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1 Introduction

In formal concept analysis [2, 3], the properties of formal contexts are reflected
by the properties of the concept lattices they give rise to [10,12]. Extending
concept lattices to protoconcept algebras and semiconcept algebras, Herrmann
et al. [5] and Wille [11] introduced negations in conceptual structures based
on formal contexts such as double Boolean algebras and pure double Boolean
algebras. These algebras have attracted interest for their theoretical merits —
basic representations have been obtained — and for their practical relevance —
applications in the field of knowledge representation and reasoning have been
developed [5-7,9,11].

The basic representations of protoconcept algebras and semiconcept algebras
evoked above have been obtained by means of equational axioms. Hence, the
problem naturally arises of whether there is an algorithm which given terms s, t,
decides whether they represent the same element in all models of these equa-
tional axioms. Such a problem is called the word problem (WP) in protoconcept
algebras or in semiconcept algebras. In Mathematics and Computer Science,
word problems are of the utmost importance.

Within the context of protoconcept algebras, Vormbrock [8] demonstrates that
given terms s,t, if s = t is not valid in all protoconcept algebras then there
exists a finite protoconcept algebra in which s = t is not valid. Nevertheless,
the upper bound on the size of the finite protoconcept algebra given in [8, Page
258] is not elementary. Therefore, it does not allow us to conclude — as wrongly
stated in [8, Page 240] — that the WP in protoconcept algebras is NP-complete.
Switching over to semiconcept algebras, the aim of this article is to prove that
the WP in semiconcept algebras is PSPACE-complete.

Sections 2 and 3 show some of the basic properties of formal contexts and semi-
concept algebras that have been discussed in [5-7,9, 11]. In Section 4, we present



the WP in semiconcept algebras. Section 5 introduces a basic 2-sorted modal
logic that will be used in Sections 6 and 7 to prove that the WP in semiconcept
algebras is PSPA CE-complete. The proofs of Lemmas 10, 11, 12 and 13 can be
found in the annex.

2 From Formal Contexts to Semiconcept Algebras

In formal concept analysis, the properties of semiconcepts are reflected by the
properties of the algebras they give rise to.

2.1 Formal Contexts

Formal contexts are structures of the form IK = (G, M, A) where G is a nonempty
set (with typical member denoted g¢), M is a nonempty set (with typical member
denoted m) and A is a binary relation between G and M. The elements of G
are called “objects”, the elements of M are called “attributes” and the intended
meaning of g A m is “object g possesses attribute m”.

Alaqlas
01| X | X
09| X
Tab. 1.

Ezample 1. In Tab. 1 is an example of a formal context IK*? with 2 objects —
01 and 0o — and 2 attributes — a; and as.

For all X C G and for all Y C M, let
Xt ={me M:forallg e G,if g € X then g A m}
Yi={geG:forallme M,if m €Y then g A m}

That is to say, X" is the set of all attributes possessed by all objects in X and
Y < is the set of all objects possessing all attributes in Y.

Ezample 2. Tn the formal context IK*? of Tab. 1, {01}” = {a1, a2} and {az}*
{or}.

To carry out our plan, we need to learn a little more about the pair (*,9) of
maps >: 2¢ — 2M and <: 2M — 2G. Obviously, for all X C G and for all Y C
M,

—~ X CYSiff X*DY.

Hence, the pair (*,7) of maps *: 2¢ +— 2M and <: 2M + 2¢ is a Galois connection
between (2¢,C) and (2, D). Thus, for all X, X1, X» C G and for all Y,Y;,Ys
C M,

— if X1 g X2 then X[1> ;) Xl2>,
— if Y7 D Y5 then Y? C Yy,
— X C X*9 and X = X>®,
—Y® DY and YI=YP



2.2 Semiconcept Algebras

Let IK = (G, M, A) be a formal context. Given X C G, the pair (X, X>) is called
“left semiconcept of IK”. Remark that (@), M) is a left semiconcept of IK. Let

ﬂl(l[{> = (}Cl(]}(%Lh Tl7"lvvl; /\l)

be the algebraic structure of type (0,0,1,2,2) where 3;(IK) is the set of all left
semiconcepts of IK, 1L; = (0, M), T; = (G,G"), (X, X") = (G\ X, (G\ X)"),
(Xl, le) Vi (XQ, XQD) = (Xl UXQ, (Xl UXQ)D) and (Xl, X[1>) Al (XQ, Xl2>) = (Xl N
Xs, (X1NX2)”). Remark that if G is finite then J;(IK) is finite too and moreover,
| 7G(IK) | = 2/¢1. Tt is a simple exercise to check that the above operations L,
Ty, =y, - V- and - A; - on H;(IK) are isomorphic to the Boolean operations 0, G,
G\, -U-and -N- on 2¢. Hence, 3, (IK) satisfies the conditions of nondegenerate
Boolean algebras. Given Y C M, the pair (YY) is called “right semiconcept
of IK”. Remark that (G, ) is a right semiconcept of IK. Let

ﬂ (H{) = (}CT(H{%LT)T’I‘)_WWV’I‘)/\T)

T

be the algebraic structure of type (0,0, 1,2,2) where H, (IK) is the set of all right
semiconcepts of IK, L, = (M, M), T, = (G,0), 7 (YY) = (M\Y),M\Y),
(Y2, Y1) Vy (Y5, Ya) = (Vi 1 Y2), Y; 1 ¥a) and (Y7, Vi) Ay (V5 Ya) = () U
Y2)9, Y1 UY5). Remark that if M is finite then 3. (IK) is finite too and moreover,
| 7, (IK) | = 2/M| Tt is a simple exercise to check that the above operations
Loy Ty =y - Voo and - A, - on H,.(IK) are anti-isomorphic to the Boolean
operations (), M, M\, -U- and -N- on 2™ Hence, K. (IK) satisfies the conditions
of nondegenerate Boolean algebras. Now, for the concept underlying most of
our work in this article. Given X C G and Y C M, the pair (X,Y) is called
“semiconcept of IK” iff Y = X” or X = Y. Remark that (§, M) and (G, ) are
semiconcepts of IK.

Ezample 3. In the formal context IK*? of Tab. 1, the semiconcepts are (@,{ay,

a2})) ({01}7 {ala a2})’ ({02}7 {al})7 ({01}’ {QQ})’ ({015 02}’ {al}) and ({01’ 02}’ (Z))
Let

H(H{) = (:}C(IK)) J—lv J—rv Tl; TT? s Ty Vi, \/T) /\la /\r)

be the algebraic structure of type (0,0,0,0,1,1,2,2,2,2) where H(IK) is the set
of all semiconcepts of IK, 1; = (0, M), L, = (M, M), T, =(G,G"), T, =(G,0),
“(X,Y) = (G\X, (G\ X)), 7(X,Y) = (M\Y)", M\Y), (X1,Y1)V, (X2, Y2)
= (Xl UX?» (Xl UXQ)D)a (X17Yl)\/’l“ (XQ,YQ) = ((Ylm}é)quleQ)v (leyl)/\l
(X27}/2) = (leXQ, (X1 QXQ)D) and (leyl)/\r (XQ,}/Q) = ((Yl U}/Q)q,yl U}/Q)

Ezample 4. In the formal context IK*? of Tab. 1, 1; = (0,{a1,a2}), T; =
({01702}7{0’1})’ J—’P = ({01}7{0’130’2}) and T, = ({01,02},0).

Remark that if G, M are finite then H(IK) is finite too and moreover, | H(IK) | <
2IGl 4 ol M|, Obviously, the operations 1;, T, =+, - V;- and - A; -, when restricted
to the set of all left semiconcepts of IK, are isomorphic to the Boolean operations



0, G, G\, -U-and -N- on 2¢ whereas the operations L., T,., .-, -V,.- and - A,.-,
when restricted to the set of all right semiconcepts of IK, are anti-isomorphic to
the Boolean operations (), M, M \ -, -U- and - N - on 2M. In other respects, it is
a simple matter to check that H(IK) satisfies the following conditions for every
z,y, z € H(IK):

—azN YN z)=(xNy) N zand 2V, (yV,z) = (2 V,y) V, 2,
—zNy=yNzandxzV,y=yV,x,

— —y(z ANy z) =~z and —. (2 V, ) = e,

—zN YNy =zNyandaV, (yV,y) =z V,y,
—aN(yViz)=(eNy) Vi(zAz)and 2V, (Y Ar 2) = (2 Ve y) Ar (2 Ve 2),
—zN(zViy) =xzNzand z V, (z A y) =V, x,

—aN (zVry)=xzNzand 2V, (N y) =V, z,

- _‘l(_‘l:c Y] _‘ly) =xViy and _‘r(_‘rx Vo _‘Ty) =z Ny,

- Ly =Trand - T, = 1,,

- = l,=1ljand =1L, = T,,

— T, N T,=Trand 1;V, 1, =1,,

—x Nz =_1;and xV, —px = T,,

— vz Ay) =z Ay and (2 Ve y) = 2 Ve y,
—(zNz)Ve(xNz) = (2Vez) N (2 V) 2),
—x/Njx=xz0rxV,T =12

Let us remark that the first 13 above conditions come in pairs of mirror images
obtained by interchanging |; with T,, T; with 1,, —; with —,., V; with A,
and A; with V,. whereas the last 2 above conditions are equivalent to their own
mirror images. This leads us to the principle of duality stating that from any
condition provable from the 15 above conditions, another such condition results
immediately by interchanging |; with T,, T; with 1,, — with —,., V; with A,
and A; with V,.. The set H(IK) can be ordered by the binary relation C defined
by

(X1,Y1) C (X2, Y2) iff X; € Xoand Y7 D Y5

for every (X1,Y1),(Xs,Y2) € H(IK). Obviously, for all (X;,Y7),(Xs,Y32) €
H(IK),

— (X1, Y1) C (X2, Yo) iff (X1, Y1) A (X2, Y2) = (X1, Y1) A (X1,Y1) and (X1,Y7)
Vi (X2, Ys) = (X2,Y2) V, (X2, Y2),

— if (Xl,)/l) S }Cl(ﬂ() then (Xl,Yl) C (X27Y2) iff (Xl,Yl) A (XQ,}/Q) =
(Xl,Yl)a

—if (X2,Y2) € 3, (IK) then (X1,Y7) C (Xo,Y2) iff (X1,Y1) V, (Xo,Y2) =
(X, Ya).

Moreover, the binary relation C is reflexive, antisymmetric and transitive on
H(IK). In order to give an abstract characterization of the operations L;, L,
T, Ty =1y 2y Vi, Vi, A and A, we shall say that an algebraic structure D =
(D, Ly, Loy To, Ty =0y =y Vi, Vi, A, Ar) of type (0,0,0,0,1,1,2,2,2,2) is a pure
double Boolean algebra iff the operations 1;, L., Ty, T,, =y, =, Vi, Vy, A and
A, satisfy the 15 above conditions.



3 From Semiconcept Algebras to Formal Contexts

The aim of this section is to give an abstract characterization of the operations
J—lv J—?"v Tla TT‘; Ty vy \/la \/7‘7 A and Ar.

3.1 Filters and Ideals

Let D= (D, Ly, Ly, Ty, Toy =1, 7y Vi, Viry A, Ar) be a pure double Boolean alge-
bra. We define

Dy ={zNuz: z e D}
D, ={xV,x: z € D}

Intuitively, elements of D; can be considered as sets of objects and elements of
D, can be considered as sets of attributes.

Ezample 5. In the semiconcept algebra associated to the formal context IK*? of
Tab. 1, D*? = {(@, {a'127 %2})7 ({01}’ {ala a2})7 ({02}’ {al})v ({01}7 {GQ})7 ({015 02})
{al})’ ({Ola 02}v 0)}5 Dl T = {(07 {alv a2})’ ({01}’ {a'lv 0'2})7 ({02}7 {al})v ({Olv OQ}v
{al})} and D72"’2 = {({Ol}a {0’17 0’2})7 ({017 02}7 {al})v ({Ol}ﬂ {QQ})v ({Ola 02}7 @)}

Obviously, the operations 1;, T;, —;, V; and A; are stable on D; and the opera-
tions 1,, T,, =, V, and A, are stable on D,.. Hence, the algebraic structures D,
= (Dy, Ly, Ty,—, Vi, Ay) and D, = (D, L., T,y Vo, Ay) are algebraic struc-
tures of type (0,0, 1,2,2). More precisely, they are Boolean algebras. Moreover,
the set D can be ordered by the binary relation < defined by

r<yiffeNNy=xzANzandzV,y=yV,y
for every z,y € D. Obviously, for all x,y € D,

—ifx e Dythenz <yiff z Ny =z,
—ifye D, thenz <yiffx v,y =y.

Moreover, the binary relation < is reflexive, antisymmetric and transitive on D.

({o1,02},0)

({o1,02}, {a1})

({02}, {a1})

(0Aar, az})

Fig. 1.



Ezample 6. In Fig. 1 is represented the binary relation <??2 ordering the set
D??2 of the semiconcept algebra associated to the formal context IK*? of Tab. 1.

A nonempty subset F' of D is called a filter iff for all z,y € D,

— x,y € Fimpliesxz A\jy € F,
—z€ Fandx <yimplyy € F.

A nonempty subset I of D is called an ideal iff for all z,y € D,

—z,y € [ impliesz V, y € I,
—z€landy <zimplyy € I.

The following lemma explains how filters and ideals can be transformed into
filters and ideals of the Boolean algebras D; and D,..

Lemma 1. Let F,I be nonempty subsets of D. If F is a filter then F N Dy is a
filter of the Boolean algebra D; and F'N D,. is a filter of the Boolean algebra D,
and if I is an ideal then I N Dy is an ideal of the Boolean algebra D; and I N D,
1s an ideal of the Boolean algebra D,..

Let F' be a nonempty subset of D; and I be a nonempty subset of D,.. We define

[F') = {x € D: there exists y € F such that y < z}
(I] = {z € D: there exists y € I such that z < y}

The following lemma explains how filters of the Boolean algebra D; and ideals
of the Boolean algebra D, can be transformed into filters and ideals.

Lemma 2. Let F be a nonempty subset of Dy, I be a nonempty subset of D,..
If F is a filter of the Boolean algebra D; then [F) is a filter and [F)ND; = F
and if I is an ideal of the Boolean algebra D, then (I] is an ideal and (I] N D,
=1.

As a result,

Lemma 3. There exists filters F' such that FN\Dy is a prime filter of the Boolean
algebra Dy and there exists ideals I such that IND,. is a prime ideal of the Boolean
algebra D,..

We shall say that D is concrete iff there exists a formal context IK and a function
h assigning to each element of D an element of H(IK) such that h is injective
and h is a homomorphism from D to H(IK).

3.2 Representation

Now, the main question is to prove that every pure double Boolean algebra
is concrete. Let D = (D, Ly, L., Ty, Ty =i, 7, Vi, Vi, Aty Ar) be a pure double
Boolean algebra and consider the formal context

K(D) = (F(D),Zp(D), 4)



where F,(D) is the set of all filters F' for which F' N D; is a prime filter of the
Boolean algebra Dy, Z,(D) is the set of all ideals I for which I N D, is a prime
ideal of the Boolean algebra D, and F' A I iff F' NI is nonempty. Let

E(IK(D)) = (}C(H{(D))v J—;v J—;w Tga Tlry _‘Ea _‘;‘7 \/;7 \/;a /\;7 /\;)
For all elements x of D, let

Fo =A{F € Fp(D): x € F}
I, ={I € Z,(D): z € I}

Here, the first results are
Lemma 4. Let x € D. Fype = Fo and Ly, 0 = L,.
Lemma 5. Let x € D. Ifx € D, then F, =71, and if x € D, then 7 = F,.

Lemma 6. Letx € D. F>

-y

=7, and I°

Rl P

=F -

The next lemmas point the way to the strategy followed in our approach to the
proof that every pure double Boolean algebra is concrete.

Lemma 7. Let x € D. The pair (Fy,T,) is a semiconcept of IK(D).
Lemma 8. Letx,y € D. If & # y then (Fz,1s) # (Fy, Zy).
For all z € D, let

hz) = (Fa, Iz)

The next lemma is central for proving that the function h is a homomorphism
from D to H(IK).

Lemma 9. Let z,y € D.

— Fi, =0 andZ,, =7I,(D),

- Fi, =1,(D) and Z,, = I,(D),
— F1, = Fp(D) and I7, = Fp(D)®
- fTr = fp(D) and ITT = @,

= Fare = Fp(D)\ Fo and I, = (Fp(D) \ Fr)®,
— Faw = (Zp(D)\Ip) and I, = I,(D)

— Favyy = Fo UF, and Lyy,y = (Fu UF,)",

— Favoy = ZaNZLy) and Lpy,y = Ly NIy,

— Fanyy = Fa NFy and Lyp,y = (Fu N Fy)°,

— Fany = (T UZLy)? and Top,y = Ly ULy,

As a result,
Theorem 1. The function h is a homomorphism from D to H(IK).

In other words: every pure double Boolean algebra is concrete.



4 The Word Problem in Pure Double Boolean Algebras

Let us introduce the word problem in pure double Boolean algebras.

4.1 Syntax

Let Var denote a countable set of individual variables (with typical instances
denoted x, y, etc). The set t(Var) of all terms (with typical instances denoted
s, t, etc) is given by the rule

su=x |0 |0 | 1| 1| =8| —rs | (sUrt) | (sUpt) | (sTt) | (s t)
Let us adopt the standard rules for omission of the parentheses.

Example 7. For instance, = M; (x U, y) is a term.

4.2 Semantics

Let D= (D, Ly, L, Ty, To, iy =y Vi, Vi, A, Ar) be a pure double Boolean alge-
bra. A valuation based on D is a function m assigning to each individual variable
x an element m(zx) of D.

Ezample 8. The function m?? defined below is a valuation based on the pure
double Boolean algebra D??2 defined in Example 5: m??(x) = ({02}, {a1}),
m?2(y) = ({01}, {az}) and for all individual variables z, if z # z,y then m??(2)

= ({o1,02}, {a1}).

m induces a function (-)™ assigning to each term s an element (s)™ of D such
that ()™ = m(z), ()™ = Lp, (0™ = Ly, (1)™ = Tp, (1)™ = T,, (—5)™
— (5™, (=)™ = ()™, (5L &)™ = ()™ Vi (O™, (5L )™ = (5)™ Vi ()™,
(st t)™ = (8)™ A\ (8)™ and (sM,-8)™ = (5)™ Ay (£)™.

Ezample 9. Concerning the valuation m*? defined in Example 8, we have (z U,

9™ = ({o1,02},0) and (—z)™" = ({01}, {a1, az}).

4.3 The Word Problem
Now, for the WP in pure double Boolean algebras:

input: terms s,t,
output: determine whether there exists a pure double Boolean algebra D and
a valuation m based on D such that (s)™ # (¢)™.

A general strategy for proving a decision problem to be PSPACE-complete is
first, to reduce to it a decision problem easily proved to be PSPACE-hard and
second, to reduce it to a decision problem easily proved to be in PSPACE.
PSPACE is the key complexity class of the satisfiability problem of numerous
modal logics [1, Chapter 6]. Therefore, we introduce in Section 5 a PSPACE-
complete modal logic and we show in Sections 6 and 7 how to reduce one into
the other its satisfiability problem and the WP in pure double Boolean algebras.



5 A Basic 2-Sorted Modal Logic

In Section 3, we gave the proof that every pure double Boolean algebra can
be homomorphically embedded into the pure double Boolean algebra over some
formal context. Formal contexts are 2-sorted structures. Hence, the modal logic
that will be used in Sections 6 and 7 for proving the WP in pure double Boolean
algebras to be PSPACE-complete is a 2-sorted one.

5.1 Syntax

The language of K5 is based on a countable set OVar of object variables (with
typical instances denoted P, @, etc) and a countable set AVar of attribute
variables (with typical instances denoted p, g, etc). Without loss of generality,
let us assume that OVar and AVar are disjoint. The set of all object formulas
(with typical instances denoted A, B, etc) and the set of all attribute formulas
(with typical instances denoted a, b, etc) are given by the rules

Ax=P|L|-A|(AVB)|0Oa
ax=p|Ll|-a|(aVvd)| DA

The other Boolean constructs are defined as usual. Let us adopt the standard
rules for omission of the parentheses. A formula (with typical instances denoted
a, B, etc) is either an object formula or an attribute formula. The notion of
“being a subformula of” is standard, the expression @ < [ denoting the fact
that « is a subformula of 5. A substitution is a pair (©, §) where O is a function
assigning to each object variable P an object formula ©(P) and 6 is a function
assigning to each attribute variable p an attribute formula 6(p). (6, 6) induces a
homomorphism (-)(®-9) assigning to each formula o a formula («)(©?) such that
(P)(®:9) = O(P) and (p)©®? = 0(p). Remark that for all object formulas A and
for all attribute formulas a,

— (A)®9) is an object formula,
— (a)®9 is an attribute formula.

Let OVar = Py, P,,... be an enumeration of OVar and AVar = py,ps,... be

an enumeration of AVar. We shall say that a substitution (6, 0) is normal with
respect to OV ar and AV ar iff for all positive integers i,

— O(P;) = P; and 0(p;) = OP; or ©(F;) = Op; and §(p;) = p;.

Given a formula «, Var(a) will denote the set of all variables occurring in «. A
formula « is said to be nice iff

— Var(a) C OVar or Var(a) C AVar.



5.2 Semantics

Let IK = (G, M, A) be a formal context. A IK-valuation is a pair (V,v) of func-
tions where V' assigns to each object variable P a subset V(P) of G and v assigns
to each attribute variable p a subset v(p) of M. (V,v) induces a function (-)(V:*)
assigning to each formula a a subset (a)(V:*) of G U M such that (P)(V:) =
V(P), (1)) =, (=4 = G\ (), (Av B)V™) = (4)V0) U (B)VW),
(Oa)V') = {g € G: for all m € M, if m € (a)V"") then g A m}, (p)V'?) =
v(p), (V) =0, (7)) = M\ (), (a V1)V = (a) V") U (0)V+*) and
@A)V = {m e M: for all g € G, if g € (A)"*) then g A m}. Remark that
for all object formulas A and for all attribute formulas a,

— (A)Y") is a subset of G such that (4)(V)" = (0A)(Vv),
— (a)("¥) is a subset of M such that (a)(v,u)<1 = (Qa)(V¥),

A formula « is said to be satisfiable iff
— there exists a formal context IK = (G, M, A) and a IK-valuation (V,v) such
that (a)(>*) is nonempty.
5.3 Decision
Now, for the nice satisfiability problem for Kbs:

input: a nice formula «,
output: determine whether « is satisfiable.

The next lemmas are central for proving that the problem of deciding equations
in pure double Boolean algebras is PSPACE-complete.

Theorem 2. The nice satisfiability problem for Ko is PSPACE-hard.

Proof. A reduction similar to the reduction from the QB F-validity problem to
the satisfiability problem for K considered in [1, Theorem 6.50] can be easily
obtained.

Now, for the satisfiability problem for Ks:

input: a formula «,
output: determine whether « is satisfiable.

Theorem 3. The satisfiability problem for Ks is in PSPACE.

Proof. An algorithm similar to the Witness algorithm considered in [1, Theorem
6.47] can be easily obtained.

From Theorems 2 and 3, it follows immediately that the nice satisfiability prob-
lem for K5 and the satisfiability problem for Ky are both PSPACE-complete.



6 From K, to Pure Double Boolean Algebras

First, we consider the lower bound of the complexity of the problem of deciding
the WP in pure double Boolean algebras. Given a nice formula «, we wish to
construct a pair (s1(«), sa(«)) of terms such that « is satisfiable iff there exists
a pure double Boolean algebra D and a valuation m based on D such that
(s1(@))™ # (s2(a))™. Let OVar = P, P,,... be an enumeration of OVar,
AVar = py,pa, ... be an enumeration of AVar and Var = z1,y1,Z2,¥2,... be
an enumeration of Var. The function T'(-) assigning to each nice object formula
A aterm T(A) and the function ¢(-) assigning to each nice attribute formula a a
term t(a) are such that T(P;) = x;, T(L) = 0, T(—A) = —/T(A), T(AV B) =
T(A)U, T(B), T(Qa) = — — — —r t(a), t(p;) = i, (L) = 1,, t(—a) = —,t(a),
t(a Vv b) = t(a) M, t(b) and t(0A) = —,. — — — T(A). Let (s1(-), s2(-)) be the
function assigning to each nice formula « a pair (s1(a), s2()) of terms such that
if o is a nice object formula then s;(a) = T(a) and so(a) = 0; and if « is a nice
attribute formula then s;(a) = t(a) and sa2(a) = 1,. Obviously, (s1(a), s2(a))
can be computed in space log | a |. Moreover,

Proposition 1. If « is nice then « is satisfiable iff there exists a pure double
Boolean algebra D and a valuation m based on D such that (s1(a))™ # (s2(a))™.

Proof. Since « is nice, Var(a) € OVar or Var(a) € AVar. Without loss of
generality, let us assume that Var(a) C OVar. Hence, there exists a positive
integer n such that Var(a) C {Py,..., Py}

(=) Suppose « is satisfiable, we demonstrate there exists a pure double Boolean
algebra D and a valuation m based on D such that (s1(«))™ # (s2(a))™. Since «
is satisfiable, there exists a formal context IK = (G, M, A) and a valuation (V,v)
based on IK such that («)("*) is nonempty. Let H(IK) = (H(IK), L;, L., Ty, To,
=1, 7y Vi, Vi, A, Ar) and m be a valuation based on H(IK) such that for all
positive integers 4, if i < n then m(z;) = (V(P;), V(P;)”). We show first that

Lemma 10. Let A be a nice object formula abnd a be a nice attribute formula.
If A < a then (T(A)™ = (AWM (AV7) and if a < a then (t(a))™ =
((a) V)%, (a)(V2)).

Continuing the proof of Proposition 1, since (a)(V>*) is nonempty, by Lemma 10,
if a is a nice object formula then (T'(a))™ # (0;)™ and if « is a nice attribute
formula then (¢(a))™ # (1,)™. Hence, (s1(a))™ # (s2(a))™. Thus, there exists a
pure double Boolean algebra D and a valuation m based on D such that (s1(a))™
# (sa(a))™

(<) Suppose there exists a pure double Boolean algebra D and a valuation m
based on D such that (s1(a))™ # (s2(@))™, we demonstrate « is satisfiable. Let
K(D) = (F,(D),Z,(D), A) and (V,v) be a valuation based on IK(D) such that
for all positive integers i, if i < n then V(FP;) = F,,(,,). Interestingly,

Lemma 11. Let A be a nice object formula and a be a nice attribute formula.
If A < a then (A)V"Y) = Fipiaym and if a < o then (a)Vv) = TLit(a)ym -



Continuing the proof of Proposition 1, since (si(a))™ # (s2(a))™, if a is a
nice object formula then (7'(«))™ # (0;)™ and if « is a nice attribute formula
then (t(a))™ # (1,)™. Hence, by Lemma 11, ()""*) is nonempty. Thus, « is
satisfiable. This ends the proof of Proposition 1.

Hence, (s1(-), s2(+)) is a reduction from the nice satisfiability problem for K3 to
the WP in pure double Boolean algebras. Thus, by Theorem 2,

Corollary 1. The WP in pure double Boolean algebras is PSPACE-hard.

7 From Pure Double Boolean Algebras to K->

Second, we consider the upper bound of the complexity of the WP in pure double
Boolean algebras. Given a pair (s,t) of terms, we wish to construct an object
formula O(s,t) and an attribute formula A(s,t) such that there exists a pure
double Boolean algebra D and a valuation m based on D such that (s)™ # ()™
iff some instance of O(s,t) is satisfiable or some instance of A(s,t) is satisfiable.
Let Var = z1,zs,... be an enumeration of Var, OVar = P, P,,... be an
enumeration of OVar and AVar = py,pa, ... be an enumeration of AVar. The
function F'(-) assigning to each term s an object formula F(s) and the function
f(+) assigning to each term s an attribute formula f(s) are such that F(z;) = P;,
F(:) = pin F(O) = L, f(0r) = OL, F(0,) = OT, /(0,) = T, F(1y) = T, £(1)
=0T, F(1,) = 0L, (i) = L, F(—18) = ~F(s), f(—15) = DF(s), F(s) =
O-1(5), f(Zr5) = ~F(s)s F(s Ui t) = F(s)V (&), f(s Ui £) = O(F(s) v F(t)),
F(sUpt) = B(f(s)Nf(2)), f(sUnt) = F(s)Af(2), F(sTut) = F(s)AF(t), f(sTit) =
O(F(s)AF(2)), F(sTt) = O(f(s)V £(£)) and £(s71:1) = (s)V f(£). Let O(:,-) be
the function assigning to each pair (s, t) of terms the object formula O(s,t) such
that O(s,t) = =(F(s) < F(t)). Let A(-,-) be the function assigning to each pair
(s,t) of terms the attribute formula A(s,t) such that A(s,t) = =(f(s) < f(t)).
Obviously, O(s,t) and A(s,t) can be computed in space log | (s,t) |. Moreover,

Proposition 2. There exists a pure double Boolean algebra D and a valuation
m based on D such that (s)™ # (t)™ iff there exists a substitution (O, 60) such that
(6, 0) is normal with respect to OVar and AV ar and O(s,t)(©9) is satisfiable
or A(s, 1)@ is satisfiable.

Proof. Let n be a positive integer such that Var(s) UVar(t) C {z1,...,zn}.

(=) Suppose there exists a pure double Boolean algebra D and a valuation m
based on D such that (s)™ # (t)™, we demonstrate there exists a substitu-
tion (O, 0) such that (©,0) is normal with respect to OVar and AVar and
O(s,1)(@9) is satisfiable or A(s,t)(©?) is satisfiable. Let (©,8) be a normal sub-
stitution with respect to OV ar and AV ar such that for all positive integers i,
if i < n then if m(x;) is in D; then ©(P;) = P; and 0(p;) = OP; and if m(x;)
is in D, then ©(FP;) = Op; and 0(p;) = p;. Let IK(D) = (F,(D),Z,(D), A) and
(V,v) be a valuation based on IK(D) such that for all positive integers i, if i < n
then V(P;) = Frn(a,) and v(p;) = Ly (,)- Remark that for all positive integers i,



if ¢ < n then if m(x;) is in D; then (Pi)(@ﬁ)(v’v) = (P)V) = V(P) = Fn(as)
and if m(z;) is in D, then (PZ-)(@vQ)(V’U) = (Op;) V) = (pi)(VvU)<1 = v(p;)? =
I;‘l(mi) = Fon(a,)- Similarly, for all positive integers 4, if i < n then if m(z;) is in

D; then (p))© )" = (OP) V) = (P)V0)” = V(P)” = Foy ) = T,
if m(z;) is in D, then (pi)(eve)(v’v) = (p)) V") = v(p;) = Ln(x,) We first observe

) and

Lemma 12. Let u be a term. If u < s or u < t then (F(u))(@ﬁ)(v’v) = Fluym
and (f(u) @0 = T,

Continuing the proof of Proposition 2, since (s)™ # (t)™, F(sym # Fym or L(5m

# Zsym. Hence, by Lemma 12, O(s,t)(e’e)(v’v) is nonempty or A(s,t)(e’g)(v’v)
is nonempty. Thus, there exists a substitution (0, 6) such that (6, 0) is normal
with respect to OVar and AVar and O(s,t)(®9) is satisfiable or A(s, 1))
is satisfiable.

(«<=) Suppose there exists a substitution (O, 6) such that (©,6) is normal with
respect to OVar and AV ar and O(s, t)(@’g) is satisfiable or A(s, )(©:9) is sat-
isfiable, we demonstrate there exists a pure double Boolean algebra D and a
valuation m based on D such that (s)™ # (t)™. Since O(s,t)(®? is satisfi-
able or A(s, 1)@ is satisfiable, there exists a formal context IK = (G, M, A)
and a valuation (V,v) based on IK such that O(s7t)(@’9)(v’v) is nonempty or

A(S, t)(@ﬁ)(vﬂ’) is nonemptY~ Let ﬁ(IK) = (:}C(IK)’ J—la J—m Tl» Trv 5 7y Vi, Vi,
A1, Ar) and m be a valuation based on F(IK) such that for all positive integers
i, if i < n then m(x;) = ((O(P))V?), (0(p;))V'?)). Interestingly,

Lemma 13. Letu be a term. If u < s or u < t then (u)™ = ((F(u))(e’e)(v’v),
(£ @0,

. .. . v, .
Continuing the proof of Proposition 2, since O(s,t)(eﬂ)( ") s nonempty or

A(s,t)(e’o)(v’v) is nonempty, F(s)(@’a)(v’v) # F(t)(@’e)(v’v) or f(s)(@*e)(v’v) #

f(t)(@*e)(v’v). Hence, by lemma 13, (s)™ # (¢)™. Thus, there exists a pure double
Boolean algebra D and a valuation m based on D such that (s)™ # (¢)™. This
ends the proof of Proposition 2.

Hence, O(-,-) and A(-,-) are reductions from the WP in pure double Boolean
algebras to the satisfiability problem for K5. Thus, by Theorem 3,

Corollary 2. The WP in pure double Boolean algebras is in PSPACE.
8 Conclusion
Our results implicitly assume that the set Var of all individual variables is infi-

nite and the depth of nesting of the left operations with the right operations is
not bounded. Following the line of reasoning suggested in [4], we may see what



happens if we assume that the set Var of all individual variables is finite and
the depth of nesting of the left operations with the right operations is bounded.
Do we get a linear time complexity in this case?

The unification problem is quite different from the WP discussed here: given
terms s,t, decide whether there exists terms which can be substituted for the
variables in s, ¢ so that the terms thus obtained are identically interpreted in all
pure double Boolean algebras. In Mathematics and Computer Science, unifica-
tion problems are of the utmost importance. At the time of writing, we know
nothing about the decidability /complexity of the unification problem in pure
double Boolean algebras.
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Annex

Proof of Lemma 10. By induction on A and a.

Basis. Remind that Var(a) C {P1,...,P,}. In this respect, for all positive
integers i, if ¢ < n then (T(F))™ = ()™ = m(z;) = (V(F),V(P)*) =
(P, (P)(")7).

Hypothesis. Suppose A, B are nice object formulas such that A, B < «,
(TA)™ = (Y (AHV7) and (T(B)™ = (B)V),(B)7) and a,b
are nice attribute formulas such that a,b < «, (t(a))™ = ((a)V)?, (a)(V'*)) and
(#B)™ = ((B)V7, (b)),

Step. We only consider the case of the nice object formula Oa, the other
cases being treated similarly. We have: (T'(0a))™ = (—; — — —» t(a))™ =
e (Ha)™ = e (@) V07, (@) V) = =y (((@) V), (a) V) =
(@)%, (V)™ = (@a) V), (Da) )%).

Proof of Lemma 11. By induction on A and a.

Basis. Remind that Var(a) C {Py,..., P,}. In this respect, for all positive in-
tegers i, if i < n then (P)(V'?) = V(P;) = Fon(zs) = Faym = Frp,))m-
Hypothesis. Suppose A, B are nice object formulas such that A, B < «, (A)
= F(raym and (B)(V:0) = Fer(pyy= and a,b are nice attribute formulas such
that a,b < «, (a)(v’”) = I(t(a))m and (b)(v’v) = I(t(b))m.

Step. We only consider the case of the nice object formula Oa, the other cases
being treated similarly. We have: (Oa)(V**) = {F € F,(D): for all I € Z,(D),
if I € (a)V'?) then FF A I} = {F € F,(D): for all I € T,(D), if I € Ly(aym
then F A I} = Zaym® = Fopmptlanm = Frimimpmntb@)m = Foimimmpt(a)m
= F(r@a)m-

(Vov)

Proof of Lemma 12. By induction on w.
Basis. Remind that Var(s)UVar(t) C {z1,...,2,}. In this respect, for all pos-
itive integers 7, if i < n then (F(z;))©@ 9" = (p)©@0 ") —
(V,v) (V,v)
and (f(x;))(©?) = (p;)@? = Tin(zs) = L(as)m-
Hypothesis. Suppose u, v are terms such that ©u < sor u < ¢, v < s or v < t,
(V,v) o o) (V,v) (Vo)
(F(u))t€? = Fluym, (f ()9 = Ziuym, (F())©9

(F@)©NY = T

Step. We only consider the case of the term uM; v, the other cases being treated
similarly. We have: (F(u M, 0))©9Y) = (F(u) A F(0)) @0V = ((F(u))©®
AF@) @V = (Fu) @0 n (Fe)©@OY = Fonn Fum =
Faymmym = Foumyn and (f(um0) @0 = (@(F(u) A F0)) @07 =
(O((F @) @D A (F()) @)V = ((F(u))©) A (F(v))©0) )"

(F ()@Y () @0 — (F 1 Fuym)” = Taymaguym = Lurioyn-

Fm(as) = Flam

= f(v)m and

Proof of Lemma 13. By induction on w.
Basis. Remind that Var(s) U Var(t) C {zi1,...,2,}. In this respect, for all



positive integers 4, if ¢ < n then (x;)™ = m(z;) = (O(P, ))(V”), (O(p;))V"0)) =
Vo Vv (V'U

((P)©O™, () @Oy — (F(:)) @0, (f())©O ),

Hypothesis. Suppose u,v are terms such that u <K soru<Kt v<sor
m (V,v) (V) m (V,v)

v <t (u) L= ((F () @O (f(u) @777 and (v)™ = ((F(0) @9,

(f(0)) @),

Step. We only consider the case of the term uM; v, the other cases being treated

similarly. We have: (M, v)™ = (u)™ Ay (0)™ = (F(w) @9 (£(u))©@0"?)

A(EE)EOT, (F@)ENT) = (P) @O 0 F@)©eNT,
()@Y 0 (FE)©@ITP) = (F) @) A (F) @),
(F(w) @ A (F©)©D)V0%) = (F(u) A (F(0)) @)Y (O((F(u)©On
(F) @My = (F(urv))©@0Y (@F®@) A F0)©9Yy =
(Fur 0) @0 (fumyv))©@0 ),



