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Abstract: We introduce De Morgan Heyting logic for Heyting algebras with De Morgan negation
(DH-algebras). The variety DH of all DH-algebras is congruence distributive. The lattice of all
subvarieties of DH is distributive. We show the discrete dualities between De Morgan frames and
DH-algebras. The Kripke completeness and finite approximability of some DH-logics are proven.
Some conservativity of DH expansion of a Kripke complete superintuitionistic logic is shown by the
construction of frame expansion. Finally, a cut-free terminating Gentzen sequent calculus for the
DH-logic of De Morgan Boolean algebras is developed.
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1. Introduction

Intuitionistic logic provides a basis for the study of foundations of constructive sciences.
When the constructive reasoning is concerned in many scenarios, merging intuitionistic
logic and other logical operators becomes useful. An interesting direction is the study
of intuitionistic modal logic (cf., e.g., [1-4]). From the algebraic perspective, algebras for
an intuitionistic modal logic are Heyting algebras with modal operators. This approach
emphasizes the interaction between intuitionistic and modal operators. Thus, it differs
from various ways of combining logics like fibring, fusion or product (cf., e.g., [5-7]).

The aim of the present work is merging the intuitionistic and De Morgan logics.
Sankappanavar [8] proposed Heyting algebras with a dual homomorphism, and the va-
riety of De Morgan Heyting algebras (DH-algebras) was investigated. A DH-algebra is
a Heyting algebra (A, A, V, —,0) with a De Morgan negation ~. It is well known that
quasi-Boolean algebras (or De Morgan algebras) are bounded distributive lattices with De
Morgan negation (cf., e.g., [9]). The logic of De Morgan algebras is just the Belnap—Dunn
four-valued logic (cf., e.g., [10-13]). In this paper, we study the logic of DH-algebras which
is the combination of intuitionistic and De Morgan logics.

In the present article, we show some results on the variety DH of all DH-algebras. First,
we show that DH is congruence distributive and hence it has the congruence extension
property. Then, we show that the lattice A(DH) of all subvarieties of D is distributive.
This lattice A(DH) is dually isomorphic to the lattice of all DH-logics. Then, we present
discrete dualities between DH-algebras and De Morgan frames. A De Morgan frame
(cf., e.g., [14,15]) is an intuitionistic frame with an antitone involution. We note that an
involution on a nonempty set W is function g : W — W such that g(g(w)) = w for all
w € W. The involution was used for the representation of quasi-Boolean algebras in [16].

Using De Morgan frames, we offer relational semantics for syntactically defined De
Morgan Heyting logics. The method of canonical model is applied to prove Kripke com-
pleteness. We modify the Lemmon filtration method to show the finite approximability
which yields the decidability of some DH-logics. Furthermore, the conservativity of the
DH expansion of a Kripke complete superintuitionistic logic which preserves expansion is
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proven by the construction of expanding rooted intuitionistic frames. Using this construc-
tion and the conservativity result, we show that the unique Post-complete DH-logic C is
embedded into the minimal DH-logic J via an extended Glivenko-style translation.

Finally, in the last part of this article, the proof-theoretic aspect of the DH-logic B for
De Morgan Boolean algebras is investigated. We introduce a structural rule-free Gentzen
sequent calculus GB and show that the cut rule is admissible. Then, we show the sequent
calculus GB is sound and complete with respect to the class of all De Morgan frames for B.
Moreover, GB is terminating in the sense that the proof search of a given sequent terminates.
It follows that the derivability of a sequent in GB is decidable.

2. De Morgan Heyting Algebras

A Heyting algebra is algebra (A, A, V, —,0) such that (A, A, V,0) is a lattice with zero
and for all x,y,z € A the following law of residuation holds:

(Res) x Ay < zifandonlyify < x — z.

Here, < is the lattice order. We use abbreviations —x := x — 0 (intuitionistic negation),
1:==0and x <y := (x = y) A (y = x). We let HA be the variety of all Heyting algebras.
It is well known that the lattice reduct of a Heyting algebra is bounded distributive.

Definition 1. Algebra A = (A, A, V,—,~,0) is called a De Morgan Heyting algebra (‘DH-
algebra’ for short) if (A, \,V,—,0) is a Heyting algebra and ~ is a De Morgan negation, i.e., for
all x,y € A, the following conditions hold:
(D1) ~0 = 1.
(D2) ~r~x = x.
(D3) ~(x Ay) = ~x V ~y.
(D4) ~(x Vy) = ~x A ~y.

We write (A, ~) for a DH-algebra where A is supposed to be a Heyting algebra. We let DH
be the variety of all DH-algebras.

Lemma 1. We let A = (A, ~) be a DH-algebra. The following hold for all x,y € A:

(1) x <yifandonlyif ~y < ~x.
(2) x<yifandonlyifx -y =1
B) xAN(x—=y)=xAy.

4) yAx—=y) =y

(5) ~(x—=y) <x—~y.

Proof. For (1), we assume x < y. Then, ~y A ~x = ~(y V x) = ~y and so ~y < ~x. We
assume ~y < ~x. Then, x = ~~x < ~~y = y. Items (2) — (4) hold in Heyting algebras.
For (5), clearly, y < x — y. Then, y < ~xV (x — y). By (1), ~(~xV (x = y)) < ~y. By
(D4), ~~x A~(x = y) < ~y. By (D2), x A ~(x = y) < ~y. By Res), ~(x = y) < x —
~y. O

We let A = (A, ~) be a DH-algebra. For every x € A, we define BHx = —~ux. For every
n > 0 and unary operator ® on A, we let ®"x be defined inductively by ®°x = x and
"l = ® @" x. Forevery x € Aand n > 0, we let t,(x) = A<, A x.

Filter F in a DH-algebra A = (A, ~) is regular if Hx € F for every x € F. Welet 7°(A)
be the set of all regular filters in A. Clearly, Ar = {1} is a regular filter which is called the
trivial one. The regular filter generated by subset X C A is denoted by [X). The set F°(A)
is closed under arbitrary intersection and hence (F°(A), C) forms a complete lattice where
AS=NSand VS = [US)S forevery S C F°(A). If X = {x}, we write [x)9 for [{x}).
For every X C A and x € A, elements in regular filters [X)S and [x)¢ are characterized
in [8] as follows:

(1) y e [X)S if and only if Aj<;<pty;(x;) < yforsomeny,..., n € wand xq,...,x € X.
(2) y € [x)4 if and only if t,(x) <y for some n € w.
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These characterizing conditions are used in our following proofs.
Fact 1. Welet (A, ~) be a DH-algebra. Forall G € F°(A)and n > 0, if x € G, then t,(x) € G.
Lemma 2. For every DH-algebra A, (F°(A), C) is a distributive lattice.

Proof. WeletF,Gand H € F°(A). Weassume x € FN(GV H). Then, x € [GUH)$. Then,
thereare yy,...,yx € GUH and ny,...,n, € wsuch that t, (y1) A... Aty (k) < x. Since
G,H € F°(A),wehavet, (y;) € GUHfor1 <i < k. Then,xVt,(y;) € (FNG)U(FNH).
Hence, x = x V Aj<j<i tn; (Vi) = N<i<k(x V 1y, (i) € (FNG)U(FNH)), = (FNG)V
(F N H). Therefore, (F°(A), C) is distributive. [

We let Con(A) be the set of all congruence relations in a DH-algebra A = (A, ~).
The least and largest members of Con(A) are denoted by A 4 (identity) and V 4 (totality),
respectively. For every 0 € Con(A) and x € A, we let [x]y be the equivalence class of x. We
let A /6 be the quotient algebra of A modulo 6. For every F € F7°(A), welet0r C A x Abe
defined by

(x,y) € Orifand only if x Az = y Az for some z € F.

Clearly, 0 is an equivalence relation on A. Conversely, for each 6 € Con(A), we let
Fy = [1]¢. The following lemma is derived from Lemma 3.2 [8], and here we offer details of
proof.
Lemma 3. For every DH-algebra A = (A, ~) and F € F°(A), 0 € Con(A) and [1]g, = F.
Proof. It suffices to show that 0r is compatible with respect to operators in A. The intu-
itionistic cases are shown regularly. We assume (x,y) € 0. Then, x Az = y A z for some
z € F. Clearly, -~z € F. Wehave ~x < ~xV ~z = ~(xA2) = ~(yAz) = ~yV ~z
Obviously, ~y < =~z — ~yand ~z < =~z — ~y. Hence, ~x < -~z — ~y, and
so ~x A 7~z < ~y. Similarly, ~y A =~z < ~x. Then, ~x A =~z = ~y A =~z. Hence,
(~x,~y) € Or. We assume x € F. Then, (x,1) € fr and so x € [1]p,. We assume x € [1]g,.
Then, (x,1) € 0randsox Az =1Az = zforsome z € F. Then, z < x and so x € F. Hence,
1]e, =F. O

Lemma 4. For every DH-algebra A = (A, ~) and 0 € Con(A), Fy € F°(A).

Proof. We let x,y € Fy. Then, (x,1) € 6 and (y,1) € 6. Then, (x Ay,1) € 6 and so
xAy € Fy. Weletx € Fyand x < y. Then, (x,1) € 6 and x = x Ay. Then, (x Ay, y) € 0
and so (x,y) € 6. Hence, (y,1) € 6 and soy € Fy. Welet x € Fy. Then, (x,1) € 6 and so
(Hx,H1) € 6. Clearly, 1 = 1 and so Hx € Fy. Then, Fy € F°(A). O

Theorem 1. For every DH-algebra A, (Con(A), C) is lattice-isomorphic to (F°(A), C).

Proof. Function f : F°(A) — Con(A) is defined by setting f(F) = 6 for each F € F°(A).
By Lemma 3 (1), 6 € Con(A). Function g : Con(A) — F°(A) is defined by setting
g(0) = F for each 6 € Con(A). By Lemma 4, Fj € F°(A). We assume F € F°(A). By
Lemma 3 (2), F = [1], and so F = Fy,. Hence, g o f is the identity on F°(A). We assume
6 € Con(A). We suppose (x,y) € 6. Then, x <> y € Fy. Clearly, x A (x < y) =y A (x <> y)
and so (x,y) € 0r,. We suppose (x,y) € 0f,. Then, there exists z € Fy = [1] such that
xANz=yAz. By (z,1) € §, wehave (x Az,x) € 0 and (y Azy) € 6. Then, (x,y) € 6.
Hence, f o g is the identity on Con(A). Clearly, f and g are order preserving. Hence, f is a
lattice isomorphism. [

Corollary 1. DH is congruence distributive.
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Proof. By Theorem 1 and Lemma 2. O

Algebra A is a subdirect product of family {A; : i € I} if there exists an injective
homomorphism f : A — [];c; A; such that 7r; 0 f : A — A; is surjective for every i € I and
projection 7t; : [[;c; A; — A;. Algebra A is subdirectly irreducible if for every subdirect
embedding f : A — [];c; A; there exists i € I such that 77; o f is an isomorphism.

Theorem 2. A DH-algebra A = (A, ~) is subdirectly irreducible if and only if the set of all
nontrivial reqular filters F°(A) \ {Ar} has a least member.

Proof. By the characterization of subdirectly irreducibles in universal algebra (cf., e.g., [17]),
A is subdirectly irreducible if and only if Con(A) \ {Ax} has a least member. Then, the
characterization follows from Lemma 1. O

For a class of DH-algebras K, we let H(KC), S(K) and P(K) denote the classes of
homomorphic images, subalgebras and direct products of members of C, respectively. The
variety generated by K is exactly V(K) = HSP(K). If K is a variety, we let A(K) be the
lattice of all subvarieties of K with respect to the meet N and join @. The bottom 7 in
A(K) is the variety of trivial algebras, which consists of algebraic structures with only one
element. We note that Xy @ K; is the smallest variety containing X'y U KCp. The lattice of all
subvarieties of DH corresponds to the set of all intuitionistic De Morgan logics.

Now, we offer more observations on lattice A(DH) using the above results. Similar
results for modal algebras are given by Blok [18]. Welet S = {A; : i € I} be a nonempty
family of DH-algebras and U an ultrafilter on I. Then, F = {a € [[;c;A; : {i € I |
a(i) = 1} € U} is a regular filter in the direct product [T;c; A;. Aalgebra [T;c; A;/0F is
called an ultraproduct of S. For a class of DH-algebras K, we let Py (K) be the class of
all ultraproducts of nonempty families of algebras in K. We let Kg; be the class of all
subdirectly irreducibles in K.

Lemma 5. We let K be a class of DH-algebras. Then, the following hold:

(1) V(K)st € HSPy(K).

(2) if K is a finite set of finite DH-algebras; then, V(KC)gy C HS(KC).

(3) if A and B are subdirectly irreducible; then, V(A) = V(B) if and only if A is isomorphic to B.
(4) forall 7,K € A(DH), (T ® K)s1 = Js1 U Kgr.

Proof. By Corollary 1, V(K) is congruence distributive. By Jénsson Corollary 3.2 [19],
V(K)s1 € HSPy(K). By Corollary 3.4 [19], for a finite set of finite DH-algebras /C, V(K)g; C
HS(KC). By Corollary 3.5 [19], we obtain (3). By the definition of & and (3), subdirectly
irreducible algebras in 7 ® K are exactly those in 7 or K. Thus, (4) holds (cf., e.g., Corollary
3.5[18]). O

Every variety is generated by its subdirectly irreducible members. We let Spy be the
set of all finitely generated subdirectly irreducible DH-algebras up to isomorphism. As
in [18], we define the preorder < on Spy as follows:

A < Bif and only if A € HSPy(B).

Subset K C Spy is a downset in (Spy, <) if A < Band B € K implies A € K. We let
O(Spy) be the set of all downsets. Clearly, (O(Spn), N, U) is a distributive lattice.

Theorem 3. Lattice A(DH) is embedded into O(Spy).

Proof. Map f : A(DH) — O(Spn) is defined by setting f(K) = K N Spy for every
K € DH. We assume J # K € A(DH). Then, 7 = V(J NSpy) and £ = V(K N Spy).
Then, f(J) # f(K). Hence, f is injective. Clearly, f(J NK) = f(J) N f(K). By Lemma 5
@), f(TeK)=(JeK)NSpu = (J ®K)s1NSpu = (Js1 U Ksp) NSpu = (Js1 N Spr) U
(KsiNSph) = f(J) U f(K). Hence, f is a lattice embedding. [J
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Corollary 2. Lattice A(DH) is distributive.

We note that A(DH) is a complete distributive lattice. Next, we can start the investi-
gation of logics. In what follows, we first make some observations on the discrete dualities
between De Morgan frames and DH-algebras.

3. De Morgan Frame and Discrete Duality

An intuitionistic frame (“I-frame” for short) is a pair F = (W, <) where W # @& and <
is a partial order on W. For interpreting ~, an involution is added into I-frames and so De
Morgan frames (cf., e.g., [14,15]) are available.

Definition 2. A De Morgan frame (“DM-frame” for short) is a triple § = (W, <, g) where < isa
partial order on W and g : W — W is a function such that the following conditions hold:

(G1) g is an involution, i.e., g(g(w)) = w forallw € W.
(G2) forallw,u € W, ifw < u, then g(u) < g(w).

We writew < wif w < uand w # u. For everyw € Wand X C W, we let wl = {u € W:
w < u}and X1 = Uypex wl. Asubset X C W is an upset in § if X = XT. We let Up(W) be the
sets of all upsets in §. Operations ~¢ and —g on the powerset P (W) are defined by setting

~eX =g(X)and X =g Y ={we W:wtNX C Y}

We use the set operations N, U and (.) (complementation) on P(W).

We let § = (W, <, g) be a DM-frame. By (G1), map g is bijective. Condition (G2)
means that g is antitone. Some I-frames can be expanded to a DM-frame by adding an
antitone involution but this does not hold in general.

Example 1. We consider the following posets and try to expand them with an antitone involution:

up
L%
w ] : v
},o.l, el1 . 0.2
: J' ‘o I \/
“.' Q’. . &
wo Uo 0
P b, P;

Here, thick arrows stand for the order and dotted arrows for the involution. There is a unique
antitone involution on Py, i.e., g1(wp) = wy and g (w1) = wo. We suppose g1(wpy) = wy. Then,
<1(w1) = wy, which contradicts wy < wy. The unique antitone involution on P, is map g, where
92 (up) = up, go(uy) = uy and gr(uy) = ug. There is no antitone involution on Ps.

Lemma 6. We let § = (W, <,g) be a DM-frame. Forallw € W and X,Y C W, the following
hold:

) w <uifand only if g(u) < g(w).

w e g(X )ifundonlyifg(w)eX B

8(8(X)) = X, g(X) = ~gX and g(~¢X) = X.
g(XUY) =g(X)Ug(Y)and g(XNY) = g(X) Ng(Y).
g(g(w)t) = wl.

X CYifandonly if g(X) C g(Y).

w e g(X —=RrY)ifand only ifw] Ng(X) C g(Y).

2

(1
(
(
(
(
(
(

~— — — ~— — ~—

3
4
5
6
7

Proof. By (G1) and (G2), we obain (1). For (2), we assume w € g(X). Then, w = g(u) for
some u € X. Then, g(w) = g(g(u)) = u € X. If g(w) € X, thenw = g(g(w)) € g(X).
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Clearly, (3) and (4) follow from (2). For (5), we assume u € g(g(w)1). By (2), g¢(w) < g(u)
By (1), u € w]. The other direction is similar. For (6), we assume X C Y and w € g(X). By
(2), g(w) € Xand sow € g(Y). We assume g(X) C ¢(Y) and w € X. Then, g(w) € g

and so ¢(w) € g(Y). Then, g(w) = g(u) for some u € Y. Then, w = g(g(w)) =g =
u €Y. For(7),weassume w € g(X —r Y). By (2), ¢(w) € X —r Y. Then, g(w)TNX C Y.
By (4) and (6), g(g(w)1T) Ng(X) C g(Y). By (5), wl Ng(X) C g(Y). The other direction is

similar. O
Lemma?7. Welet§ = (W,<,g)and X,Y € Up(W). Then, X =g Y, ~,X € Up(W).

Proof. We assume X,Y € Up(W). Clearly, X —r Y € Up(W) (cf., e.g., [20]). We let
w € ~¢Xand w < u. Then, w ¢ ¢(X) and g(u) < g(w). By w < u and (G2), g(u) < g(w).
Since X € Up(W), we have g(u) ¢ X. By Lemma 6 (2), u € g(X) = ~¢X. Hence,
~eX e Up(W). O

Clearly, @, W € Up(W). We note that Up(W) is closed under N and U. By Lemma 7,
Up(W) is closed under ~, and —g. The dual of a DM-frame § = (W, <, ¢) is defined as
S+ = (up(w)’ Ny, ~gr —R, g, W)

Proposition 1. For every DM-frame § = (W, <, g), the dual §* is a DH-algebra.

Proof. Clearly, ~¢@ = ¢(&) = W and ~;W = g(W) = @. Obviously, (Up(W),N,U, =g
@) is a Heyting algebra. Moreover, for all X,Y € Up(W), the following hold:

e (X) = g(~e(X)) = X=X (using Lemma 6 (3)),
~g(XNY) =g(XNY) =g(X)Ng(Y) =g(X)Ug(Y) = ~gXUr~ygY,
~g(XUY) =g(XUY) =g(X)Ug(Y) =g(X)Ng(Y) = ~gXNr~ygY.

Hence, §* is a DH-algebra. [

We let A = (A, ~) be a DH-algebra. The sets of all filters and ideals in A are denoted
by F(A) and Z(A), respectively. A filter (or ideal) K C A is proper in A if K # A. A proper
filter F C Ais primeif x Vy € Fimpliesx € Aory € A. A proper ideal F C A is prime if
x Ay € Fimpliesx € Aory € A. Welet 7,(A) and Z,(A) be sets of all prime filters and
prime ideals in A, respectively. A nonempty subset K C A has the finite meet property if
X1 A...Nxy #0forall xq,...,x, € K. The filter (resp. ideal) in A generated by a subset
K C Ais denoted by [K) (resp. (K]). If K = {x}, we write [x) for [{x}), and (x] for ({x}].

Lemma 8. We let A = (A, ~) be a DH-algebra, F € F(A) and I € Z(A). Then, the following
hold:

(1) ifx £y, then there exists G € Fp(A) such that x € Gandy € G.

(2) Fe Fp(A)ifandonlyif F € T, (A).

(3) F e Fp(A)ifandonly if ~F € T,(A).

(4) ifF e Fp(A)and x — y ¢ F, there exists G € Fp(A) suchthat F C G, x € Gandy ¢ G.

Proof. For (1), we assume x £ y. Then,y & [x). Welet Z ={H € F(A):x € H&y ¢ H}.
By Zorn’s lemma, there exists a C-maximal element G € Z. Then, G € .Fp(A), x e G
and y ¢ G. Item (2) is obtained by definition. For (3), assume F € F,(A). We suppose
x,y € F. Then, x Ay € Fand so ~xV ~y = ~(x Ay) € ~F. We suppose x € F and
y < ~x wherey € A. Then, x = ~~x < ~y. Then, ~y € Fandsoy = ~~y € ~F.
We suppose ~x A~y € ~F. Then, xVy = ~(~xA~y) € Fandsox € Fory € F.
Then, ~x € ~F or ~y € ~F. Hence, ~F € I,(A). We assume ~F € Z,(A). We
suppose x,y € F. Then, ~(x A\y) = ~xV ~y € ~Fand so x Ay € F. We suppose
x € Fand x < y. Then, ~y < ~x € ~F and so ~y € ~F. Then, y € F. We suppose
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xVy € F. Then, ~x A~y = ~(xVy) € ~Fand so ~x € ~For ~y € ~F. Then, x € F
ory € F. Hence, F € F,(A). For (4), we assume x — y & F. Welet K = FU {x} and
X ={Ge F(A):KC G&y & G}. Wesuppose y € [K). Then, there exists z € F such
that x Az <y. By (Res), z < x — y. Then, x — y € F which contradicts the assumption.
Hence, y ¢ [K) and so [K) € X. By Zorn’s lemma, we let G € X be a C-maximal element
in X. Then, G is prime. Clearly, FC G,x € Gandy ¢ G. O

Definition 3. We let A = (A, ~) be a DH-algebra. The dual of A is defined as algebra A, =
(Fp(A),C,ga) where gp = Fp(A) — Fp(A)is map F — ~F for every F € F(A).

Lemma 9. Forevery F € F,(A), x € ga(F) ifand only if ~x & F.

Proof. We assume x € ¢4(F). Then, x ¢ ~F. Since x = ~~x, we obtain ~x ¢ F.
Conversely, we assume ~x ¢ F. Then, x = ~~x ¢ ~Fandsox € g4(F). O

Proposition 2. For every DH-algebra A = (A, ~), the dual A is a DM-frame.

Proof. By Lemma 8, g4(F) € Fp(A) forall F € Fp(A). Welet F € F(A). By Lemma 9,
x € ga(ga(F))ifand only if ~x & ga(F)ifand only if x € F. Hence, g4(ga(F)) = Fand so
g4 is an involution. We assume F C G € Fp(A) and x € g4(G). By Lemma 9, ~x ¢ G and
so ~x ¢ F. By Lemma 9, x € g4(F). Then, ga(G) C ga(F). Hence, Ay = (Fp(A),C,84)
isa DM-frame. O

Welet§ = (W,<,g) and & = (T,<,h) be DM-frames. Map m : W — T is an
embedding from § to & if (i) 7 is injective; (ii) 7t(g(w)) = h(m(w)); (iii) w < u if and only
if m(w) < 7(u). We say § is embedded into & if there is an embedding from § to &. A
DH-algebra A is embedded into B if there is an injective DH-homomorphism from A to BB.

Theorem 4. We let § = (W, <, g) be a DM-frame and A = (A, ~) be a DH-algebra. Then, (1) §
is embedded into (F1)+; and (2) A is embedded into (A)™T.

Proof. (1) Map 71 : W — Fp (™) is defined by 7(w) = {X € Up(W) : w € X} for every
w € W. Clearly, m(w) € Fp(§"). We assume w £ u. Then, w € wl and u ¢ w?. Then,
m(w) # 7(u). Hence, 7 is injective. For every F € Fy(§1), g5+ (F) = ~¢F = g(F). We
assume X € 7(g(w)). Then, ¢(w) € X and so w € g(X). Then, g(X) € m(w) and so
X € g(n(w)) = gz+(m(w)). We assume X € gz+(m(w)). Then, X € g(rr(w)) and so
g(X) € m(w). Then, w € ¢g(X) and so X € m(g(w)). Hence, 7(g(w)) = gz+ (m(w)). We
assumew < u. If X € n(w), thenw € Xandsou € X, ie., X € m(u). Hence, m(w) C m(u).
We assume 7t(w) C 7t(u). Clearly, wt € m(w) and so wt € 7t(u). Then, u € w?t and so
w < u. Hence, 77 is an embedding.

(2)Map p : A — Up(Fp(A)) is defined by setting p(x) = {F € Fp(A) : x € F} for
every x € A. Clearly, p(x) € Up(Fp(A)) for each x € A. We assume x £ y. By Lemma 18
(1), there exists F € Fp(A) such thatx € Fand y & F. Then, F € p(x) and F & p(y).
Then, p(x) # p(y). Hence, p is injective. Clearly, p(0) = @ and p(x Ay) = p(x) Np(y)
and p(x Vy) = p(x) Up(y). We assume F € p(x — y). We suppose G € F1 N p(x). Then,
x—>y€eFCGandx € G.ByxA(x - y) <yand x A (x - y) € G, we obtainy € G.
Then, G € p(y). Then, F € p(x) =g p(y). Conversely, we assume F ¢ p(x — y). Then,
x =y ¢ F. By Lemma 18 (4), there exists G € F,(A) suchthat FC G, x € Gand y ¢ G.
Then, FT Np(x) £ p(y) and so F ¢ p(x) —g p(y). Hence, p(x = y) = p(x) —r p(y).
We assume F € p(~x). Then, ~x € F. By Lemma 9, x & g4(F). Then, ga(F) ¢ p(x)
and so F ¢ ga(p(x)). Then, p(~x) C ~¢,(o(x)). Similarly, ~¢, (0(x)) C p(~x). Hence,
p(~x) = ~q¢,(p(x)). Therefore, p is an injective DH-homomorphism. [
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4. De Morgan Heyting Logics

We let Var = {p; : i < w} be a denumerable set of variables. The language of
De Morgan Heyting logic is the intuitionistic propositional language with De Morgan
negation ~.

Definition 4. The DH-formula algebra Lpy is defined inductively as follows:

Lou>¢u=p|L]~g|(p1Ap2)|(p1V@2)| (@1 — ¢2), wherep € Var.

Formulas in Var U {_L} are called atomic. We let —¢ := ¢ — _L (intuitionistic negation),
Ti=-land ¢ < ¢ := (¢ = ¢) A (Y — @) (equivalence).

The complexity of a DH-formula ¢, denoted by c(¢), is defined as the number of
occurrences of unary or binary operators in ¢. We let Sf(¢) be the set of all subformulas of ¢.
For a set of formulas X, we let Sf(X) = Uyex Sf(¢). We let var (@) be the set of all variables
appearing in ¢. We let ¢(p1, ..., pn) be the DH-formula ¢ such that var(¢) C {p1,...,pn}.
A substitution is a homomorphism s : Lpy — Lpp on the DH-formula algebra. We let ¢*
be the DH-formula by applying the substitution s to ¢. We let ¢(¢1/p1, ..., ¥u/pn) be the
DH-formula obtained from ¢ by substituting ¢; for p; (with 1 <i < n)in ¢. We let ¢(¢/x)
be the DH-formula obtained by replacing one or more occurrences of x € Sf(¢) with ¢.

Definition 5. A De Morgan Heyting logic (“DH-logic” for short) is a set of DH-formulas L
satisfying the following conditions:

(Int) every instance of intuitionistic propositional logic belongs to L.
M1) ~L&TelL

(M2) ~~p<pelL

(M3)  ~(pAg) <> ~pVr~qeL

(M4)  ~(pVgq) <> ~pAr~qeL

(MP) ifpe€Land o — ¢ € L, thenp € L.

(CP) ifo—> ¢ €L, then~p — ~¢p € L.

(Sub) if ¢ € L, then ¢° € L for every substitution s.

A DH formula ¢ is a theorem of a DH-logic L (notation: -1 ¢) if ¢ € L. A DH formula ¢ is
L-derivable from a set of DH formulas T' (notation: T & @) if there exists a finite subset A C T
with =1 N A — . We note that A\ A is the conjunction of all DH formulas in A. In particular, we
let N@ = T. Asetof DH formulas T is L-consistent if T /1 L. A DH logic Ly is a sublogic of L
(or Ly is an extension of L1) if L1 C L.

Lemma 10. For every DH-logic L, the following hold:

1) ¢ TkryifandonlyifT - ¢ — .

2) kLo —yifandonlyift-p ~p — ~g.

3) ifrp < x thentp ¢ < o(/x).

4) P~ = 9) = (9 = ~9).

5 bFreo— (¢ —x)ifandonlyifbp o AN — x.

Proof. Clearly, (1) holds by the definition. By (CP) and (M2), we obtain (2). For (3),
we assume F; ¢ <+ x. The case ¢ = ¢ is trivial. We suppose ¢ € Sf(¢) \ {¢}. The
proof proceeds by induction on c(¢). We suppose ¢ = ~é. By induction hypothesis,
Fr 6 <> 6(¢/x). By (CP), b ~6 <> ~6(p/x). We suppose ¢ = ¢1 ® ¢y for © €
{N\,V,—}. We obtain F; ¢ <> ¢(¢/x) by induction hypothesis and (Int). For (4), by
(Int), Fr ¢ = ~¢V (¢ = ). By (CP), k. ~(~¢ V (¢ = ¢)) = ~. By (M4), (M2) and
B, FL g A~(¢ = ¢) — ~¢. By (Int), Fp ~(¢ — ) = (¢ — ~¢). Item (5) holds by
(Int). O
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We let {L; : i € I} be a family of DH-logics. Intersection (;c; L; is a DH-logic. We
let I' be a set of DH formulas and L a DH-logic. The DH-logic generated by I' over L is
definedas LT = N{L': L'isa DH-logicand LUT C L'}. If ' = {¢1, ..., ¢n}, we write
LS @1 ®@... @ ¢y for LD T. The minimal DH-logic is denoted by J. We note that J is
axiomatized by axioms (Int), (M1), all instances of (M2)- M4) and rules (MP) and (CP)
in Definition 5. For every DH-logic L, the set of all extensions of L is denoted by Ext(L).
Clearly, (Ext(L),N, &) forms a complete lattice.

Definition 6. We let A = (A, ~) be a DH-algebra. A wvaluation in A is a homomorphism
o :.F — A. ADH formula ¢ is valid in A (notation: A |= ¢) if o (¢) = 1 for every valuation o in
A. We let K be a class of DH-algebras. A DH formula ¢ is valid in K (notation: IC = ¢) if A |= ¢
for every A € KC. The logic of K is defined as the set of DH formulas Log(K) = {¢ € .Z : K |= ¢}.
For a set of DH formulas X, we let Alg(%) be the variety of DH-algebras validating all DH formulas
in 2.

For every DH-logic L, relation 6;, = {(¢,¢) : Fr ¢ < ¢} is a congruence on DH
formula algebra .#. Quotient algebra AL = (F/0L,N\,V,—,~,0) is called the Tarski—
Lindenbaum algebra for L. Clearly, AL € Alg(L). We let [¢], be the equivalence class of ¢
module ;. Clearly, [¢]; < [¢]. if and only if Ff ¢ — .

Lemma 11. For every DH-logic L, b1 ¢ if and only if Alg(L) = ¢.

Proof. All axioms of J are valid and all rules of J preserve validity in DH. Then, L C
Log(Alg(L)). We assume I/, @. Then, (@], # [T]L. We let o be the valuation in A" such that
o(p) = [p]L for all p € Var. Then, o(x) = [x]. for all x € F. Then, c(¢) # [T].. Hence,
AL J£ ¢. By AL € Alg(L), we have Alg(L) = ¢. O

A model is a tuple MM = (F, V) where § is a DM frame and V is a valuation in §*.
A DH formula ¢ is true at w in a model 91 (notation: M, w = ¢) if w € V(¢). We write
w = ¢ if no confusion arises from the context. A DH formula ¢ is true in 91 (notation:
M = ¢) if V(9) = W. A DH formula ¢ is valid in a DM frame § (notation: § |= ¢) if
5T E ¢. For a set of DH-formulas T, we let § |= T denote that § |= ¢ forall ¢ € . We
let Fr(T) = {F : § = T'}. We note that Fr(J) is the class of all DM-frames. For a class of
DM-frames C, we let Ct = {F+ : § € C}. DH formula ¢ is valid in C (notation: C = ¢) if
CT E ¢. Welet Th(C) = {9 € Z : C |= ¢} be the DH theory of C. DH-logic L is Kripke
complete if L = Th(Fr(L)).

Theorem 5. For every DH formula ¢, = ¢ if and only if Fr(J) = ¢. Hence, J = Log(DH).

Proof. Clearly, § |= ¢ for all ¢ € Int and DM frame §. We assume t#; ¢. By Lemma 11,
A [~ ¢ for some DH-algebra A. By Theorem 4 (2), (A;+)" [~ ¢. Hence, Fr(J) = 9. O

For proving the Kripke completeness of some DH-logics, it is useful to define the
canonical model for a DH-logic. We let L be a DH-logic. A set of DHcformulas I is an
L theory if I is closed under F, i.e., if ' i1 ¢, then ¢ € T. We let 7 (L) be the set of all
L-theories. A consistent L-theory I' is prime if ¢ V ¢ € I implies ¢ € I'or ¢p € I'. We let
Tp (L) be the set of all prime L theories. A set of DH formulas X is a counter L theory if
@ FL Y1 V...V, for some ¢y,..., ¢, € Eimplies ¢ € X. We let T¢(L) be the set of all
counter-L theories. A consistent counter-L theory X is prime if ¢ A ¢ € X implies ¢ € X or
¥ € Z. We let 75 (L) be the set of all prime counter L-theories. For a set of DH-formulas
O, the L theory and the counter-L theory generated by © are denoted by [®); and (©],
respectively. If © = {¢}, we write [¢); and (¢] for [{¢})L and ({¢}]L, respectively.

Fact2. WeletT € Tp(L) and £ € T (L). The following hold for all ¢, € F:
(1) ¢nypeTifandonlyifp € Tandp €T.
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(2) ¢VyeTifandonlyifo cTory €T.

(3) oAy eZifandonlyif p € Lory € X

(4) ¢VyeZifandonlyif o € Zandp € X.
(5) ~~¢eTifandonlyif p €T.

(6) ~~@ € ANifandonly if ¢ € A.

Proof. These biconditions are obtained by the definition of prime L theory and counter-L
theory. Details of proof are omitted. [

Lemma12. WeletT € T (L) and X € T(L). Then, the following hold:
(1) ifE VL ¢, then there exists A € Tp(L) such that E C Aand ¢ ¢ A.

(2) Z e Tg(L)ifand only if ¥ € Tp(L).
(3) ¢ € (~T|ifand only if ~¢ € T.
(4) T € 7Tp(L)ifand only if (~T] € Tg(L).

—_
(=)

Proof. For (1), we assume E /1 9. Then, [E)} is a consistent L theory and ¢ ¢ [E);. We let
X={0eT(L):ECO&yp ¢ O}. Then, [E); € X. By Zorn’s lemma, there exists a C-
maximal element A € &. Clearly, A is prime. For (2), we assume . € 7;,5(L) Then, L € &
and so L ¢ =. We suppose @1 A ... At pand @q,..., ¢, € Z. Then, g1 A...A @y € Z
and so ¢ € X. We suppose ¢ V § € Z. Then, ¢ € Zor ¢ € X. Hence, & € T,(L). The other
direction is shown similarly. For (3), we assume ¢ € (wl"] L. Then, there exist ¢p,..., ¢, €T
such that ¢ - ~1 V...V ~1p,. Then, 1 A ... A, -1 ~¢@. Hence, ~¢ € I'. We assume
~¢ € I. Then, ~~¢ € ~I. By ¢ 1 ~~¢, we have ¢ € (~T].. For (4), we assume
I' € Tp(L). We suppose ~ L € (~I];. Then, ~~ 1 € T and so L € T which contradicts
the assumption. Hence, ~_L ¢ (~TI'].. We suppose ¢ b1 1 V ¢, and ¢y, ..., P, € (~T].
By 3), ~¢1,...,~¢, € Tand so ~(P1 V...V ¢P,) = ~Pp1 A... A~p, € I. Clearly,
~(p1V...V¢Py) FL ~¢. Then, ~¢ € T. By (3), ¢ € (~I]L. We suppose x1 A x2 € (~T]L.
By (3), ~x1V ~x2 = ~(x1 Ax2) € I. Then, ~x; € Tor ~x2 € I. By (3), x1 € (~I. or
X2 € (~T]L. Hence, (~T], € T5(L). We assume (~I € 775 (L). We suppose x1 V x2 € I.
Then N()(l \% Xz) € ~I'. By ~x1 A ~)x2 Fr N(Xl V Xz), we have ~x1 A ~)2 € (NF]L. Then,
~x1 € (~T|p or ~xz € (~I'L. By 3), ~~x1 € T or ~~x, € I. SinceI' € T (L), we have
X1 €Torx, €. Hence, I' € Tp(L). O

Definition 7. We let L be a DH-logic. The canonical frame for L is defined as §& = (T5(L), C, %),
where gL is the map given by setting g-(T) = (~T|, for every T € T5(L). We let VI be
the valuation in F& such that VL (p) = {T € Tp(L) : p € T} for each p € Var. We call
ML = (§L, VL) the canonical model for L. A DH-logic L is called canonical if §* = L.

We let L be a DH-logic. By Lemma 12 (2) and (4), %(T') € Tp(L) forevery I' € To(L). It
follows that ¢* is a function. The following lemma proves that ¢* is an antitone involution.

Lemma 13. ForallT,A € T, (L), the following hold:
(1) ¢ €g"(T)ifand only if ~¢ ¢T.

(2) gH(ghI) =T
(3) ifT C A, then g"(A) C gH(T).

Proof. Clearly, (1) follows from Lemma 12 (3). For (2), by (1), ¢ € gl (g"(T)) if and only if
~¢ ¢ g"(T) if and only if ¢ € T. For (3), we assume I' C A. Then, (~T]; C (~A]r and so
gh(a) cghT). O

Lemma 14. For every DH-logic L, M, T = ¢ ifand only if ¢ € T.

Proof. The proof proceeds by induction on ¢(¢). Case ¢ € Var U { L} is trivial. We assume
¢ = ~p. We suppose ML, T = ~¢p. Then, ML, ¢L(T) = ¢. By induction hypothesis,
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¢ & ¢4(T). By Lemma 13 (1), ~¢ € I'. We suppose ~t € T. By Lemma 13 (1), ¢ & g"(T).
By induction hypothesis, M*, ¢ (T) |~ . Hence, ML, T = ~p. Cases ¢ = @1 A ¢ and
@ = @1V @ are shown easily by induction hypothesis. We assume ¢ = ¢; — ¢2. We
suppose 91 — ¢ € I, T C A and ML, A = @;. By induction hypothesis, ¢; € A. By
®1,91 — @2 FL @2, we obtain ¢, € A. By induction hypothesis, M, A = ¢,. Hence,
IME,T |= 91 — ¢2. We suppose ¢1 — ¢ & . Then, T I/, @1 — @5 and so ¢1,T I/ ¢,. By
Lemma 12 (1), there exists A € T, (L) such that ¢; € A,T C Aand ¢, ¢ A. By induction
hypothesis, ML, A = @1 and ML, A £ ¢o. Hence, ME, T = @1 — ¢, O

Theorem 6. Every canonical DH-logic is Kripke complete.

Proof. We let L be a DH-logic and §* = L. We assume I/} ¢. Then, T I/, ¢. By Lemma 12
(1), there exists T’ € Tp(L) with ¢ ¢ I'. By Lemma 14, ML, T |~ ¢. Then, §& (= 9. O

We consider the following DH-logics: B=J@®pV-p,D=J@ p - ~pand C =
J® p Vv ~p. These characteristic DH-formulas have their corresponding frame conditions.

Lemma 15. For every DM-frame § = (W, <, g), the following hold:

(1) §EpV-pifandonlyifwt = {w} forallw € W.
(2) FEpV~pifandonlyif g(w) =w forallw € W.
(B) §kE-p— ~pifandonly if wt Ng(w)t # @ forallw € W.

Proof. Item (1) holds in intuitionistic logic (cf., e.g., [20]). For (2), we assume g(w) = w for
allw € W. We let V be a valuation in § and w € W. We suppose w [~ p. Then, g(w) |= ~p.
Hence, § = p V ~p. We assume g(w) # w for some w € W. We suppose g(w) £ w. We let
V1 be a valuation in § with V4 (p) = g(w)?1. Then, w [~ p, g(w) |= p and sow = ~p. Hence,
w = pV ~p. We suppose w £ g(w). We let V; be a valuation in § with V,(p) = wt. Then,
w = p and g(w) B~ p. Then, g(w) = ~p and so g(w) = p V ~p. Hence, § |~ p V ~p. For
(3), we assume w1 N g(w)1 # @ for allw € W. We let V be a valuation in § and w € W. We
suppose w = —p. By assumption, we let w < u and g(w) < u. Then, u [~ p. By g(w) < u,
we obtain g(w) = p and so w |= ~p. Hence, w |= -p — ~p. Conversely, we assume
§E -p — ~p. Weletw € W and U be a valuation in § such that U(p) = g(w)?1. Then,
¢(w) = pand sow [~ ~p. Then, w [~ —pand sow < u and u |= p. Clearly, ¢(w) < u.
Hence, wT Ng(w)t # @. O

Example 2. We consider DM frames §1, §2 and & where the domain of points, partial order and
involution are given in the following diagrams:

wq T
50, Pe
o )

: 181 s
"..k'. .L h
wo 00
§1 &

By Lemma 15, §1 € Fr(B) \ Fr(C) and & € Fr(C). Clearly, §1 ¢ Fr(D) and §» ¢ Fr(B).
We show §, € Fr(D) \ Fr(C). Clearly, §» ¢ Fr(C). We have uz € ugt N ga2(uo)T and uz €
uzt N go(uz)t. By up < ugand g(uy) = uy < uz, we obtain uz € uyt N gp(uy)?T. Similarly,
uz € upt N ga(uz)t. Thus, o € Fr(D).

A DH-logic L1 is a proper sublogic of L, (or L, is a proper extension of L1) (notation:
Ly C Lp)if Ly € Ly and L1 # Lp. We say that L; is incomparable with L, (notation:
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Ly || Lp)if Ly € Ly and Ly € L;. We use the interval [Ly, Lp] for the set of DH-logics
{L:L; CLC Ly} Similarly, welet (Ly,Ly) = {L:L; C L C Lp}.

Lemma16. C=J® ~p < —p.

Proof. Welet L = J& ~p <> —p. Clearly,Fc T — pV ~p. By (CP), Fc ~(pV ~p) —
~~_.By(M2)and (M4),-c ~pAp — L. Then, ¢ ~p — —p. Combined with ¢ pV ~p,
we obtain ¢ p V —p. By (Int), we obtain ¢ ¢ V ¢ <> (—¢ — 1) since the excluded middle
law p V —p holds in C. By ¢ p V ~p, we obtain -¢ —p — ~p. Hence, Fc ~p < —p.
Now, by F; =~(p A =p) and Lemma 10 (3) and (Sub), - ~(p A ~p). By (M2) and (M3),
l_L p V ~p. O

Proposition 3. The DH-logics B,D € (J,C) and B || D (Figure 1).

Proof. By the proof of Lemma 16, B, D € [J, C]. Clearly, Fr(J) C Fr(B) and Fr(J) C Fr(D).
Hence, J C B and J C D. By DM frames in Example 2, we have B C Cand D C C. Hence,
B,D € (J,C). Moreover, §1 ¢ Fr(D) and §, ¢ Fr(B). Hence, B || D. O

VRN
NS

Figure 1. The relation between some DH-logics.

Theorem 7. The DH-logics B, D and C are Kripke complete.

Proof. By Theorem 6, it suffices to show that canonical frames for these DH-logics belong
to their DM frames, respectively. For B, by Lemma 15 (1), it suffices to show I't = {I'}
for every T in §&. We assume I' C A. We suppose ¢ € A\T. By Fg ¢ V —¢, we have
oV -9 € T. Then, -¢ € I'and so =¢ € A. Then, p A =¢ € Aandso L € A, which
contradicts the consistency of A. Hence, A C I" and so A = I'. For D, by Lemma 15
(1), it suffices to show I't N gD(F)T # o for every I' in FP. We consider the D theory
¥ = [TUgP(T))p. We note that T and gP (T) are closed under taking A. We suppose | € .
Then, there exist ¢ € T and ¢ € gP(T) such that -p ¢ Ay — L. Then, Fp ¢ — —¢. By
Fp ¢ — ~, we have -p ¢ — ~¢. By ¢ € ¢P(T') and Lemma 13 (1), ~¢ & T. Then,
¢ ¢ I', which contradicts ¢ € I'. Hence, L ¢ X. Then, there exists G € 7,(D) with X C G.
Then, G € TN gP(T)1. For C, by Lemma 15 (2), it suffices to show g¢(T) = T for every T
in §¢. Clearly, g<(T') = (~T]c. We assume ¢ € ¢¢(T). By Lemma 13 (1), ~¢ & T. Since
@V ~¢ € T, wehave ¢ € T. We assume ¢ ¢ ¢¢(T). Then, ¢ € (~I]c. By Lemma 12
(3), ~¢ € I'. By Lemma 16, ¢ € I'. We suppose ¢ € I'. Then, ¢ A ¢ € I'. Clearly,
@ AN=¢ ¢ L. Then, L € I which contradicts I' € 7,(C). Hence, ¢ & T. It follows that
¢g¢M) =Tr. O

A DH-logic L is finitely approximable if for every ¢ ¢ L there exists a finite DM frame
§ such that § = L and § [~ ¢. Thus, a DH-logic L is finitely approximable if and only if
L = Th(Fr< (L)) where Fr., (L) is the set of all finite members in Fr(L). Now, we extend
the Lemmon-filtration method to show the finite approximability of some DH-logics.
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A set of DH formulas ¥ is DH-closed if £ = {~"¢ : ¢ € Sf(X) & n > 0}. For every set
of DH-formulas O, we let ©° be the minimal DH-closed set of formulas containing ®. We
note that ©° is obtained from ® by taking subformulas and operation ~.

Definition 8. We let X be a DH-closed set of DH formulas and O = (W, <, g, V) a DM model.
The equivalence relation ~x, on W is defined as follows:

w Ry uifand only if Vo € L(w € V(p) < u € V(gp)).

We let [w]y, = {u € W: w =y u} foreachw € W. We let Wy = {[w]s : w € W}. The
filtration of M through X is defined as structure My, = (Wx, <s, g5, V) where

(C1) gx([w]y) = [g(w)]x for each w € W.
(C2) [w]y, <s. [u]y ifand only if Vo € Z(w € V(¢) = u € V(¢)).
(C3) Vu(p) ={[w]y € Ws :w € V(p)} for each p € Var.

We let §s. = (Wy, <s, gx.) which is the underlying frame of Ms..

We note that gy, is a function on Wy,. We assume u € [w]y, i.e.,, w ~5 u. We suppose
¢ € Xand g(w) € V(¢). Then,w ¢ V(~¢). Since X is closed under ~, we have ~¢ € X. By
assumption, u & V(~¢). Then, g(u) € V(¢). Similarly, g(u) € V(¢) implies g(w) € V(¢).
Then, g(w) ~5, g(u) and so [g(w)]x, = [g(u)]x. Hence, g5, is a function. Moreover, if w < u,
then clearly [w]y, <y [u]z.

Lemma 17. Filtration My, = (Wx, <y, gx, Vx) is a DM model.

Proof. Clearly, <y, isa partial order on Wy.. Foreveryw € W, g5 (g=([w]x)) = [g(g(w))]x =
[w]yz. Hence, gy is an involution. We assume [w]y <y [u]x. We suppose ¢ € X and
g(u) € V(¢). Then, u ¢ V(~¢). Clearly, ~¢ € X. By assumption, w ¢ V(~¢) and so
g(w) € V(¢). Then, [g(u)]x <y [g(w)]x. Hence, gy is antitone. We assume [w]y, € Vx(p)
and [w]y <y [u]x. Then, w € V(p). By (C2), u € V(p), and so [u]y € Vx(p). Hence, Vy is a
valuation in §y. O

We say that X is finitely based in 9 if there exists a finite subset A C X such that for
every ¢ € X there exists i € A with V(¢) = V(¢). Such subset A is called a finite base for
¥ in M. We note that, in this case, |Wys| < 214/, and so 9y is finite.

Lemma 18. We let X. be a DH-closed set of DH formulas and 9 = (W, <, g, V') a DM model. For
every ¢ € Land w € W, w € V(¢) ifand only if [w]z, € Vz(¢).

Proof. The proof proceeds by induction on ¢(¢). The case of atomic formulas is trivial.
We assume ¢ = ~1p. We suppose w € V(~). Then, g(w) ¢ V(). By induction
hypothesis, [g(w)]z ¢ Vz(¢) and so gx([w]x) € Ve(¢). Then, [w]y € Ve(~y). The
other direction is shown similarly. We let ¢ = ¢; — ¢». We assume w € V(91 — ¢2).
We suppose [w]y < [u]y and [u]y € Vx(¢1). By induction hypothesis, u € V(¢1). By
[w]y < [ulg, w € V(g1 — ¢2) and (C2), we obtain u € V(91 — ¢2). Then, u € V(¢).
By induction hypothesis, [u]y € Vx(¢2). Hence, [w]y € Vx(¢1 — ¢2). We assume
W]y, € Va(p1 — ¢2). We suppose w < u and u € V(¢1). Then, [w]y <y [u]z. By
induction hypothesis, [u]y € Vs(¢1). Then, [u]y € Vz(¢2). By induction hypothesis,
u € V(¢z). Hence, w € V(91 — ¢2). The case ¢ = ¢1 A @ or ¢1 V ¢, is shown easily by
induction hypothesis. [

Theorem 8. The DH-logics J, B and C are finitely approximable.

Proof. (1) We sssume ¢ ¢ J. Since J is Kripke complete, there is a DM model Ml = (W, <
,g,V)suchthatw ¢ V(¢) for some w € W. Welet X = {~"¢ : ¢ € Sf(¢) & n > 0}. By
Lemma 18, [w]y, & Vx(¢). Hence, §x [~ ¢. Clearly, A = Sf(¢) U{~¢ : ¢ € Sf(¢)} isa
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finite base for X in 1. Then, §y, is a finite DM-frame. Clearly, §y, |= J. Hence, J is finitely
approximable.

(2) We assume ¢ ¢ B. Since B is Kripke complete, there exists a DM frame § = (W, <
,g)such that§ = Band § [~ ¢. Welet M = (F,V) be a DM model and w ¢ V(¢). We
consider © = Sf(@) U{—y : ¢ € Sf(¢)} and £ = ©°. Then, O U {~) : x € O} is a finite
base for X in 9. By Lemma 18, [w]y, ¢ Vx(¢). Hence, §x = ¢. Now, we show §y = B.
By Lemma 15, it suffices to show [u]y1 = {[u]x}. We suppose [u]y, <y, [v]z. We suppose
feXandu ¢ V(). By § = B, weobtain § |= ¢V —=¢. Then, u € V(=¢). Since —¢ € X, by
[uly, <y [v]y, we obtainv € V(—¢). By v < v, we obtain v ¢ V(&). Hence, [v]y <y [u]. It
follows that [u]y = [v]x. Then, §x |= B. Hence, B is finitely approximable.

(3) We assume ¢ ¢ C. Since C is Kripke complete, there is a DM frame § = (W, <, g)
such that § = Cand § & ¢. We let M = (F, V) be a DM model and w ¢ V(¢). We let
E={~"yp:¢ € Sf(¢) &n > 0}. By Lemma 18, [w]y & Vx(¢). Hence, §x = ¢. We
letp € Zand w ¢ V(¢). Clearly, ¢ V ~¢ € C. Then, w € V(~1). Then, g(w) & V(¢).
Then, [g(w)]x <s [w]s. We suppose g(w) & V(¢). Then, g(w) € V(~) and sow & V(¢).
Then, [w]y <y [g(w)]s. Hence, [g(w)]y = [w]z. Then, §x = C and so C is finitely
approximable. [

Corollary 3. The DH-logics J, B and C are decidable.

5. Conservativity and the Lattice Ext(J)

We let L] be the set of intuitionistic formulas (“’I-formulas” for short) built from Var
by using L, A,V and —. We let F = (W, <) be an I-frame. We say that (i) a point w € W is
aroot of IF if w1 = W; and (ii) F is rooted if F has a root. An intuitionistic model (“I-model”
for short) is a triple M = (W, <, V) where (W, <) is an I-frame and V : Var — Up(W).
We write M, w = ¢ if w € V(¢). An I-formula ¢ is valid at w in F (notation: F, w |= ¢) if
F,V,w = ¢ for every valuation V in F. An I-formula ¢ is valid in F (notation: F |= ¢) if
F,w = ¢ for every w € W. We let IF(X) be the class of all I-frames validating all formulas
in X. We let IF,(X) be the set of all rooted members in IF(X). The I-theory Th(K) of a class
of I-frames K is the set of all I-formulas valid in every I-frame in K. The intuitionistic logic
is defined as Int = {¢ € L : F |= ¢ for every I-frame F}.

Definition 9. A superintuitionistic logic is a set of I-formulas S such that Int C Sand S is
closed under (MP) and (Sub). We let S be a superintuitionistic logic and X. a set of formulas. The
superintuitionistic logic generated by X over S is denoted by S @ X. We write Ext(S) for the lattice
of s.i. logics extending S. We say that S is Kripke complete if S = Th(IF(S)). The DH expansion of
S, denoted by S°, is defined as the smallest DH-logic containing S.

We let F = (W, <) be an I-frame and @ # X C W. The subframe of IF generated by
X is defined as Fx = (X1, <X) where <X = < N X?. We let M = (FF, V) be an I-model.
The submodel of M generated by X is Mx = (Fx, Vx), where Vx(p) = V(p) N X for each
p € Var. If X = {w}, we write Fy, for Fy,,, and My, for M. For every u € X, the
following hold:

M, u = ¢ < Mx,u = ¢. (1)
FulkEgeeFxul=og. )
FlEo=Fxlo (3)

These preservation results (1)-(3) can be found in, e.g., [20].
Lemma 19. A superintuitionistic logic S is Kripke complete if and only if S = Th(IF,(S)).

Proof. The right-to-left direction holds, obviously. We assume S is Kripke complete. Clearly,
S C Th(IF,(S)). We suppose ¢ ¢ S. Then, F [~ ¢ for some I-frame F = (W, <).
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Then, F,w = ¢ for some w € W. Then, Fy, [~ ¢. Clearly, F;, € IF,(S). Hence,
¢ & Th(IFy(S)). O

DH-logic L is a conservative extension of a superintuitionistic logic S (or S is the
I-fragment of L) if S = L N L;. Next, we prove DH-expansion S of a Kripke complete
superintuitionistic logic S which preserves expansion is a conservative extension of S.

Definition 10. We let W = {w; : i < A} (A > 0) and F = (W, <) be an I-frame with root
wo € W. The expansion of F is defined as the structure F* = (W U W*, <*, ¢) where

(1) Wr={w:0<i<A}

(2) <*=< U{(wf,w}‘} cw; Sw&0<jLi<AU{(w],wj) 1 0<i<A&j<AY

(3) function g : WU W* — W U W* is defined as follows:

wo, ifi =0.
g(wi)—{ X f
w;, ifi > 0.

g(wi') = w;.
For an I-model Ml = (F, V), we let M* = (F*, V) be the expansion of M.

Expansion F* is obtained from the rooted I-frame F by putting it over the order dual
of F such that the root of F coincides the top of its order dual. The resulting involution g
links each point in I with its mirror point in the order dual.

Lemma 20. IfF is a rooted I-frame, then the expansion F* is a DM-frame.

Proof. Welet W = {w; : i < x} and F = (W, <) be an I-frame with root wy. Clearly, <* is a
partial order. If i < x, then g(g(w;)) = w;. If 0 < i < «, then g(g(w;)) = w;. Hence, g is an
involution on WU W*. If w; < wj, then g(wj) < g(wy). w) <* w]’f, then w; < w; and so
g(wr) <~ g(w]*) We suppose w; <* w;. Then, g(w]*) = w;. If j = 0, then g(wp) = wp and
so wy <* wj. If j > 0, then g(w]-) = w]* and so w]* <* wp <* w;. Hence, g is antitone. [J

Example 3. Welet W = {w; : i < 7} and F = (W, <) be the I-frame where < = {(w;, w;),
(wi,wj) i < j < 7}. The expansion of I is the DM frame given in Figure 2.

Figure 2. Expansion of the I-frame F.

Lemma 21. We let F = (W, <) be a rooted I-frame and Ml = (IF, V') an I-model. For every
I-formula ¢ € Lyand w € W, the following hold:

(1) M,w |= ¢ ifand only if M*, w |= ¢.

(2) F,w k= ¢ifand only if F*,w = ¢.
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Proof. Item (1) is shown regularly by induction on ¢(¢). We note that the truth of an
I-formula at w in M and M* is determined only by w?. Moreover, (2) follows from (1). O

A superintuitionistic logic S preserves expansion if for every roooted I-frame F, F |= S
implies F* |= S°. Then, we obtain the following theorem:

Theorem 9. We let S be a Kripke complete superintuitionistic logic. If S preserves expansion, then
DH expansion S° is a conservative extension of S.

Proof. We assume S preserves expansion. By Lemma 19, S = Th(Fr,(S)). Clearly, S C
S° N Ly. We suppose ¢ € L1\ S. Then, there exists a rooted I-frame F = (W, <) such that
F = Sand F [~ ¢. By Lemma 21, F* |~ ¢. By F |= S and assumpton, F* |= S°. Then,
@ € S°. Hence, S° is a conservative extension of S. []

Corollary 4. J is a conservative extension of Int.

Proof. By Lemma 20, the intuitionistic propositional logic Int preserves expansion. By
Theorem 9, J is a conservative extension of Int. [

Let us consider DH-logic C = J® p V ~p = J ® ~p <+ —p. The classical propositional
logic is defined as K = Int ® p V —p.

Lemma 22. For every I-formula ¢ € L1, ¢ € Cifand onlyif p € K.

Proof. We assume ¢ € K. Clearly, K% = Band so K C B C C. Hence, ¢ € C. We assume
¢ ¢ K. Then, there exists substitution s : Var — L such that ¢° <+ L € Kand so —¢° € K.
Then, —¢° € C. We suppose ¢ € C. By (Sub), ¢*° € C which contradicts -¢° € C. Hence,

p¢C O

Lemma 23. For every DH-formula ¢, there exists a unique I-formula ¢ such that ¢ ¢ > ¢F.

Proof. We let ¢ be a DH formula. By Lemma 10 (3), we replace each subformula ~¢ € Sf(¢)
with =, and so obtain a unique I-formula ¢ such that ¢ ¢ <> ¢?. O

DH-logic L is consistent if | ¢ L. We note that Lpy is the only inconsistent DH-logic.
Next, we show that every consistent DH-logic belongs to [J, C] and hence C is the second
largest DH-logic in the lattice Ext(J).

Theorem 10. If L is a consistent DH-logic, then L € [J,C].

Proof. We let L be consistent DH-logics. We suppose C C L. Then, there exists ¢ such that
@ € Land ¢ ¢ C. By Lemma 23, we have ¢* ¢ C. By Lemma 22, we obtain ¢f ¢ K. Then,
there exists substitution s : Var — L such that (¢?)* <+ | € K. Then, =(¢f)* € K. Then,
—(¢")* € C. By Lemma 23, —¢° € C. Then, —¢° € L, which contradicts ¢ € L. [

An immediate consequence of Theorem 10 is that C is the unique DH-logic which is
post complete, i.e., C-maximal consistent. Let us continue the study on the link between C
and J. It is well known ( Glivenko’s theorem [20]) that K is embedded into intuitionistic
logic Int via the double negation translation:

(GT) for every ¢ € Ly, ¢ € Kif and only if ~—¢ € Int.

Now, we can extend Glivenko’s theorem to DH-logics C and J. By Lemma 23, there
exists a function G* : Lpy — £ where Gﬁ(q)) = —|—|q)ﬁ for each ¢ € Lpy.

Theorem 11 (Embedding). For every ¢ € Lpy, ¢ € Cifand only if G (¢) € J.
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Proof. We asume ——¢* € J. Then ——¢* € C. Clearly, ~—¢ <+ ¢ € C for every ¢ € Lpy.
Hence, ¢' € C. By Lemma 23, ¢ € C. We assume ¢ € C. By Lemma 23, ¢f € C. Since
(pﬁ € Ly, by Lemma 22, goﬁ € K. By (GT), ﬂﬂ(pﬁ € Int. By Corollary 4, —|—|q)ﬁ elJ. O

6. A Gentzen Sequent Calculus for B

In this section, we study the proof theory of the DH-logic B = J @ p V —p. This logic
can be viewed as a logic merging classical and De Morgan logics. It is Kripke complete
but not post complete. We note that DH-algebra (B, ~) is an algebra for B if and only if
xV —x = 1. Such a DH-algebra is clearly a Boolean algebra with a De Morgan negation,
and we call it a De Morgan Boolean algebra (“’DB-algebra” for short).

Lemma 24. We let B = (B, ~) be a DB-algebra. Then, ~—x = —~x for all x € B.

Proof. We let x € B. Then, ~(xV —x) = ~1 = 0. Then, ~x A ~=x = 0. By (Res),
~=x < a~x. Weassume iy < —~x. By (Res), y A ~x = 0. Then, ~(y A ~x) = ~yV ~rox =
~yVx=1.Then, -x = “x A (~yVx) = (-x A~y)V (-x Ax) = =x A~y < ~y. Then,
y = ~r~y < ~—x. Hence, 7~x < ~—x. It follows that ~—x = =~x. O

Corollary 5. g ~—¢ < =~@.

Now, we establish a Gentzen sequent calculus for DH-logic B. The basics of Gentzen
sequent calculus for classical and intuitionistic logics can be found in, e.g., [21]. For the
simplicity of formulation, we consider the set of DH formulas built from variables in Var
using the connectives L, =, A,V and ~. Thus, we use abbreviation ¢ — ¢ := ¢ V .
A sequent is expression I' = A where I and A are a finite (possibly empty) multiset of
formulas. We use s, t, etc., for sequents. Sequent rule (R) is expression

S1...5n
50

(R),
where sq, ..., s, are the premisses and s is the conclusion of (R).

Definition 11. Sequent calculus GB consists of the following initial sequents and rules:

(1) Initial sequents:

(Idy) p,T=A,p (dp) ~p,T=A~p (L)L T=A (~L)T=A~1

(2) Logical rules:

o) =)
) f T )
(p(P;\lpl;;,rr:;AA(A:>) r:>rA:/>¢A,;/T>¢A/¢(:'A)

AT e (=) Fo g (5~
2 r; 1Ap, sz; A;s A o) rr jAA,/go(P\’/wl/J (=)
Srrn e e By e R
S ER ) Fo g ()
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The formula with connectives in the below sequent of a logical rule is called principal. A
derivation in GB is a finite tree of sequents in which each node is either an initial sequent or derived
from child node(s) by a rule. We use D, &, etc., for derivations. The height of derivation D, denoted
by | D|, is the maximal length of branches in D. A single node derivation has height 0. Sequent s is
derivable in GB (notation: GB F s) if there exists a derivation in GB with root node s. For every
n > 0, we use GB t, s for s that has a derivation in GB with a height of at most n. Sequent rule (R)
with premisses sy, . . ., Sy and conclusion sg is admissible in GB if GB &= sy whenever GB - s; for
each 1 < i < n. Sequent rule (R) with premisses s1,. .., Sy and conclusion sy is height-preserving
admissible in GB if for every k > 0, GB - so whenever GB k- s; for each 1 <i < n. Prefix GB is
omitted if no confusion arises from the context.

Lemma 25. For every formula ¢, GBF ¢, I = A, ¢.

Proof. The proof proceeds by induction on ¢(¢). Case ¢ € Var U {L} is trivial. Cases
¢ = @1 © ¢y for © € {A,V} are easily shown by induction hypothesis. We suppose
¢ = —p. We obtain - =, T = A, = by induction hypothesis and rules (—=) and (=-).
We let ¢ = ~1p. The proof proceeds by subinduction on c(1). Case p € Var U { L} is trivial.
We suppose ¢ = —x. By induction hypothesis, - ~x, I = A, ~x. By (~—==) and (=~),
F ~=x, I = A ,~—x. Wesuppose p = ~x. By induction hypothesis, - x,I' = A, x.
By (~~=) and (=~~), F ~~x, T = A, ~~x. We suppose ¢ = {1 A ¢,. By induction
hypothesis, - ~;, T = A, ~¢; fori = 1,2. By (~A=) and (=~A), F ~(¢1 A ), T =
A, ~(P1 A o). Case ¢ = 1 V pp is shown similarly. [

Lemma 26. The following rules of weakening are height-preserving admissible in GB:

I'=A I'=A

oT oA A(Wl<:>) T=Ag A,¢(:>Wk)

Proof. We assume ; I' = A. We show k- ¢,I' = A and ¢ I' = A, ¢ simultaneously by
induction on k > 0. We suppose k = 0. Then, I' = A is an initial sequent and so both
¢,I' = Aand T = A, ¢ are initial sequents. We let k > 0 and I' = A be derived by a
rule (R). We obtain ¢ ¢,T = A and ¢ I = A, ¢ by induction hypothesis and the rule
(R). For example, we let (R) be (~—=-). We let the premise and conclusion of (R) be
Fro1 I" = A, ~x and by ~—x, I’ = A. By induction hypothesis, F¢_1 ¢, I” = A, ~x and
Fr 1 I"= A, ~x,¢. By (=), by ¢, ~x, T" = Aand by ~—x,T' = A, 9. O

Lemma 27. For every k > 0, the following hold in GB:

1) iftr o, T = A thenb T = A, ¢.

) iftx T = A, -, thentp ¢, T = A.

) ifbg~mp, T = A then =, T = A, ~¢.

) iftk T = A, ~—g, then by ~¢, T = A.

) ifFr e AP, T = A thenty @, 9, T = A

) fET=A oA thent T = A, gand b T = A, 1.

) ifFr~(@AY),T = A, thenty ~¢, T = Aand b ~p, T = A.
) fEr T = A ~(pAY), thent T = A, ~¢, ~1.

) ifrk oV, T = A thenty ¢, T = Aand b, T = A.

0) ifx T =A@V thent T = A, ¢, 9.

1) iftr ~(pVy),T = A, thenty ~¢,~p, T = A.

2) ift T = A ~(pVp), thent T = A, ~¢and -, T = A, ~.
3) iftg ~~¢,T = A, thenty ¢, T = A.

4) if b T = A, ~g, then = T = A, @

Proof. The proof proceeds by induction on k > 0. Here, we prove only (3), and other items
are shown similarly. Case k = 0 is trivial. We let k > 0 and ~—¢,I' = A be derived by rule
(R). If ~—¢ is principal in (R), then ;1 T = A, ~¢p and so - I' = A, ~¢. We suppose
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~=¢ is not principal in (R). We obtain -, I' = A, ~¢ by induction hypothesis and rule
(R). For example, we let (R) be (~A=>) with premisses _1 ~1, ~—=¢,I" = Aand by_;
~pp, ~=¢,T" = A, and conclusion b ~(y; A ), ~—¢,I" = A. By induction hypothesis,
Fio1 ~p1, T = A, ~pand by_q ~ip, T" = A, ~@. By (vA=), b ~ (1 A ), T = A, ~g.
Other cases are shown similarly. [

Lemma 28. The following rules of contraction are height-preserving admissible in GB:

e, =A
o, T = A

' A9

(Ctr=) TS A

(=Ctr)

Proof. We assume -y ¢, ¢, = Aand F; I' = A, ¢, 9. We show H; ¢, = A and
Fr I = A, ¢ simultaneously by induction on k > 0. Case k = 0 is trivial. We let k > 0 and
the premisses be obtained by rule (R). If ¢ is not principal in (R), we obtain -, ¢, = A
and F; I = A, ¢ by induction hypothesis and rule (R). We suppose ¢ is principal in (R).
The proof proceeds by induction on c(¢). We have the following cases:

(1) ¢ = —¢. Then, -1 =9, I' = A, p and F,_q ¢, I’ = A, —p. By Lemma 27 (1) and
2), k-1 T' = A, ¢, ¢ and g ¢, 9, T = A. By induction hypothesis, -, I' = A,y and
Fr ¢y, T = A.By (-=)and (=-), k¢ ¢, T = Aand - T = A, .

(2) ¢ = 91 A 2. Then, (i) Fr_1 @1, 92, 1 AN @2, T = A; (i) b1 T = A, 91 A @2, 915
and (111) }—k,1 I = A, 1N\ @2, 2. By (1) and Lemma 27 (5), l—k,1 1, P2, 91, goz,F = A.
By induction hypothesis, k¢ ¢1, 92, T = A. By (A=), Fr @1 A 92, T = A. By (ii), (iii)
and Lemma 27 (6), Fr—1 I = A, 91, 91 and k1 I' = A, ¢2, 2. By induction hypothesis,
|—k,1 I'= A, ¢1 and }—k,1 I'= A, @r. By (=>A), }_k I'= A, 1 A @r.

3) ¢ = @1V Q. Then, (i) Fr_1 01,91V @2, T = A; (ii) Fr_q @2, 91V @2, T = A; and
(iii) Fr—1 I = A, 91V @2, @1, 2. By (i), (ii) and Lemma 27 (9), F¢_1 ¢1,¢1,I = A and
Ft-1 @2, 92,I = A. By induction hypothesis, =1 ¢;,I' = Aand F¢_1 ¢2,I = A. By
(V=), Fr @1V @2, T = A. By (iii) and Lemma 27 (10), Fr_1 ' = A, 1, @2, 91, ¢2. By
induction hypothesis, Fy_1 T = A, @1, ¢2. By (=V), T = A, 91 V ¢2.

(4) ¢ = ~1p. The proof proceeds by subinduction on c(yy). We suppose = —x.
Then, F¢_1 ~—x, T = A,~x and -1 ~x,I' = A,~—x. By Lemma 27 (3) and (4),
Feo1 T = A, ~x, ~xand F¢_1 ~x, ~x,I = A. By induction hypothesis, 1 I' = A, ~x
and k1 ~x, I = A. By (~—=) and (=~7), Fy ~x, T = Aand - T = A, ~—x.
We suppose i = ¢; A po. Then (i) Fr_q ~p1, ~(P1 A¢2), T = A; (i) Fro1 ~pa, ~(P1 A
Yp),T = A; and (iii) 1 T = A, ~(P1 A ¢), ~P1, ~¢p. By (i), (ii) and Lemma 27 (3)
and (4), Fr_1 ~1,~y1,T = Aand k1 ~yo, ~Pp, I = A. By induction hypothesis,
|—k,1 szl,F = A and |—k,1 Nlpz,r = A. By (NA:>), '_k N(lpl VAN 1p2),F = A. By (111) and
Lemma 27 (8), Fr_1 I' = A, ~1p1, ~Pp, ~1, ~¢o. By induction hypothesis, Fr_ 1 ' =
A, ~1py, ~1y. By (=~A), F T = A, ~(¢1 A ). Case i = 1 V ¢ is shown similarly. We
suppose i = ~x. Then, -1 x,~~x,I = Aand _1 I' = A, ~~x, x. By Lemma 27 (13)
and (14), Fr_1 x, x,T = Aand 4_1 I’ = A, x, x. By induction hypothesis, -1 x,I = A
andk; 1 I = A, x. By (v~=)and (=~~), b ~~x, T = Aand T = A, ~~x. O

Lemma 29. The following hold in GB:

(1) ifFT=A, L, thentT = A,%.
(2) ifF ~L,T = A thent %,T = A.

Proof. For (1), we assume -, I' = A, L. We prove - I' = A, by induction on k > 0.
Case k = 0 is trivial. Weletk > 0 and I = A, L be derived by rule (R). We obtain
F T = A, X by induction hypothesis and rule (R). For example, we let (R) be (~—=>) with
premise Fy_1 I" = A, L, ~¢ and conclusion by ~—¢, T’ = A, L. By induction hypothesis,
Fr1 I" = A%, ~¢. By (~—=),F ~=¢,I" = A,Z. Other cases are shown similarly. We
note that the proof of (2) is similar. [
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Theorem 12. The following rule (Cut) is admissible in GB:

I'=Aa oaX=0
ILYX= A0

(Cut)

Proof. We assume -, I' = A,x and -, a, X = ©. We prove - I, = A, ® by induction
on the cut height m + n and subinduction on ¢(«).

We assume m = 0 or n = 0. We suppose m = 0. Then, I' = A, « is an initial sequent.
IfI' = Ais an initial sequent, so is the conclusion of (Cut). We suppose a € I'. Then, we
obtain - I', X = A, © from the right premiss of (Cut) by (Wk=-). We suppose « = ~_L. By
the right premiss of (Cut) and Lemma 29 (2), we obtain - I', X = A, ©®. We suppose n = 0.
Then, a, > = O is an initial sequent. If > = © is an initial sequent, so is the conclusion of
(Cut). If « € O, then we obtain - I', 2 = A, © from the left premiss of (Cut) by (=Wk). We
suppose « = _L. By the left premiss of (Cut) and Lemma 29 (1), we obtain - I, X = A, ©.

We assume m > 0 and nn > 0. We let the left and right premisses of (Cut) be obtained
by rules (R;) and (R;), respectively. We have the following cases:

1. aisnot principal in (R1). We apply (Cut) to the premiss(es) of (R;) and -, ¢, X = O,
and then apply (R;). For example, we let (R;) be (~A=>) and the derivation ends with

N¢,f’ = A Nlp,F’ = A
~(eNAY), T = A

(~h=)

By induction hypothesis, we have the following derivation:

~p, T = A a,X=0 ~p, T = A e a,X=0
~p I =A© ~p, T, = A0
N(QD/\I,D),F’,Z#A,@

(Cut) (Cut)

(~n=)

Other cases are shown similarly.
2.« is principal only in (Ry). We apply (Cut) to I, I' = A, a and the premis(es) of
(Rz), and then apply (Ry). For example, we let (Ry) be (~A=-) and the derivation
ends with
~p,0,Y =0 ~paY =0
~(pANYP),a,X = O

(~A=)
By induction hypothesis, we have the following derivation:

Ir=Aa ~¢u0Y=0 (Cut) Ir=Aa ~paY =0
u
~¢,T,% = A,® ~y,T,5 = A©
N(q)A¢),F,Z’:>A,®

(Cut)
(~oh=)

Other cases are shown similarly.
3. wis principal in both (R;) and (R;). The proof proceeds by induction on c(«). We
have the following cases:

(a) & = a1 A ap and the derivations end with

F'=Aa1 T=A0a
I'= A0 Nap

0(1,0(2,21>®
ap Aapy, X = 0

=) (A=)

By induction hypothesis, we have the following derivation:

I'= A,(X] ocl,ocz,Z =0

I'=Aa Déz,F,Z:>A,®
I, = AA©

Y= AA0 (((;S)r)

IYX=A0

(Cut)
(Cut)
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(b)

(©

(d)

(e)

(f)

® = a1 V &y and the derivations end with

I = A,ﬁ(l,ﬂéz
I'=A,a1Vay

0, =0 a,X=0
a1 Vay,X=0

(=V)

(V=)

By induction hypothesis, we have the following derivation:

I'= A a0 «,2=0 (Cut)
Y= A0,
I2,Y2=A0,0
2= A0,0
'Y= A0

ny,2 =0

(=Ctr)
(Ctr=)

(Cut)

« = —f and the derivations end with

BT = A 1=0,p
— (= —_— (=
1":>A,—|ﬁ( ) ﬂ,B,Z:>®( )
By induction hypothesis, we have the following derivation:

=0, BI=A
= A0

(Cut)

x = ~=f and the derivations end with

~B,T = A =0~
=8~ """ “prse")
By induction hypothesis, we have the following derivation:

2=0,~ ~BTI=A
2= A0

(Cut)

a = ~(a1 A ap) and the derivations end with

I'= A, ~aq,~ap
I'= A,N(Dél A 0(2)

~Kp, L = O ~u,X=0
N(D(l /\D(z),z =0

(=~N)

(~A=)

By induction hypothesis, we have the following derivation:

I'= A, ~aq,~np ~ap, 2= 0O
I > = A,@,NUCZ
IY,Y2=A0,0
IX=A0,0
2= A0

€ L r=e

(=Ctr)
(Ctr=)

(Cut)

a = ~(a1 V ap) and the derivations end with

F=A~a; T = A~
I'= A, ~(aVag)

~Kp, 0,2 = O

(=~V) ~(pVap), =0

(~V=)

By induction hypothesis, we have the following derivation:

I'= A~ ~aq,~0, 2 = 0
I'= A, ~ap Nle,r,Z=>A,®
ITY=AAMO
rs=anro CW
rroAo (Cor=)

(Cut)

(Cut)
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(g) &= ~~pand the derivations end with

I'=AB
I'= A~~~

BxX=0

G~ ZhEse

()

By induction hypothesis, we have the following derivation:

=08 BI=A
Y= A0

(Cut)

This completes the proof. [

For every finite multiset I' = ¢1,..., ¢, welet ~I' = ~¢1,..., ~@,. Then, we have
the following result on the admissibility of the contraposition rule.

Lemma 30. The following rule of contraposition is admissible in GB:

I'=A

A oT (CPs)

Proof. We assume - I' = A. We prove - ~A = ~I by induction on k > 0. We assume
k =0.IfT = Ais an instance of (Id;), then ~A = ~T is an instance of (Id;). We suppose
[ = ~p,I"and A = A, ~p. Clearly, - p,~A" = ~I",p. By (~~=) and (=~~), we
obtain b ~~p,~A" = ~I’,~~p. If L €T, then ~A = ~T is an instance of (~_L). We
suppose ~L € A. Then, ~~_1 € ~A. By (1) and (~~=>), we obtain - ~A = ~T. Now,
we assume k > 0 and I' = A is derived by rule (R).

1. (R)is (m=-). We let the premise and conclusion of (R) be 1 I" = A, ¢ and
Fx =9, I’ = A, respectively. By induction hypothesis, - ~¢, ~A = ~T"'. By (=~—),
oA = AT g,

2. (R)is (=~). We let the premiss and conclusion of (R) be k1 ¢, = A’ and
Fr T = A’, ¢, respectively. By induction hypothesis, - ~A" = ~T, ~¢. By (~—=),
o, A = ~T.

3. (R)is (~—=). We let the premise and conclusion of (R) be by I" = A, ~¢ and
Fx ~—¢,T" = A, respectively. By induction hypothesis, - ~A, ~~¢ = ~I". Clearly,
F ¢ = ~~g. By (Cut), - ~A, ¢ = ~T'. By (=), F ~A = ~I’,=¢. By (=~~),
F A =~ o,

4. (R)is (=~~). We let the premise and conclusion of (R) be 1 ~¢,I = A’ and
Fr T = A', ~—¢, respectively. By induction hypothesis, - ~A" = ~T, ~~¢. Clearly,
F ~~p = ¢. By (Cut), F ~A" = ~T,¢. By (-=), F =¢,~A" = ~I. By (~~=),
F o, ~A = ~T.

5. (R)is (A=). We let the premise and conclusion of (R) be Fr_1 ¢, 9, I” = A and
Fr @ A, T” = A, respectively. By induction hypothesis, - ~A = ~I", ~¢, ~. By
(=~A), weobtain b ~A = ~T/, ~(p A ).

6. (R)is (=A). We let the premises of (R) bety 1 T = A, pand by 1 I = A, ¢, and
the conclusion of (R) be k¢ I' = A’, ¢ A ¢. By induction hypothesis, - ~¢, ~A" = ~T
and F ~y, ~A" = ~T. By (~A=), F ~ (@ A ), ~A = ~T.

7. (R)is (~A=-). We let the premises of (R) be by_1 ~¢,I" = Aand 1 ~¢, " =
A, and the conclusion of (R) be k¢ ~(¢ A ), I’ = A, respectively. By induction
hypothesis, - ~A = ~I'/,~~¢ and b ~A = ~I’/,~~y. By - ~~¢ = ¢ and
F ~~¢ = ¢ and (Cut), - ~A = ~I’,p and F ~A = ~I’,¢. By (=A), F ~A =
~T, 9 Ap. By (=), B ~A = ~T o (p A ).

8.  (R)is (=~A). We let the premise and conclusion of (R) be -y_; T = A/, ~¢, ~i and
Fr T = A, ~(¢ A ), respectively. By induction hypothesis, - ~~¢, ~~1, ~A’ =
~T. ByF ¢ = ~~¢and - ¢y = ~~1 and (Cut), - ¢, ¢, ~A" = ~I. By (A=),
FoAyp,~A = ~T.By (~~=), b ~~(p AP), ~A = ~T.
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9. (R)is (V=). We let the premises of (R) be y_1 ¢,I" = Aand F;_ ¥, I" = A, and
the conclusion of (R) be k¢ ¢ Vi, I" = A, respectively. By induction hypothesis,
F oA = ~ T ~gand F ~A = ~T7, ~p. By (S~0V), b ~A = ~ T, ~(o V).

10. (R)is (=V). We let the premises and conclusion of (R) be ;1 T = A/, ¢, and
Fxr T = A, ¢V ¢. By induction hypothesis, - ~¢, ~p, ~A" = ~TI. By (~V=),
F~(oVy),~A = ~T.

11. (R) is (~V=>). We let the premise and conclusion of (R) be by 1 ~¢,~, " =
A and F ~(¢ V), I” = A, respectively. By induction hypothesis, - ~A =
~T oo, ~p. By o~ = g and B ~~p = ¢ and (Cut), F ~A = ~T7, ¢, 9. By
(=V), weobtain - ~A = ~I",¢ V . By (=~~), we obtain - ~A = ~I", ~~ (@ V
v).

12. (R)is (=~V). We let the premises of (R) bety_ 1 T = A',~pand by ;T = A, ~yp,
and the conclusion of (R) be Fy T = A/,~(¢ V ¢). By induction hypothesis, -
~g,~A = ~Tand b ~~p,~A = ~T. By ¢ = ~~¢gand + ¢ = ~~1 and
(Cut), F ¢,~A" = ~Tand F ¢,~A" = ~I. By (V=),F ¢V y,~A = ~T. By
(~vv=), B ~e(o V), ~A = ~T.

13.  (R) is (~~=-). We let the premise and conclusion of (R) be by 1 ¢,I" = A and
by ~~@,I" = A, respectively. By induction hypothesis, - ~A = ~I",~¢. By
(=~m), B A = ~T, g,

14. (R)is (=~n~). We let the premise and conclusion of (R) be b1 I = A/, ¢ and
Fr T = A/, ~~g, respectively. By induction hypothesis, - ~¢,~A" = ~T. By
(~v=), b oo, ~A = AT

This completes the proof. [

A DM frame § = (W, <, g) is called a DB frame if w1 = {w} for every w € W. Sequent
I' = Aisvalid in a DB frame § (notation: § =T = A) if § = AT — V A. Here, AT is the
conjunction of formulas in I', and V/ A is the disjunction of formulas in A. In particular, we
let A\ =T and \/ @ = L. We write Fr(B) =T = Aif § =T = A for all DB-frames §.

Lemma 31. GBF = ¢ — ¢ ifand only if GB - ¢ = 1.

Proof. We assume - = ¢ — 1. We have the following derivation:

Q=Y =9y
(V=)
- \/ - \/ - y
= VY VY= ¢¢(Cut) ¢ =@
= 79, ¢, 9=
=19

We assume - ¢ = . By (=), F = —¢,¢. By (=V),F=-¢Vy. O

(—=)
(Cut)

Lemma 32. Ift-5 ¢, then GB - = ¢.

Proof. We assume g ¢. We note that, if ¢ is an axiom of B, then GB - = ¢. For example,
we have the following derivation of the sequent = ~ (¢ A x) = ~9 V ~x:
~WPAX) =~ X

~A=)

(=)
= A~ rr )
= (AR~ oy

(=V)

= 2~ (PAX)V (~PpV~))

We suppose ¢ is obtained from ¢ — ¢ and ¥ by (MP). By induction hypothesis, we
have GB - = 1 — ¢ and GB - = ¢. By Lemma 31, GB - ¢ = ¢. By (Cut), GB - = ¢.
We suppose ¢ = ~1p — ~y is obtained from x — ¥ by (CP). By induction hypothesis,
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GBF = x — ¢. By Lemma 31, GB - x = ¢. By (CPs), GB = ~¢ = ~x. By Lemma 31,
GBF = ~¢ — ~x. It follows that GB - = ¢. O

Lemma33. GBFT = Aifandonlyif GB+ = AT — VA,
Theorem 13. For every sequent I = A, GB +T = Aifand only if Fr(B) =T = A.

Proof. We assume GB - I' = A. We prove Fr(B) =T = A by induction on k > 0. Case
k = 0 is trivial. All rules in GB preserve validity in Fr(B). We note that, by Corollary 5,
Fr(B) = ~—¢ > =~¢, and so the rules (~—=>) and (=~~) preserve validity in Fr(B). We
assume Fr(B) =T = A. Then, Fr(B) = AT — \/ A. By the Kripke completeness of B, we
have g AT — VA. By Lemma 32, GBF = AT — \VA. By Lemma 33, GB+T = A. O

Finally, we return to sequent calculus GB. It is a structural rule-free and cut-free
system for DH-logic B. We let s be sequent I' = A. The weight of s is defined as the sum
wt(s) = Y.{c(¢) : ¢ € TUA}. Clearly, in each logical rule in GB, the weight of each premise
is strictly less than that of the conclusion. The proof search space of a given sequent in GB
must be finite. This means that GB is terminating. It yields a proof search procedure and
thus the decidability of derivability in GB.

Fact 3. The derivability of a sequent in GB is decidable.

7. Concluding Remarks

De Morgan Heyting logics as combinations of intuitionistic and De Morgan logics
are developed in this paper. We show some properties of variety DH. DM frames are
introduced and dualities between DM frames and DH-algebras are developed. The Kripke
completeness, finite approximability and the conservativity in lattice Ext(J) are investigated.
A cut-free terminating Gentzen sequent calculus is given for the logic of De Morgan Boolean
algebras. A glimpse on these results offers hints at some interesting problems for further
study.

e First, the finite approximability and finite model property under the Kripke semantics
should be analyzed deeply. It is still unknown whether DH-logic C = J® —p — ~p
is finite approximable or not. Moreover, the finite approximability in lattice Ext(J)
needs further explanation. For example, it is not known whether all extensions of the
Godelian DH-logic J & (p — q) V (g — p) are finitely approximable or not.

¢ Second, the modal companions of DH-logics have not yet been studied. The intuition-
istic part of J should have, e.g., the standard modal logic 54 as its counterpart (cf.,
e.g., [22]), and the De Morgan negation should be translated into a (negative) modal
logic. Thus, the basic modal companion of DH-logics should be the product of S4 and
a modal logic which represents the De Morgan part.

e Third, if we enrich the cut-free Gentzen sequent calculus for classical propositional
logic with rules corresponding to axiom —p <+ ~p, we obtain a cut-free and terminat-
ing sequent calculus for DH-logic C = J® p V ~p. However, cut-free Gentzen sequent
calculi for J and other DH-logics are not known yet.

Furthermore, the properties like disjunction property, tabularity, pretabularity, inter-
polation in sublattices of Ext(J) are interesting problems.
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