag)") = fr((A,B)). Similarly, one
can show that fs((A,B L (A, )) ((BS) Bg).

3. fr(=L) = fr((G,G") = (Gg,(GR)) = (G,G") = =L, by Proposition 11(ii).
Similarly, one gets fg(uT) =4T.

4. frR(=(A,B)) = fr(A% AY) = (A°R,(A%R)") = ((A7)", (A)Y) by Proposition
11(i). So fr(—=(A,B)) = (AR, (AR)') = ﬂfR((A B)). Similarly, one can show that

fs(u(A, B)) =23 ((A, B)). 0
Using Theorem 12(1,3,4), one obtains

R —R

Corollary 2 For all z,y € ’]3(]1&)7

L falzVvy) = falx )V 2 (y) and fi(z Ay) = fi(z) A f3(y)-
0 ) 2

Consider the restriction maps fr[P(K)n and fs[B(K),. From Theorem
12(2), it follows that PB(K)n and P(K), are closed under fr[P(K)n and
fsB(K), respectively. Using Theorem 12(1,3) and Corollary 2, we get

Corollary 3 P(KC)F := (P(K)r, M, V, =, L, f BK)n) and P(KC); :=
(BK)u, U, A, 5, T, fsIB(K)L) are Baos.

We next consider a Kripke context KC := ((G, R), (M, S),I) where the
relations R, S satisfy certain properties that are of particular relevance here.

Definition 7

1. KC is reflexive from the left, if R is reflexive.
2. KC is reflexive from the right, if S is reflexive.
3. KC is reflexive, if it is reflexive from both left and right.

The cases for symmetry and transitivity of KC are similarly defined.
Observe that the Kripke context in Example 2 is symmetric from the right.

Theorem 13 Let KC := ((G,R),(M,S),I) be a reflexive and transitive Kripke
context. Then for all z € P(K), the following hold.

1. fr(z) Ezand z C fg(x).
2. frfr(z) = fr(z) and fsfs(z) = fs().
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Proof 1. Let (A, B) € B(K). By Proposition 11(v) Arp € A and Bg C B, which
implies that A’ C (Ap) and B’ C (Bg)". Now B” = A" and A” = B’ as (A4,B) €
PB(K). By Lemma 3, A C A” and B C B”. So A C B' and B C A’, which implies
that B C (Ag)’ and A C (Bg)'. Therefore fr((A, B)) = (Ag, (Ar)) C (A, B) and
(A,B) C fs((A, B)) = ((Bs)", Bs)-

2. frfr((A,B)) = fr((ARr,(4R))) = (Ar), ((Ar),)") = (Ag.(4r)) =
fr((A,B)), by Proposition 11(vi). Similarly, one can show that fgfs((4,B))
J5((A. B)). o

Theorems 13 and 12(4) give

Corollary 4 For all z € P(K), x C f%(a:) and f%f%(a:) = f}%(x)
Further, using Theorems 12, 13 and Corollaries 2, 4, we get

Corollary 5 P(KC)F == (P(K)n, M, V, =, L, FRIPB(K)n) and PKC) =
BE)u, U, A, 3, T, fsIB(K)L) are topological Boolean algebras.

3.1 Complex algebra to concept approximation

Recall the Kripke context KCpgs := ((G, E1), (M, Es),I) defined in Section
1, where (G, E), (M, E3) are Pawlakian approximation spaces. We observe
that terms of the full complex algebra P (KCpg) are able to express the
various notions of concept approximations mentioned in Section 2.3. Indeed,
for KCpgs, we get the operators fg,, fr, : P(K) — P(K) as above, that
is, fEl((A’B)) = (AElv(AEl)/)v and sz((AaB)) = ((EEz)IaEEQ) for any
(4,B) € P(K). Moreover, f3, (A, B)) = (A", (A™")) and 3 ((A, B)) =

(B™),B™). Let AC G and B C M.

If A and B are feasible then the concept approximations of A and B are (A4, A")
and (B’, B) respectively and these are elements of J3(K).

Suppose A and B are both non-feasible sets. Let z,y € B(K) be such that the
extent of z is A and intent of y is B. Then we have the following.

The lower concept approximation of A, ((4g,)",(4g,)) = (4g,,(4g,)") U

(Ag,, (Ag,)) = fe, (@) U f5, (7).

The upper concept approximation of A, ((ZEl)”, (ZEl)’ ) = (ZEI, (ZEl)’ )yu
—E, —E

(A, (AT = [, (@)U fh, ().

The lower concept approximation of B, ((§E2)’, (EEZ)”) = ((EEz)’,EEQ) M

(B™),B™) = 13, ) 1 12, ).
The upper concept approximation of B, ((Bg,)’, (Bg,)") = ((Bg,),Bg,) N
((Bg,),Bg,) = fE.(y) N [ ().
Now by definition, approximations of any pair (A, B) are obtained using
the concept approximations of A and B. As shown above, the latter are all
expressible by the terms of the full complex algebra, and hence we have the
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observation. For instance, suppose, (A, B) is a non-definable concept of K with
A and B non-feasible.

The lower approximation of (A, B), ((4g,)" N (FEZ)', (Ag)" N (B)Y)
= (fe. (@) U fp, () 10 (F2, () N [, (0) = (Fe (@) U fry (2)) 1 2, (y)-
The upper approximation of (4, B), (((ZEl)' N(Bg,)"), (ZEI)’ N(Bg,)") =

(F3, (@) U £, () U (Foa () 1 Fa(9) = (Fia (0) T () U £, ().
4 The algebras

In this section, we study abstractions of the algebraic structure ?“”(K(C)
obtained in Section 3. These are dBas with operators (Definition 8), and
topological dBas (Definition 9).

E>

4.1 Double Boolean algebras with operators

Definition 8 A structure © := (D,U,M,—, 5, T, L, I,C) is a dBa with operators
(dBao) provided
1. (D,U,M,—, 4, T,1) is a dBa and
2. I, C are monotonic operators on D satisfying the following for any x,y € D.

la I(zMNy) =I(z) NI(y) 1b C(zUy) = C(z) U C(y)

2a I(-1)==-1 2b C(uT) =4T

3a I(zNz) =1(z) 3b C(zUz) = C(z)
A contextual dBao is a dBao in which the underlying dBa is contextual. If the under-
lying dBa is pure, the dBao is called a pure dBao.
The duals of I and C with respect to -, are defined as I’(a) := —I(-a) and
C%(a) :=1C(ua) for all a € D.

Any Bao provides a trivial example of a contextual and pure dBao. Indeed, in
a Bao (B,M,U,—, T, L, f), setting s = -, C:= f and I := 7, one obtains the
dBao (B,Mn,U,—, 4, T, L,I,C). Due to the idempotence of the operators 1, L
in the Boolean algebra (B,M,U, -, T, L), the dBa (B,M,U, =, 4, T, L) is pure;
as Bn = B, = B, the dBa is contextual as well.

An immediate consequence is the following.

Theorem 14 Let O := (D,U,M,—, 5, T, L, I C) be a dBao. Then

1. O, :=(Dp,U,MN, =, 1, T, L I|D,, C|D,) is the largest pure subalgebra of O.
2. If © is pure, it is contextual and moreover, O = O,

Proof 1. From Proposition 1 it follows that (Dp, U, M, =, 4, T, L) is the largest pure
subalgebra of D. To complete the proof it is sufficient to show that Dy is closed
under I and C, which follows from Definition 8(1a, 3a, 1b, 3b).

2. Proposition 2 gives the first part. For any pure dBa, D = Dy. O

As intended, the sets of protoconcepts and semiconcepts of a context
provide examples of dBaos:
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Theorem 15 Let KC := ((G,R),(M,S),I) be a Kripke context based on the
context K := (G, M, I). Then the following hold.

L PT(KC) := (P(K),U, M, -, 3, T, L, fr, fs) is a contextual dBao.
2. HT(KC) := (H(K),U,M,—, 5, T, L, frIH(K), fs[H(K)) is a pure dBao. It is
the largest pure subalgebra of ¥ (KC), that is, BT (KC), = H7(KC).

Proof 1. From Theorem 7 it follows that (B(K),U,M,—, 5, T, 1) is a dBa. To show
monotonicity of fgr, fs, let (4, B),(C,D) € P(K) and (A, B) C (C,D). Then, by
definition of C, A C C' and D C B, and by using Proposition 11(iv), Ar C Cp,
which implies (Cp) C (Ag) . Hence fr((A, B)) C fr((C, D)). Similar to the above,
we can show the monotonicity of fg. Rest of the proof follows from Theorem 12.

2. From Theorem 7, it follows that B(K)p = H(K). By Theorem 14(2), @"' (KC)p =

HT(KC) is the largest pure subalgebra of @"' (KC). O

The following lists some basic properties of the operators I, C and their
duals in a dBao.

Lemma 6 Let O := (D,U,M,—, 5, T, L,I C) be a dBao. Then the following hold for
any a,x,y € D.
. —I%(=a) = Ia and LC%(La) = C(a).
. I(—a) = -I°(a) and I’ gﬂa) = —I(a).
. C(La) =2C%(a) and C°(La) =2C(a).
. I° and C? both are monotonic.
.I(ama) =I%(a) and C°(aUa) = C%(a).
I’(zVy) =1(z) VI’ (y) and C°(z Ay) = C°(z) A C(y).
°(L)=_Land CO(T)=T.
.I(z) N1 (z) = I°(#) and C°(z) U C’(z) = C°(x).

N B O N

Proof The proof is obtained in a straightforward manner. We use 1, 2, 3 and 5 of
Proposition 5, (8a), (8b) of Definition 2 and 3a, 3b of Definition 8. O

We noted earlier that a Bao provides an example of a dBao. The converse
question is addressed in Theorems 16 and 17 below.

Theorem 16 Let O := (D,U,M,—, 5, T, L, I,C) be a dBao such that for all a € D
—a =_a, =—a = a. Then (D,,M, -, T, L,C) and (D,U,MN,—, T, L,1°) are Baos.

Proof That (D,U,M,—, T, L) forms a Boolean algebra is not difficult to prove, and
the proof is given in the Appendix. In particular, one can show that y Uz =y V z
and yMz = yAz for any y,z € D. It is then easy to verify that C and I° are additive
and normal. Indeed, Definition 8(1b) implies that C is additive. As 4T = L, by
Definition 8(3b), it is normal. On the other hand, as y Uz =y V z for all y,z € D,
from Lemma 6(6) it follows that I (zy) = I?(zVy) = I?(z) VI®(y) = I° () UTO (y).
I’°(L) = L by Lemma 6(7). 0
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Theorem 17 Let O := (D,U,M,—~, 5, T,L,I,C) be a dBao. Then On :=
(Dr,M,V, =, L, I°[Dn) and Oy := (Dy, U, A, 5, T, C]Dy) are Baos.

Proof By Proposition 3, D and Dy, are Boolean algebras. Let x € Dn. Then
1’1 Dr(z) NI°[Dn(z) = I(z) N1 (z) = I%(z) = I° | Dn(z), by Lemma 6(8). So Dr
is closed under I° [Dn. Similarly, Dy, is closed under C[Dy. That both 1’ [Drn and
C|Dy are additive and normal follows from Lemma 6(6,7) and Definition 8. O

The following result addresses the converse of Theorem 17.

Theorem 18 Let D := (D,U,M,—,,,T,1,) be a dBa such that On :=

(Dn,m,V, =, 1,T) and Oy := (Du, U, A, 1, T, C) are Baos. Then O := (D, 1,1,
=, 1, T,L1,I,C) is a dBao, where I(z) := —I(—z) and C(z) := C(zUxz) for all z € D.

Proof Let 2,y € D. Using Proposition 5(6), I(zMy) = ~I(~(zNy)) = ~I(-zV —y) =
=(I(-z) VI(—y)), as =z, ~y € Dn by Proposition 5(1). As I(—z),I(-y) € Dn, using
definition of V we have I(z My) = —~I(-z) M —I(-y) = I(z) M I(y). Using Proposition
5(5), I(-L) = =I(=—1) = =I(L) = L. By Definition 2(4a), I(z M z) = —~I(=(x N
z)) =-I(-z) =1(z).

C(LuT)=C(TuUsT) =C(uT) =.T,as T € Dy. That C(zUx) = C(x) is immediate
from Definition 2. Finally, one shows that C(x Uy) = C(z) U C(y) for all z,y € D.
Let z,y € D. Using commutativity and associativity of U and Definition 2(1b),
additivity of C and the fact that U,y Ly € Dy, we have the following equalities.
C(xly) = C((zUy)U(zUy)) = C((zUz)U(yUy)) = C(zUz)UC(yLy) = C(z)UC(y).
So O is a dBao. O

We end this part by noting a close connection between the full com-
plex algebra of a Kripke frame and that of a corresponding Kripke context.
Let (W,R) be a Kripke frame and §+ := (P(W),N,U,°, W, 0, mg) be the
full complex algebra [19], where for all A € P(W), mr(4) = {w € W :
R(w)NA#£0} = A" This is a Bao, and as observed earlier, yields the dBao
(P(W),N,U,¢, W, 0, m$, mg). For the Kripke frame (W, R), let us define the
Kripke context KCy := ((W, R), (W, R), #). By Definition 6, we have the full
complex algebra of KCy as %*(KCO) = (PE),U, M, =, 5, T, L, f1, f2), where
J1((A, B)) = (A, (Ag)), T2((A, B)) = (Bg)', B) for all (4, B) € B(K).
Then we get

Theorem 19 For the full complex algebra %Jr (KCyp), the following hold.

1. ~x =.x, -~z =z and fi(x) = ~fo(—x) for all € P(K).
2. (B(K),u,M,—,T,L, f2) is a Bao, which is isomorphic to §T.

Proof 1. Let A C W and z € A°. Then for all a € A, © # a, which implies that
z € A'. Now let z € A’. Then = # a, for all a € A, which implies that € A°. So
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A= A° and A" = AY = A°° = A. Therefore (A, B) € B(K) if and only if A = B®,
which is equivalent to A€ = B.

Let (A, A°) € P(K). Then —(A, A°) = (A°, A) =1(A, A°) and ——(A, A°) = (A, A°).
Fa((A, A%)) 1= (A%, (A°) ), giving

—f2(=(A, A%)) = ~f2((A% A)) = =((4r)", Ar) = (AR)". (Ar)"") = (AR, (4R)").
So f1((A, A%) = (AR, (AR)") = ~fa(=(A, A)).

2. By Theorem 16 it follows that (B(K),U,M,—, T, L, f2) is a Bao.

Let us define a map f from P(W) to P(K) by f(A) := (A4, A°) for all A

It is clear that f is well-defined. To show f is a homomorphism, let A, B

f(ANnB)=(ANB,(ANB)°) = (A, A°)N(B,B°) = f(A)N f(B) and f(AUB) =
(AUBL(AUB)) = (4,4 U (B, B%) = F(A) U F(B). F(A7) = (A4°,4) = ~[(4) =
2f(A) and f(W) = (W,0) =T f(0) = (0,W) = L. f(mg(A)) = (A",(47)) =
((AZ,)°,A%,) = f2((A4, A%)) = fa(f(A)).

Injectivity and surjectivity of f follow trivially. |

c w.
c w.

From Theorem 19, we may conclude that the dBao B+ (KCy) is identifiable
with the Bao .

4.1.1 Representation theorems for dBaos

For every dBao O := (D,U,M,—, 5, T, L,I,C), we construct a Kripke context
based on the standard context K(D) := (F,(D),Z,(D),A) corresponding to
the underlying dBa D. For that, relations R and S are defined on F,(D) and
Z,(D) respectively as follows.

For all u,u; € F,(D), uRu, if and only if I°(a) € u for all a € u;.

For all v,v; € Z,(D), vSv; if and only if C°(a) € v for all a € v.

The following results are required to get (Representation) Theorem 20.

Lemma 7 If F is a primary filter (ideal) of a dBa D, then for any = € D, exactly
one of the elements x and —x belongs to F'.

Proof Proof follows from the definition of a primary filter (ideal). O

Lemma 8 Let O := (D,U,M,—, 15, T, L,I C) be a dBao. The following hold.

1. For all u,us € Fp(D), uRuy if and only if for all a € D, Ia € u implies that
a € uy.

2. For all v,v1 € Z,(D), vSv; if and only if for all a € D, Ca € v implies that
a € v.

Proof 1. For all a € D, suppose Ia € u implies that a € uj. If possible, assume
wRuy. Then there exists a; € u; such that I?(a1) ¢ u. So —=I°(a;) € u, which implies
that I(—a1) € u by Lemma 6(2). As a1 € wuj, -a1 ¢ w1, which contradicts that
I(—a1) € u. Hence uRu;.
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Now, we assume that uRuq and let a; € D such that Ia; € u. If possible,
suppose a1 ¢ u1. Then —aj € uy. So I’ (ma1) € u as uRu;j. Therefore by Lemma 6,
1°(=a1) = —I(a1) € u, which is a contradiction by Lemma 7. Hence a1 € u;.

Proof of 2 is similar to the above. O

Lemma 9 Let D := (D,U,M,—, 5, T, L) be a dBa. For all a,b € D, the following hold.

1. If aMb = 1 then aMa C —b.
2. faMaC —bthenanbC L.
3. Ifallb=T then ubLC ala.
4. If bCala then T Calb.

In particular, if D is a contextual dBa then a M b = L if and only if aMa C —b, and
allb=T if and only if _b C a U a.

Proof 1. Let a,b € D and aMb = L. Then by Definition 2(1a) and the associative
law, L = (aMa)(dbMb). So LV =(bnd) = ((aMa)n (bMb)) Vv -(bMb). By
Definition 2(6a), L V =(bMb) = ((aMa)V —(bMb)) M ((bMb)V —(bMb)). Now
(aMa)V=(bnb) = =(=(aMa) N1 —==(bMb)) = =(-aM (bMb)) by Definition 2(4a)
and Proposition 5(3). So (aMa)V —(bMb) = =(-aMb) by Definition 2(1a). Similarly,
we can show that L vV —(bMb) = =(bM —L). Therefore L V —=(bMb) =—(bMN-Ll) =
—(bN (TN T)) by Definition 2(10a). Using Definition 2(1a) and Proposition 4(2),
LV=(bMb) = =(bMT) = =(bMb) = —b, where the last equality follows from Definition
2(4a). This implies that =b = —(—=aMb)M—L = —=(—aMb), as ~(—aMb),bMb, ~L € Dn.
—=a C —(-aMb), as 7aMbC —a. SoaMa E —~(—aMb) = —b.

2. Let aMa C —b. Then aMambLC —bMNb by Proposition 4(6) and by Definition
2(1a), albC L.

Now if D is a contextual dBa then C becomes a partial order. Therefore from the
above it follows that a Mb = L if and only if a Ma C —b.

The other parts can be proved dually. O

Lemma 10 Let O be a dBao and KC(O) := ((Fp(D), R), (Zp(D), S),A). Then for
all a € D the following hold.

1. ER = FI‘S(a) and &R = FI(a)'
2. " = Ieo( and Lug = Io(a)-

Proof 1. Let F € F_aR. Then there exists F} € Fy such that F'RFy, which implies
that I‘S(a) € F,asa € Fy. So F_aR - Fla(a).

Let F € FI"(a) and we show that F' € F_aR. We must then find a primary filter
Fy € Fy such that FRFy. Let Fo:={x € D :Ir € F} and Fp; :={xMNa:z € Fy}.
Then Fp; is closed under M and Fy; € Dn. Next we show that L ¢ Fp;. If possible,
suppose L € Fpy. Then there exists x1 € Fy such that 1 Ma = L, which implies
that a Ma C -1 by Lemma 9(1). So I%(a Ma) C I%(=21), whence I%(a) C I®(—a1)
by Lemma 6(4,5). I°(-z1) € F, as I°(a) € F and F is a filter, which implies that
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—I(z1) € F. So I(z1) ¢ F which contradicts that z; € Fy. Therefore L ¢ Fp;. Since
Dn is a Boolean algebra and Fy; C Dr, there exists a prime filter Fs containing
Fy1. So F3:={z € D :y C z for some y € Fy} is a primary filter containing F» by
Lemma 2 and Proposition 6. For all x € Fy, xMa € Fp1 C Fy and xMa E z,2Ma E a,
which implies that Fy C F3 and a € F3. By Lemma 8(1) it follows that FRFj3.
Therefore F' € F_aR.
Using Proposition 11(i), Lemmas 4 and 6(1), we get

—FR —F7<R
Fug = (FD™) = (Fa))° = Ffs oy = Fts oy = Fio)
2 can be proved dually. O

The Kripke context KC(9) of Lemma 10 is used to obtain the representa-
tion theorem.

Theorem 20 (Representation theorem) Let O := (D,U,M,—, 4, T, 1, I,C) be a
dBao. The following hold.

1. © is quasi-embeddable into the full complex algebra P+ (KC(D)) of the
Kripke context KC(9). h : D — P(K(D)) defined by h(z) := (F, I,) for
all z € D, is the required quasi-embedding.

2. If © is a contextual dBao then the quasi-embedding h is an embedding.

3. O, is embeddable into the largest pure subalgebra $*(KC(D)) of
P (KC(D)).

Proof 1. Let D := (D,U,M,—, 5, T, L) be the underlying dBa. By Theorem 9, we
know that the map h : D — B(K(D)) defined by h(z) := (Fy,Iz) for all z € D
is a quasi-embedding. To show h is a dBao homomorphism, we prove that for any
z € D, h(Iz) = fr(h(z)) and h(Cz) = fs(h(z)), that is, (Fiz, [1z) = (Feg, (Fzp))
and (Fcg,Ice) = ((Izg)' Izg). By Lemma 10(1), Frp = Fiz. By Lemma 5,
FIIT = Iig,, = I(Iwmm)u(lm,—ﬂm) = Iizutz = I1e, the last two equalities hold, as
Iz M Iz =I(zMNz) = Iz and by Lemma 4(1). So (&R)/ = I1,.

Similar to the above, using Lemma 10(2) and Lemma 5, we can show that
(Fez, Icz) = ((I_IS)/,I_mS). Hence h is the required quasi-embedding from the dBao
O into P (KC(D)) .

2. Since O is contextual, the quasi-order is a partial order. As a result, h becomes
injective.

3. Let © € Dp. Then either Mz =z orzUz =z. fzNe =z, h(z) = (F,Iz) =
(Fy, F}), by Lemmas 4 and 5. Now if z Uz = x, h(z) = (Fy, Iz) = (I4, Iz), by Lem-
mas 4 and 5. So h[Dp is an injective dBao homomorphism from 9, to 1 (KC(9)),
as Op is pure and by Proposition 2. O

Corollary 6 Let 9 be a pure dBao. Then 9 is embeddable into the complex algebra
HT(KC(D)) of the Kripke context KC(D).

Proof Proof follows from Theorems 14(2) and 20(3). O
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4.2 Topological double Boolean algebras

Definition 9 A dBao O := (D,Mn,U,—, 5, T, L,I,C) is called a topological dBa if
the following hold.

4da I(z) Cx 4b x € C(x)

5a II(z) = I(z) 5b CC(z) = C(z)
A topological contextual dBa is a topological dBa in which the underlying dBa is
contextual. If the underlying dBa is pure, the topological dBa is called a topological
pure dBa.

Again, as intended, we obtain a class of examples of topological dBas from
the sets of protoconcepts and semiconcepts of contexts.

Theorem 21 Let KC := ((G,R),(M,S),I) be a reflexive and transitive Kripke
context. Then the following hold.

1. BT (KC) is a topological contextual dBa.
2. PT(KC), = H(KC) is a topological pure dBa.

Proof 1. Proof follows from Theorems 15 and 13.
2. Proof is similar to the proof of Theorem 15(2). O

Now, we will show that for a topological dBa 9, KC(9) is a reflexive and
transitive Kripke context. For that, we first prove the following lemma.

Lemma 11 Let D be a topological dBa. Then for all a € D, I°T°(a) = I°(a) and
C’C%(a) = C(a).

Proof Let a € D. By Definition 9(5a), II(—a) = I(—a), which implies that —II(—a) =
—I(—a). By Lemma 6(2), I‘S(ﬁlﬁa) = I‘S(a), whence I‘SI‘S(a) = I‘S(a). Similarly, we
can show that C°C?(a) = C%(a). O

We now have

Theorem 22 KC(O) := ((Fp(D), R), (Zp(D),S),A) is a reflexive and transitive
Kripke context.

Proof To show R is reflexive, let F' € Fp(D) and Ia € F for some a € D. By
Definition 9(4a), Ia C a, which implies that a € F, as F is a filter. So FRF by
Lemma 8.

To show R is transitive, let F, F1, Fo € Fp(9O) such that FRF; and F; RF>. We show
that FRFy. Let a € Fy. Then I(a) € Fy, as F| RFy, which implies that I°T° (a) € F,
as FRF,. So I°(a) = I’T%(a) € F, using Lemma 11. Thus FRF,.

Similarly, one can show that S is reflexive and transitive. a
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Combining Theorem 20, Corollary 6 and Theorem 22, we get the represen-
tation results for topological dBas in terms of reflexive and transitive Kripke
contexts.

Theorem 23 A topological dBa O is quasi-embeddable into the full complex algebra
PT(KC(D)) of the reflexive and transitive Kripke context KC(9).

9, is embeddable into the complex algebra H1(KC(9)) of KC(D). Moreover,

1. If O is a topological contextual dBa then © is embeddable into ?4' (KC(9)).
2. If © is a topological pure dBa then £ is embeddable into the complex
algebra 7 (KC(9)) of KC(D).

5 Logics corresponding to the algebras

We next formulate the logic CDBL for contextual dBas. The logic MCDBL
for the class of contextual dBaos, and its extension MCDBL4 for topological
contextual dBas are both defined with CDBL as their base. In Section 5.3, it
is shown that, apart from the algebraic semantics, the logics can be imparted
a protoconcept-based semantics, due to the representation theorems for the
respective classes of algebras obtained in Sections 4.

5.1 CDBL

The language £ of CDBL consists of a countably infinite set PV of
propositional variables, propositional constants 1, T, and logical connectives
U, M, =, 2. The set § of formulae is given by the following scheme:

TlLlpladflang|-alaa,

where p € PV. V and A are definable connectives: a V  := =(—a 1 —8) and
a A B :=i(ualdip) for all o, B € F. A sequent in CDBL is a pair of formulae
denoted by a F g for o, € §. If o« - 8 and B F «a, we use the abbreviation
a - B.

The axioms of CDBL are given by the following schema.

laka.

Axioms for 1 and L:
20 M B F a 2b o alp
3aalpkp 3bB/FaUp

daanNfE(anp)N(ang) 4 (aUf)U(aUf)Falp
Axioms for = and _:

5a ~(aMa)kF -« 5b satL(alUa)

6a aM-ak L 60 T F alla

Ta —~—(amB) 4 (anB) 76 sa(aU B) 4+ (a U p)
Generalization of the law of absorption:
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8aaMNatkaN(aUpf) 8al(aNf)Fala

9a aNataf(aVvp) %bal(aAf)Fala
Laws of distribution:

10a aM(BVy) 4 (@M B)V(aMy) 10b ol (BAYy) 4 (el B8) A (alUy)
Axioms for 1, T:

1la L F« 1bakT

12 =T + L 126 T il

13a ~L =~ TN T 136 2T - LU L
The compatibility axiom:

4 (ala)N(aUa)4F (aNa) U (aMa)
Rules of inference of CDBL are as follows.

For M and L:
akp

al~ykF BNy
_erp
alykFBUy

_erp
yOak~y0p
_erp
yUak~UpB

(R1)
(R2)

(R1)

(R2)’

For —, J:
akp

18 Foa

_abp

-8 F -« (£3)

(R3)’

Transitivity:
abp Bk~
“ary B
Order:
alNfralNa allabanfg aUpELUB fUBFaUp
atp

(R5) captures the order relation of the contextual dBas.

(R5)

Derivability is defined in the standard manner: a sequent S is derivable (or
provable) in CDBL, if there exists a finite sequence of sequents Si,...,Sn,
such that S, is the sequent S and for all k € {1,...,m} either S is an axiom
or Sy, is obtained by applying rules of CDBL to elements from {5y, ..., Sk_1}.
Let us give a few examples of derived rules and sequents.

Proposition 24 The following rules are derivable in CDBL.

akFB abk~xy
alak Ny

BFa vk«

(£6) BU~vFala

(RT7)

Proof (R6) is derived using (R1), (R1)" and (R4), while for (R7) one uses (R2), (R2)’
and (R4). O

Theorem 25 For «, 3,7 € §, the following are provable in CDBL.
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la (M p) 4 (BN ). 1ballp - BUa.
2a aM(BMNY) 4= (anB)MNy. 20 aU(BUY) - (aB) UA.
3a (aMNa)np - (amp). 3b(aUa)Up - aUp.

da —a F —(aMNa). 4b J(a U a) Foa.

5a aN(alUP)F (aMNa). 5b alat al(anp).
6a aN(aVpP)Fana. 6b alakal(aAp).
7a L Fall-a. b alloa =T

8a L F-T. 8 JLFT.

Proof The proofs are straightforward and one makes use of axioms 2a, 3a, 4a,
Proposition 24 and the rule (R4) in most cases. For instance, here is a proof for la:
3aalnpBrFL aNfBrkaa
da (@M P)F(anB)n(anp) (anp)n(anp)r BN a (R6)
(amB)F(BNa) (R4)

Interchanging o and 8 in the above, we get (BMa) F (aMpB).

(4a) follows from axiom 2a and (R3). (7a), (8a) follow from axiom 1la. The remaining
proofs are given in the Appendix. Note that the proofs of (ib),i = 1,2, 3,4,5,6,7,8,
are obtained using the axioms and rules dual to those used to derive (ia). ]

Definitions of valuations on the algebras and satisfaction of sequents are as
follows.

Definition 10 Let D := (D,U,M,—, 5, Tp, Lp) be a contextual dBa. A wvaluation
v:§ — D on D is a map such that for all o, 8 € § the following hold.

L.v(aU B) :=v(a) Uv(B). 4. v(a M B) := v(a) Nv(B).

2. v(oa) ==1v(a). 5. v(—a) == —w(a).

3.v(T):=Thp. 6. v(Ll):=Lp.

Definition 11 A sequent a = 3 is said to be satisfied by a valuation v on a contextual
dBa D if and only if v(a) C v(8). at S is true in D if and only if for all valuations
v on D, v satisfies a F 8. o 3 is walid in the class of all contextual dBas if and only
if it is true in every contextual dBa.

Theorem 26 (Soundness) If a sequent o F 3 is provable in CDBL then it is valid
in the class of all contextual dBas.

Proof The proof that all the axioms of CDBL are valid in the class of all contextual
dBas is straightforward and can be obtained using Proposition 4 and Definition 2.
One then needs to verify that the rules of inference preserve validity. Using Propo-
sition 4, one can show that (R1), (R2), (R1)" and (R2)’ preserve validity. The cases
for (R3) and (R3)’ follow from Proposition 5.

To show (R5) preserves validity, let the sequents alflg + afNa, aNa b ang, alg +
BUB,and U B F alU B be valid in the class of all contextual dBas. Let D be a
contextual dBa and v a valuation in D. Then v satisfies each sequent, which implies
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that v(anp) C v(aMNa), v(aMa) C v(BMa), v(alf) C v(BMNP) and v(BUB) C v(alpf).
So v(aMpB) = v(eMa) and v(a U B) = v(B U B), as D is contextual. This gives
v(a) Mv(B) = v(a) Nv(a) and v(a) Uv(B) = v(B) Uv(B). Thus v(a) C v(B), whence
a b= [ is satisfied by v. |

As usual, the completeness theorem is proved using the Lindenbaum-Tarski
algebra of CDBL, and the algebra is constructed in the standard way as
follows. A relation = is defined on § by: a = § if and only if o -+ 3, for
o, € §. = is a congruence relation on § with respect to U, M, =, 4. The
quotient set §/ =1 with operations induced by the logical connectives, give the
Lindenbaum-Tarski algebra L(§) := (§/ =-,U,M,—, 5, [T],[L]). The axioms
in CDBL and Theorem 25 ensure that £(§) is a dBa. One then has

Proposition 27 For any formula « and 8 the following are equivalent.

1. aF 3 is provable in CDBL.
2. [o] C [A] in L(F) of CDBL.

Proof For 1 = 2, we make use of (R1)’, (R4), axiom 2a and Theorem 25(2a, 3a).

atp
alakalpg
alNBka
afN(anpf)FaNa anNfrFan(anp)
aNfBkFala

So aMa -+ Mg, which implies that [o] M[a] = [aMa] = [N 8] = [ M [8]. Dually
we can show that [o] U [8] = [B] U [8]. Therefore [a] C [4].

For 2 = 1, suppose [a] C [5]. Then [a]M[5] = [a]M[c]. So [aMB] = [aMa]. Similarly
we can show that [a U 8] = [8 U B]. Therefore aM B 4+ aMa and a U B 4 S U S.
Now using (R5), a - B. |

It is worth noting that the axioms of CDBL are obtained by converting the
dBa axioms into sequents. Nonetheless, the system is complete with respect to
the class of contextual dBas, because the relation = provides a partial order
on the set §/ =, which forces the Lindenbaum algebra L£(F) to become a
contextual dBa.

Theorem 28 L(F) is a contextual dBa.

Proof Follows directly by axiom 1, (R4) and Proposition 27. |

The canonical map vy : § — §/ = defined by vo(y) := [y] for all v € §, can
be shown to be a valuation on L(F).
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Theorem 29 (Completeness) If a sequent « F f is valid in the class of all contextual
dBas then it is provable in CDBL.

Proof If a - B be valid in the class of all contextual dBas, it is true in £(F). Consider
the canonical valuation vg. Then vg(a) C vp(8) and so [«] C [§]. By Proposition 27,
it follows that o F 8 is provable in CDBL. a

5.2 MCDBL and MCDBL4

The language £1 of MCDBL adds two unary modal connectives OJ and B to
the language £ of CDBL. The formulae are given by the following scheme.

T|Llplaup|ang]|-alia| Do | Bea,

where p € PV. The set of formulae is denoted by §1. The axiom schema for
MCDBL consists of all the axioms of CDBL and the following.

15a Oan O 4+ O(am B) 156 Mo LI WS - B(a U 3)

16a O(=L) 4 L 160 M(_T) 42T

17a O(a M a) 4+ O(«) 170 B(a U o) 1+ B(«)
Rules oij_r igference: All th'e_rﬁules of CDBL and the following.

o o

Oa =038 (R8) Ho - ES5 (R9)

Definable modal operators are ¢, ¢, given by O« := —-[0—«a and ¢a :=_M.q.
It is immediate that

Theorem 30 If a sequent o - 3 is provable in CDBL then it is provable in
MCDBL.

A valuation v on a contextual dBao O := (D,U,M,—, 5, Tp, Lp,I,C), is
a map from §; to D that satisfies the conditions in Definition 10 and the
following for the modal operators:

Definition 12 v(Oa) := I(v(a)) and v(Ma) := C(v(«)).

Definitions of satisfaction, truth and validity of sequents are given in a
similar manner as before.

5.2.1 MCDBLX

MCDBLA is obtained as a special case of the logic MCDBLY. that is defined
as follows.

Definition 13 Let X be any set of sequents in MCDBL. MCDBLY is the logic
obtained from M CDBL by adding all the sequents in X as axioms.
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Note that if ¥ = ) then MCDBLZY is the same as MCDBL. The set &
required to define MCDBL4 will be given at the end of this section. Let us
briefly discuss some features of MCDBLY. for any 3 — these would then apply
to both MCDBL and MCDBLA.

Let V& denote the class of those contextual dBaos in which the sequents of
Y are valid. As a consequence of axioms 15a, 16a, 17a, 15a, 16b, 17b and rules
(R8), (R9), one can conclude that if a sequent a - 3 is provable in MCDBLX.
then it is valid in the class Vx.

As before, one has the Lindenbaum-Tarski algebra Lx(§1) for MCDBLY;
it has additional unary operators induced by the modal operators in £;.
More precisely, Lx(F1) := (§1/=-,U,M, =, 5, [T], [L], fo, fm), where fo, fm are
defined as: fo([a]) := [Oa], fa([a]) := [Ma).

Proposition 27 extends to this case. Using this proposition and rules (R8),
(R9), one shows that the operators fr, fm are monotonic:

Lemma 12 For o, € §1, [a] C [f] in Lx(F1) implies that f([o]) T fo([8]) and
fu(la]) T fm([B))

(§1/=r,U,1,—, 5, [T],[L]) is a contextual dBa; Lemma 12 along with axioms
16a, 16b, 17a, 17b and the result corresponding to Proposition 27 give

Theorem 31 Lx(F1) € V.
One then gets in the standard manner,

Theorem 32 (Completeness) If a sequent o - (3 is valid in the class Vx then it is
provable in MCDBLX..

MCDBLA is defined as the logic MCDBLY where ¥ contains the following:
18a Da - « 180 a - Mo
19a¢ O0a 4 Do 190 Blo - Bo

We have thus obtained

Theorem 33 (Soundness and Completeness)

1. a F (B is provable in MCDBL if and only if o F § is valid in the class of
all contextual dBaos.

2. aF B is provable in MCDBLA4 if and only if o - § is valid in the class of
all topological contextual dBas.



Springer Nature 2021 IWTEX template

Kripke contexts, dBao and corresponding modal systems 29

5.3 Protoconcept-based semantics for the logics

As a consequence of the representation result for contextual dBas (Corollary
1), we get another semantics for CDBL based on the sets of protoconcepts
of contexts. The required basic definitions are derivable from those given in
Section 5. However, for the sake of completeness, these are mentioned here. We
first define valuations, models and satisfaction for a context K := (G, M, I).
Valuations associate formulae with protoconcepts of K:
A wvaluation is a map v : § — P(K) such that

v(a U B) :=v(a) Uv(B). v(anp) :=v(a) Nv(B).

v(—a) = —w(a). v(aa) ==1v(a).

u(T) :=(G,0). v(L):= (0, M).
A model for CDBL based on the context K is a pair M := (P(K), v), where v
is a valuation.

Let I denote the collection of all contexts.

Definition 14 A sequent a b § is said to be satisfied in a model M based on K if
v(a) Cv(B). at B is true in K if it is satisfied in every model based on K. o F 3 is
valid in the class K if it is true in every context K € K.

As for any context K the set 3(K) of protoconcepts of K forms a contextual
dBa (Theorem 7(1)), and for any model M := (PB(K),v), v is a valuation
according to Definition 10, Theorem 26 gives us the soundness of CDBL with
respect to the above semantics. In other words, if a sequent is provable in
CDBL then it is valid in the class .

For the completeness result, we make use of the (Representation) Corol-
lary 1 for contextual dBas and the fact that the Lindenbaum-Tarski algebra
L(F) is a contextual dBa (Theorem 28). From these it follows that h :
§/ =-— P(K(L(F))) defined as h([a]) := (Fa), [[o)) for all [a] € F/ =¢, is
an embedding. Recall the canonical map vy : § — §/ = defined in Section
5. The composition v; := h o vy is then a valuation, which implies that
M(L(F)) := (B(K(L(F))),v1) is a model for CDBL.

Theorem 34 (Completeness) If a sequent o - 8 is valid in K then a - 3 is provable
in CDBL.

Proof If possible, suppose a F ( is not provable in CDBL. By Proposition 27,
o] Z []. By Proposition 3(3), either [a] 1 [a] Zn [8]1[8] or [a] U [] Zu [8] U [A.
Then there exists a prime filter Fy in £(F)n (a Boolean algebra by Proposition 3)
such that [o] M[a] € Fy and [§] M [8] ¢ Fy. By Lemma 2, there exists a filter F' in
L(F) such that FNL(F)n = Fp and as Fy is prime, F € Fp(L(F)). As [a]M[a] € Fy,
[@] M[a] € F and [B] M [0] ¢ F, because [B] M [B] ¢ Fyp and [B] M [B] € L(F)n. So
[a] € F', as [a] M [a] C [o], and [B] ¢ F, otherwise [8] M [5] € F. This gives F' € Fly
and F ¢ F[ﬁ]: whence F[O/]ZFW]
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In case [a] U [a] Zn [B] U [B], we can dually show that there exists I € Zp(L(F))
such that [a] ¢ I and (] € I giving I[5Z1[y)-

So vi(a) = (F[a],f[a]) Z (F[ﬂ]’[[ﬂ]) = v1(B), which implies that o F 3 is not
true in the model M(L(F)) — a contradiction. O

In case of MCDBL and MCDBL4, instead of a context K := (G, M, I),
we consider a Kripke context KC := ((G,R),(M,S),I) based on K :=
(G,M,I). A valuation v : §1 — P(K) extends the one for CDBL with
the following definitions for the modal operators: v(Oa) = fr(v(a)) and
v(la) := fg(v(w)). Let us denote the class of all Kripke contexts by KC and
that of all reflexive and transitive Kripke contexts by KCrr. Models, satis-
faction of sequents is as for CDBL. Then it is straightforward to show that
MCDBL and MCDBL4 are sound with respect to the classes XC and KC g1
respectively.

Note that by Theorem 31, for MCDBL the Lindenbaum-Tarski algebra
Lx(F1) is a contextual dBao, while for MCDBLA4, it is a topological contex-
tual dBa. The completeness of MCDBL with respect to the class KC is then
proved in a similar manner as Theorem 34, the representation result given by
Theorem 20(2) being used. In case of MCDBLA4, as a consequence of Theorem
22, KC(Lx(F1)) is a reflexive and transitive Kripke context. Using the (Rep-
resentation) Theorem 23(1), one gets completeness of MCDBL4 with respect
to the class KCgr.

6 Conclusions

In a pioneering work unifying FCA and rough set theory, Yao, Diintsch and
Gediga [3, 29] proposed object oriented and property oriented concepts of
a context. For a context K := (G, M,I), its complement is the context
K¢ := (G,M,—R), where —R := G x M \ R. It has been shown that the
lattice of concepts of K is dually isomorphic (isomorphic) to that of object ori-
ented (property oriented) concepts of K¢. In the line of Wille’s work, negation
was introduced into the study and object oriented semiconcepts and proto-
concepts of a context were proposed in [9, 10]. It was observed that (A, B)
is a protoconcept of K, if and only if (A°, B) is an object oriented protocon-
cept of K¢. The same holds for semiconcepts of a context. For a context K,
object oriented protoconcepts form a dBa, while object oriented semiconcepts
form a pure dBa. The entire study presented here may also be done in terms
of object oriented semiconcepts and protoconcepts. In particular, one may
derive representation results for the algebras introduced here, with the help of
corresponding algebras of object oriented semiconcepts and protoconcepts.

A complete [15] dBa D is one for which the Boolean algebras Dn and Dy,
are complete. Vormbrock and Wille [15] have shown that any complete fully
contextual (pure) dBa D for which D and Dy, are atomic, is isomorphic
to the algebra of protoconcepts (semiconcepts) of some context. This result
gives rise to the question of such a characterisation in case of a complete fully
contextual dBao D for which D and Dy, are atomic. It appears that, using
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Vormbrock and Wille’s results and the representation results obtained here for
dBaos in terms of the full complex algebra of protoconcepts, one should be
able to obtain the desired characterisation.

Another direction of investigation one may pursue, is the duality between
the class of all Kripke contexts and that of all dBaos. We have shown in this
work that a dBao O induces a Kripke context KC(9), and on the other hand,
a Kripke context KC induces a dBao %JF(KC). A natural question then would
be: is KC(P™(KC)) isomorphic to KC?

Topological representation results for algebras are well-studied in litera-
ture. This would serve as yet another immediate point of investigation for the
algebras discussed in this work.

Logics corresponding to dBas, pure dBas and their extensions with oper-
ators as defined here, remain an open question. The logic MCDBL4 for
topological contextual dBas is obtained as a special case of MCDBLX, where
Y is any set of sequents in MCDBL. This gives a scheme of obtaining several
other logics that may express properties of dBaos and corresponding classes of
Kripke contexts besides the ones considered here. For topological contextual
dBas and correspondingly, reflexive and transitive Kripke contexts, MCDBL4
with ¥ containing the modal axioms for reflexivity and transitivity, serves the
purpose. One may well include other axioms (such as symmetry) in X, and
investigate the resulting modal systems.
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Appendix A Proofs

Proof in Theorem 16, that (D,N,U,—, T, 1) s a Boolean algebra: Let O be
a dBao such that for all a € D, -a =.a and -—a = a. Let z,y € D such
that © C y and y C z. By Proposition 4(4), x Mx = yMy and z Uz =
y U y. Using Proposition 5(3), ——x = ——y and so z = y. Therefore (D,C)
is a partially ordered set. From Definition 2(2a and 2b) it follows that M, L
is commutative, while Definition 2(3a and 3b) gives that M, is associative.
Using Definition 2(5a) and Proposition 5(3), z M (zx Uy) = z Nz = —-—x. So
xM(zUy) = z. Again using Definition 2(5b) and Proposition 5(3), zU(zMy) =
x. Therefore (D,M,U,—, T, 1) is a bounded complemented lattice. To show
it is a distributive lattice, we show that for all x,y,€ D x My = x Ay and
xVy =z Uy. Rest of the proof follows from Definition 2(6a and 6b).

Let z,y € D. Then z,y C x Uy. Proposition 5(2) gives —(x Uy) C -z, —y.
Therefore by Proposition 4(6), =(zUy)N—y C —aM—-y and —~(xUy)MN-(zUy) C
—(zUy)MN—y. So ~(zUy)N—=(zUy) C —zM-y. By Proposition 5(1), =(zUy) C
-z M=y, and by Proposition 5(2), =(-2M-y) C -=(zUy) = (zUy)N(zUy) C
x Uy. Hence z Vy C z Uy. Using Proposition 4(5) and Proposition 5(2),
-z M-y E —z,~y. So =z C —(—z M -y) and =~y C —(—z M —y). Therefore
2 C=(-zMN—y)=xzVyand y C ~(-xM-y) =2xVy. Proposition 4(6) gives
Uy ExVy, as (xVy)U(zVy) =aa(zVy) = = (xVy) = 2Vy. Sozly = zVy.
Dually we can show that z My =z Ay.

Proof of Theorem 25:

2a.
“ 2a¢ (@M B)N~yF (anB) anpBr g 3a

(R4) (amB)n~F B (amB)M~F~ 3a
da (@M B) My (@ B) M) M ((anB)My) ((anB)AvN((an )i~y F By (R6)
(amB) Ay F By (R — (D)

Now,
2a (N B)NykFanNpB aflprkaz22a
(amB)MN~y o (R4) (amB)M~ykF B~y (from (I) above)
da (e By ((@mp)ny)n(anp)ny) (amp)ynyyn((amp)ny) - an(Bny) (R6)

(@nB@ N~ Fan(Bny) (R4
Similarly we can show that a M (B M ~) F (a M B) M~.

2¢ (aMa)MBraflNa afalk a?a

(R4) (aMa)MBF a (ala)N B+ B 3a

da (@na)nBF ((efa)nB)n ((ana)np) ((eafa)nNB) N ((@fa)nB)Fanp (R6)

(aMa)n B+ anB (R4)

2¢ (@l B)Fa (alB)kF a?2a

da anBrF (@anB)n(anp) (anB)n(anp)rk ana (R6)

(R4) anBFana anpBr B3a

4da an B F (@ B)n (anpB) (amB)n(anp)F (afa)nB (R6)

aMBr (aMa)n B (R4)
sa- 20 af(aUB)Fa af(aUB)k a2a
daan(aUB)F (an(aup)N(an(aup)) (afN(aUp)n(an(alp))Fana (R6)
afN(aUpB)k ala (R4)

6a. Proof is identical to that of 5a.
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