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Abstract

It is shown that both classical and intuitionistic propositional logics of an associative
binary modality are undecidable. The proof is based on the deduction theorem for
these logics.
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1 Introduction

This paper deals with the classical and intuitionistic modal logics which are obtained

from the respective propositional logics by extending their language with the binary

modal connective e and adding the following axiom schemes and rules of inference.
The K-like axioms (left and right):

KL)ve@Ddx)DWegpDdyeyx) (KrR)(@Dx)ey D(peyDxey)

The associativity axioms:
(AL) (e x)ey Dpe(xey) (AR)pe(xey)D(pex)ey

The necessitation rules of inference (left and right):

1" As usual, e binds more closely than the propositional connectives, but negation. We also omit the paren-
theses, when no ambiguity arises.
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Y (NEcp) 2
Y peox

(NECL)

These classical and intuitionistic logics will be denoted by CL*® and IL*®, respec-
tively. The former is tightly related to relation algebras, cf. [5-7], [3, Section 5.3],
and [1, Section 5.2]. Namely, it is the logical counterpart of the fragment of a rela-
tional algebra consisting of a Boolean algebra augmented with a binary associative
operator that is distributive under ordinary Boolean addition. In particular, the logical
counterpart of that binary operator is the De Morgan dual of e defined in Sect. 4.1,
and, naturally, the logical counterparts of the Bolean operators are the corresponding
propositional connectives.

We assume that both CL® and IL® contain falsity | and abbreviate =L by T.
In what follows, L® may be any of CL® or IL® and the classical and intuitionistic
propositional logics will be denoted by CL and IL, respectively.

It is known from [10, 11] that CL® is undecidable. Namely, it is shown in [10,
11] that the equational theory of the Lindenbaum-—Tarski algebra LTA¢ype of CL® is
undecidable, which is equivalent to undecidability of CL® itself. The proof in [10,
11] consists of first, restating the problem in an algebraic setting and then, translating
the word problem of semigroups (that is undecidable) to equations in LTA¢ye, in a
validity preserving way, see [11, Section 2] for details.

Such a detour obscures a logical nature of the problem: semigroups come from
concatenation and the translation of the word problem of semigroups to equations
in LTA¢y - is, actually, the deduction theorem that (equivalently) converts the conse-
quence relation to implication.

In our undecidability proof we reduce the undecidability of L® to the undecidability
of the reachability problem for semi-Thue systems (i.e., string rewriting). This is done
in two stages. In the first stage, we translate the reachability in semi-Thue systems to the
consequence relation between implications of a suitable logic of concatenation (i.e., a
logic of the free semigroup generated by the letters of the underlying alphabet) and, in
the second stage, we translate the consequence relation in the logic of concatenation to
the consequence relation in the logics of the binary connective. Then, the undecidability
of the latter consequence relation gives rise to the undecidability of provability in these
logics by encoding the unary modal operator [J with an S4-type deduction theorem
into these logics.

Actually, our approach is “logically dual” to that in [10, 11], see Sect. 5, and, in
particular, undecidability of the equational theory of LTA¢y e established in [10, 11]
follows from undecidability of CL®. In addition to its transparency, an advantage of
our proof is that it uniformly applies to both classical and intuitionistic logics, whereas
the proofs in [10, 11] are for CL® only. Also, the deduction theorem, that converts
assumption to implications’ premises and is our main technical tool, seems to be of
interest in its own right.

This paper is organized as follows. In the next section we prove the deduction
theorem for L®. In Sect. 3 we define semi-Thue systems and a logic of concatenation
and prove their equivalence. Then, in Sect. 4, we embed the logic of concatenation
into L°®, thus, proving its undecidability. We conclude the paper with a comparison of
our approach to that in [11]. Finally, in the appendix, we show that the Lindenbaum-—
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Tarski algebra of the logic of of concatenation defined in Sect. 3.2 is the free semigroup
generated by the set of all propositional variables.

2 Deduction theorem for L*®

The deduction theorem for L® (Theorem 1 below) employs the following notation.
For a formula ¢, we denote the formula

oALleprpel Alepel? (1)

by U, cf. the “algebraically” dual unary term c(x) in [10, 11]. In fact, Lemma 3
shows that (1) behaves like [lg of modal logic S4.

Theorem 1 (Deduction theorem for L®) Let ©, ¢, and x be a set of formulas and two
formulas, respectively. Then ©, ¢ Fpe x if and only if ® Fpe Op D y.

For the proof of Theorem 1 we need the following properties of L°®.
First, like in modal logic K, one can prove implications (2)—(5) below, see [4,
Exercise 1-1(c), p. 21], say.

pe(X ANY)D(pex Apeiy) (2)

(pox ANpey) Dope(x ANY) 3)

XAY)epD(xepAYeg) “4)
and

(xepAYep)D(XAY)ep (5)

We shall also use the well-known derivable rules given by the following proposition.

Proposition 2 Rules of monotonicity (6)—(9) are derivable in L®:

_vox ©)

YvepDyey
_$ox )

ey D xey

(p/ D X/ (p// D X//
(p/ ° g0// D X/ ° X// (8)

and
® DX

9

VepewDdDYexew

2 Since e is associative, we may omit the parentheses.
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Proof The derivation of (6) is

l.o Dy assumption

2.y e (¢ D x) follows from 1 by (NECL)

3.9 (@D x)D(Yeg Dy ey)axiom (Kp)

4 e DYey follows from 2 and 3 by modus ponens

The derivation of (7) is symmetric to that of (6).
The derivation of (8) is

l.¢' Dy assumption

2.¢" > x” assumption

3.9 09" D x' e ¢” follows from 1 by (7)

4. x' o ¢" D x' o x” follows from 2 by (6)

5.9 e¢” D x’ e x” already derivable from 3 and 4 inIL
Finally, the derivation of (9) is

.o Dy assumption

2. epDYey follows from 1 by (6)

3. epew DY e xewfollows from 2 by (7)

Finally, we shall need the following properties of [1.

Lemma 3 For all formulas ¢ and ¥,

() FreUp D xepandtpe Up D e x;
(i) Fre U@ D x) D (Ue D Ux);
(iii) Fgze Op D @;
@(iv) ke Op D O0¢, and
(v) ¢ Fpe Ue.

Remark 4 Ttems (ii)—(v) of the lemma are an axiomatization of modal logic S4.

Proof of Lemma 3 (i) The proof of -z« Clp D x e ¢ is presented below and the proof
of e Up D ¢ e x is symmetric.
I.L Dy axiom
2.9 e L D ¢ ey follows from 1 by (6)
3.0¢ D ¢ e L already derivable inI Lby the definition of g
4.0p D g ey already derivable from 3 and 2 inIL
(ii)) We have

@ (@D x)D(@>Dx)

(b) Le(¢pDx)D(LepD Ley);

© (@pD>x)eLD(pel D xel); and

d Le(pDx)elD(Lepel D leyel);

where (a) is already derivable in IL, (b) and (c) are axioms (Kp ) and (Kgr),
respectively (with ¢ being L), and (d) follows from (c) by (6) and (Kr.). Obvi-
ously, (ii) is already derivable in I L from (a)—(d).

(iii) This is immediate, by the definition of L.

@iv) It follows from the definition and (2)—(5) that (g is IL-equivalent to the
conjunction of
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D e,

(2) Leg,

(3) po L,

4) Legpel,

5) Leleg,

6) pe Lo,

(7) Lelegpe L,
B) Lepe lel,and
O Lelepelel.

We shall denote the conjunct in item (i) by ¢;, i = 1, ..., 9. It suffices to show
that

Fre Uo D g; (10)
i=1,...,9.

The first four conjuncts are also conjuncts of g, implying (10) fori = 1, 2, 3, 4.
Fori = 5, from the axiom L D L e L, by (7), we obtain

lepD(Lel)eyp
implying, by associativity of e,
lepDleleg
Since L e ¢ is a conjunct of U, (10) follows.
The case of i = 6 is symmetric.
Fori = 7, from the axiom L D L e L, by (7), we obtain
le(pel)D(Lel)e(pel)

implying, by associativity of e,

lepel Dlelepel
Since L e ¢ @ L is a conjunct of O, (10) follows.
The case of i = 8 is symmetric.
Finally, for i = 9, from the axiom L D L e L, by (6), we obtain

(Lelep)el D(Lelep)e(lel)
implying, by associativity of e,
lelepel Dlelepelel

This, together with (10) for i = 7 implies (10) fori = 9.
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(v) It suffices to show that each conjunct of Uy is derivable from ¢. Trivially, ¢ is
derivable from itself and L e ¢ and ¢ e L are derivable from ¢ by (NECy) and
(NECR), respectively. Finally, 1 e ¢ o L is derivable from ¢ e L by (NECL).

O

By Remark 4, [J behaves like the ordinary S4 modality and, indeed, the proof of
Theorem 1 is very similar to the proof of the deduction theorem for S4 in [16].

Proof of Theorem 1 The “if” part of the theorem follows from Lemma 3(v) by modus
ponens.

The proof of the “only if” part is by induction on the length of the derivation of x
from ©, ¢.

For the basis, x is an axiom, or belongs to ®, or is ¢ itself. In the two former cases,
Og D x is already derivable from y in IL and the latter case is Lemma 3(iii).

For the induction step, x is obtained from previously derived formulas by one of the
rules of inference—modus ponens, necessitation (NECp ), or necessitation (NECR).

Assume that x is obtained by modus ponens from ¢ and ¢ D x:

Y ¥ DX
X

By the induction hypothesis, ® e g D ¢ and © Fpe O D (¥ D x) from which
® ke Op D x is already derivable in IL, see, e.g., [13, pp. 28—29].3
Assume that x is obtained by (NECL) from x':

/

X
X// ° X/

That is, x is of the form x” e x’. By the induction hypothesis, ® -y Og D x’ from
which we proceed as follows.

1.0¢ D ¥’ induction hypothesis

2.00¢ D x)) follows from 1 by Lemma 3 (v)

3.0¢ D x) D (Ode D Ox’) Lemma 3 (ii)

4. 00¢ D Oy’ follows from 2 and 3 by modus ponens

5. ¢ D O0g Lemma 3 (iv)

6. Op D Oy’ is already derivable from 5 and 4 inIL

7. Dx’Dx oX Lemma 3 (i)

8. Oy D x" ey is already derivable from 6 and 7 in/ L

The case of (NECR) is symmetric to that of (NECL). O

A routine inspection of the proof of Theorem 1 shows that it holds for any extension
of L*® with new connectives and axioms (but not rules of inference).

3 The proof in [13] does not involve —.

@ Springer



On undecidability of the propositional...

3 Semi-Thue systems and a logic of concatenation

This section contains the definitions of semi-Thue systems and logic of concatenation
LC and the proof of their equivalence. Namely, semi-Thue systems are defined in
Sect. 3.1, LC is defined in Sect. 3.2, and the equivalence proof is presented in Sect. 3.3.

3.1 Semi-Thue systems

As we have already mentioned in the introduction, undecidability of L*® is reduced to
undecidability of the reachability problem in semi-Thue systems. This section contains
the relevant definitions.

In what follows, ¥ is a finite alphabet not containing — and, as usual, ¥* and =t
denote the sets of all words and of all nonempty words over X, respectively.

Definition 5 A semi-Thue system (over X) is a pair T = (X, P), where P is a finite
set of productions, which are expressions of the form u — v, where u, v € X*.

A semi-Thue system (X, P) is a Thue system, if for each production u — v € P,
the production v — u is also in P.

A semi-Thue system T = (X, P) is positive if for all u — v € P, both u and v
are nonempty.

A semi-Thue system 7 induces the following binary relation =7 on X*: w =7 z,
if for some 4 — v € P and some w’, w” € ¥*, w = w'uw” and 7z = wvw”.

Wewrite w’ =7 w”,n =0, 1, .. ,if there is the sequence of words wo, wi, ..., wy,
such that wy = w’, w, = w”, and w; =7 w;j11,i =0, 1,...,n— 1. Such a sequence
is called a derivation of w” from w’.

Also, we write w’ =7 w”, if forsomen =0, 1,...,w" =% w” A

Definition 6 The reachability problem for semi-Thue systems is whether for a semi-
Thue system 7 = (X, P) and w, z € £*, w =7 z?

Theorem 7 [15] The reachability problem for semi-Thue systems over alphabets with
more than one letter is undecidable.’

3.2 Logic of concatenation LC

In this section we define the logic of concatenation LC and, in Sect. 3.3, we show
that this logic is “equivalent” to positive semi-Thue systems. This equivalence will be
used in Sect. 4 for the proof of undecidability of L®.

LC has a countably infinite set Vary ¢ of propositional variables and a single binary
connective - to extend Varg, ¢ to the set Fmp ¢ of formulas of LC. An LC-sequent is
an expression ¢ — x, where ¢ and y are LC-formulas.

The axioms of LC are sequents of the form

=@ (11)

4 Thatis, :>*]2 is the reflexive transitive closure of = 7.

5 The semi-Thue system in [15] is positive.
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(- x)- ¥ =@ -(x-¥) (12)
and

- X-Y)—>(@-x)- V¥ (13)
and the rules of inference are

=Y Y- x
®— X

(14)

and

g0/ N X/ (p// N X//

Y oy (15)
Q=X X

Indeed, as we shall see in the next section, LC can be thought of as a logic of
concatenation of non-empty words over Vargc.

Equivalently, LC can be thought of as a logic of the free semigroup generated by
Vary,c. Namely, the Lindenbaum-Tarski algebra LTA ¢ of LC is isomorphic to that
semigroup, see the appendix.

Propositions 8 and 9 below will be used in Sect. 4 for embedding LC into CL*®.

Proposition 8 All propositional variables occurring in an LC-derivation of ¢ — X
from a set of assumption ® either occur in both ¢ and x or they occur in sequents of

0.

Proof The proof is by induction on the derivation length of ¢ — x from ©.

The basis, i.e., the case of an L C-axiom or an assumption from ® is trivial.

For the induction step, if the derivation ends in an application of (14), then, by the
induction hypothesis, all propositional variables in the derivation of the left premise
are common to ¢ and ¥ or belong to ®, likewise all propositional variables in the
derivation of the right premise are common to ¥ and x or belong to ®.

Suppose a propositional variable in the derivation of ¢ — x from ® does not belong
to @. If it occurs in the derivation of the left premise, by the induction hypothesis, it
is common to ¢ and 1. As it occurs in i, by the induction hypothesis, it occurs in the
derivation of the right premise as well, and, again, by the induction hypothesis, this
propositional variable is common to ¥ and x. Hence, it is common to ¢ and x.

Similarly, if the propositional variable occurs in the derivation of the right premise,
it is, by the induction hypothesis, common to ¥ and x. As it occurs in ¥, it occurs in
the derivation of the left premise as well, and, again, by the induction hypothesis, this
propositional variable is common to ¢ and . Hence, it is common to ¢ and .

If the derivation ends in an application of (15), by the induction hypothesis, a
propositional variable in the derivation that does not belong to ® is common in ¢’ and
x', or common in ¢” and x”, hence, in any case, itis common in ¢’ - ¢” and x’ - x”. O

To state Proposition 9 we need the following notation.
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On undecidability of the propositional...

For a set of sequents ® we define the set of sequents ® < by
O  ={x > 9¢:9— x €06}

Proposition 9 Let ©® and ¢ — x be a set of sequents and a sequent respectively. Then
ObFrce — xifandonly if < Fre x — ¢.

Proof We prove the “only if” direction only. The proof of the “if” direction follows
from (©® <)< being ©.

The proof is by induction on the length of the derivation of ¢ — x from ©.

For the basis, ¢ — y is either an axiom or belongs to ®. If ¢ — x is axiom (11),
then x — ¢ is also axiom (11), if ¢ — x is axiom (12) then y — ¢ is axiom (13),
and, vice versa. If ¢ — x is an assumption from ©, then, by the definition of ® ",
X — ¢ is an assumption from © .

For the induction step, ¢ — x is obtained from previously derived sequents either
by rule (14) or by rule (15).

If the last rule in the derivation of ¢ — y is (14):

p—>v Yo
»— X

(14)

then, by the induction hypothesis, ® Frc ¥ — ¢ and ® Fpc x — ¥, from
which, by (14), we obtain x — ¢:

X—>v Yoo
X— ¢

(14)

If the last rule in the derivation of ¢ — y is (15):

"

o = x 9" = x
(p/,w//_) X/’X”

15)

i.e., ¢ and x are of the form ¢’ - ¢” and x’ - x” respectively, then, by the induction

hypothesis, © Frc x' — ¢’ and @ ke x” — ¢”, from which, by (15), we
obtain x' - x" — ¢’ - ¢”:

X—¢ xX'—9

X' - x" — ¢ ¢

15)

Next, we recall the relational semantics of LC.

An interpretation is atriple J = (W, R, V), where W is a non-empty set of (possi-
ble) worlds, R is a ternary (accessibility) relation on W, and V is a (valuation) function
from W into sets of propositional variables (propositional interpretations).

The satisfiability relation = between worlds in W and L C-formulas and sequents
is defined as follows.

Letu e W.
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— If ¢ is a propositional variable, then J, u = ¢, if ¢ € V(u);

— J,u = ¢-x,ifforsome v, w € W suchthat R(u, v, w),J,v EpandJ, w = x;
and

- JuEe— x,ifJ,u = ¢ implies J, u = x.

A sequent ¢ — x is satisfiable, if J,u = ¢ — x for some interpretation J =
(W, R, V) and some u € W. Also, we say that J satisfies a sequent ¢ — x, denoted
TJEe — x,if J,u =@ — x,forallu € W and we say that J satisfies a set of
sequents ©, denoted J = 0, if J = ¢ — x, forall ¢ — x € ©. Finally, a set of
sequents ® semantically entails a sequent ¢ — x, denoted ® = ¢ — , if for each
interpretation J, J = ® implies J = ¢ — .

Definition 10 Let © be a set of LC-sequents. The ®-canonical interpretation Jo =
(We, Re, Vi) is defined as follows.

- WeisFmpc;
- Ro={(p, x.¥) e W3 :OkFrco— x-y}and
- Volp) ={p eVarLc : © Frc ¢ — p}.

Example 11 For all formulas x, Jg, x = x. The proof is by a straightforward induc-
tion on the complexity of x. The basis (in which x is a propositional variable) is by
definition; and for the induction step assume that yx is of the form x’- x”. Then, by the
induction hypothesis, Jg, x' = x'andJe, x” &= x”,fromwhichJe, x"-x" E x'-x”
follows by the definition of = and the axiom x’ - x” — x’ - x”.

Proposition 12 Let ® be a set of LC-sequents. Then, for LC-formulas ¢ and Y,
Jo,¢ E x ifandonly if ® Frc ¢ — x.

Proof The proof of the “only if” direction of the proposition is by induction on the
complexity of x. The basis, i.e., the case in which x is a propositional variable,
immediately follows from the definition. The induction step is equally easy.

Let x be of the form x’ - x” and assume Jg, ¢ = x. That is, for some formulas
¢ and ¢” such that ® Fre ¢ — ¢ - ¢”, Jo,¢' = x' and Je, ¢” = x”. By the
induction hypothesis, ® Frc ¢’ — x’ and © Fpc ¢” — x”, implying

/ / 4 "
oo ‘”;(jf,, %‘;*XX (15)
(14)

/ "

=X X

For the proof of the “if”” direction of the proposition, assume © Frc ¢ — x' - x”.
Then, Ro(¢, x', x") and, by Example 11, Jo. ' = x" and Je. x” k= x”. Thus, by
the definition of |=, Je, ¢ = x' - x”. =

Definition 13 [2] A ternary relation R on a set W is associative, if for all u, v, w, x €
W the following holds.

— There exists y such that R(y, v, w) and R(u, y, x) if and only if there exists z such
that R(z, w, x) and R(u, v, z).

An interpretation J = (W, R, V) is associative, if R is associative.
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Proposition 14 Relation Rg is associative.

Proof Assume Rg (T, v, ¢) and Reg (X, T, ¥). We have to show that for some formula
w, Re(w, ¢, ) and Re(x, v, w).

By the definitions of Rg, ® Frc T — v-¢pand ® Frc x — 7 - ¥, implying
OFrc x = (V-¢)-¥. Thus, by (12) (and (14), of course), ® Frc x — v- (¢ - ¥).
That is, the formula w we are looking for is ¢ - 1.

The proof of the other direction of associativity is symmetric. O

Theorem 15 (Cf. [2, Proposition 1]) LC is strongly sound and complete with respect
to associative interpretations.®

Proof For the proof of soundness, assume that ® -7 c ¢ — x andletT = (W, R, V)
be an associative interpretation satisfying ®. We shall prove by induction on the length
of the derivation of ¢ — x from © that J satisfies ¢ — x as well.

For the basis, ¢ — x is either an assumption, i.e., belongs to ®, or is an axiom.

The case of an assumption follows from J = ©, and the case of axiom (11) follows
from the definition of |=.

For the case of axiom (12),letu € W and let J, u = (¢ - x) - V. That is, there are
worlds x and y such that R(u, y, x),J,y = ¢- x,and J, x = v; and there are worlds
v and w, such that R(y, v, w), J,v E= ¢, and J, w E .

Since R is associative, there is a world z such that R(z, w, x) and R(u, v, z). Then,
Joz k= x -y, implying J, u =@ - (x - ).

The case of axiom (13) is symmetric and is omitted.

For the induction step, the case of rule (14) immediately follows from the definition
of [=. The case of rule (15) is also straightforward:

Assume that the derivation ends in rule (15) and assume J, u = ¢’ - ¢”. That is,
there are worlds v and w such that R(«, v, w), J,v = ¢/, and J, w |= ¢”. Then, by
the definition of |= and the induction hypothesis, J, v = x" and J, w |= x”, implying
Joulx' - x”. Thatis,J,u =¢" -¢”" — x' - x”.

The proof of completeness is equally easy: if ® ¥rc ¢ — x, Then, by Proposi-
tion 12, Jg, ¢ [~ x.Since, by Example 11, Jg, ¢ = ¢, by the definition of satisfaction
of sequents, Jo, ¢ = ¢ — x. Thus, Jo & ¢ — x either. Note that, by Proposi-
tion 14, Jg is an associative interpretation. O

3.3 Embedding semi-Thue systems into LC

The proof of the undecidability theorem in Sect. 4 is based on embedding positive
semi-Thue systems into L® via their embedding into LC and embedding LC into
L*.7 In some sense, the translation theorems below (Theorems 16 and 17) and the
passage from the word problem for semigroups to the Lindenbaum-Tarski algebra
LTA[ ¢ in the algebraic original proof in [11] are related. Namely, the word problem
of semigroups is an equation in LTA ¢ with suitable assumptions. We do not rely on
this fact in our proof, but, for sake of completeness, present it in the appendix.

6 Actually, we need completeness only.

7 In fact, the embedding of LC into L® is dual to the translation of the word problem of semigroups to
equations in LTAy e in [11]. The logical counterpart of the construction in [11] is presented in Sect. 5.
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Embedding positive semi-Thue systems into LC is based on the following trans-
lations of semi-Thue systems and LC to each other.

To translate LC to semi-Thue systems, with each formula ¢ of LC we associate
the word over Varp ¢, denoted g, that is defined by the following recursion.

— If ¢ is a propositional variable, then ¢ is ¢ itself; and
— @ - x is the word concatenation ¢ ¥ .

Then, the translation of a set of sequents ®, denoted by ©, is the set of productions
O={g—>%:¢—>xc06)

Theorem 16 If ® ¢ ¢ — x and © is finite, then ¢ =75 X, where T is the semi-
Thue system (X, ©) and X is the set of the LC propositional variables occurring in
OU{p > xhL

Proof The proof is by induction on the length of the LC-derivation of ¢ — x from
the set of assumptions ®.

For the basis, i.e., derivations of length one, either ¢ — x is an instance of one of
the axioms (11), (12), or (13), or is an assumption from ©.

If ¢ — x is an axiom, then ¢ :>(} X, because the case of axiom (11) is immediate
and the cases of axioms (12) and (13) follow from associativity of (word) concatena-
tion.

If ¢ — x is an an assumption from ©, then ¢ ﬁlT X by the definition of T'.

For the induction step, if the last rule in the derivation is (14):

p—=>v Yo
®— X

(14)

then, by Proposition 8, all propositional variables occurring in the “cut formula”
occur in ® U {¢ — x}. Thus, by the induction hypothesis, for some nonnegative

integers i and j, ¢ =>’T ¥ and =>]T X, implying
P=r V=T X

and, if the last rule in the derivation is (15):
(p/ — X/ (p/l — X//

0@ — x'x" (15)

ie., ¢ and x are of the form ¢" - ¢” and x" - x” respectively, then, by the induction
hypothesis, for some nonnegative integers i and j, ¢’ :>’T x'and @ :>]T x,implying

oo SO AKX
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For the converse translation, renaming the symbols in ¥, if necessary, we may
assume that ¥ is a finite set of propositional variables. Then, for each non-empty
word u € X* there is a X -formula u such that % is u. For example, u# can be defined,
recursively, as follows.

— Ifu € X, then u is u itself; and
—forueXtandp e X, upisu- p.

In fact, setting u to be any formula ¢ such that ¢ is u (or, equivalently, Fr.c u — ¢)
does not affect the proof of Theorem 17 below. This is because the free semigroup
generated by the propositional variables coincides with LTAzc, see the appendix.

Next, the LC-translation P of a set of productions P is defined by

P={i—7v:u—veP)

Then ? is P.

Theorem 17 For a positive semi-Thue system T = (X, P), w =7 z implies Pltrc
w— Z.

Proof The proof is by induction on the length n of the derivation of
W=wy)= W = = Wy =2
The basis, n = 0, is immediate, because the LC counterpart of
0
wo =7 Wo

is the corresponding instance of axiom (11).
For the induction step, assume

Wy =T " =T Wy =T Wyl

That is, w, is of the form w'uw”, w4 is of the form w'vw”, and u — v € P. By
the induction hypothesis, P +r¢c wo — w/uw”. Then,?

l.w - w axiom (11)

2.U—7 assumption from P

3w -u—>w v follows from 1 and 2 by (15)

4. w" — w” axiom (11)

5. (w' -w) - w’ — (w-v) - w” follows from 3 and 4 by (15)

6. wg — wuw” induction hypothesis

7. wuw” — wow” follows from 5 by (12), (13), and (14)
8. wg —> wvw” follows from 6 and 7 by (14)

O

8 In the derivation below, we assume that both w’ and w” are nonempty. In the emptiness case, we just
skip the corresponding derivation steps.
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The corollary below immediately follows from Theorems 7, 16, and 17.
Corollary 18 The consequence relation \=,¢ is undecidable.

Proof By Theorems 16 and 17, for a semi-Thue system (X, P) and words w and
zover X, w =% z.p) ¢ if and only if P Frc w — Z°; and, by Theorem 7, the
reachability problem for semi-Thue systems over alphabets with more than one letter
is undecidable. O

It follows from Theorem 15 and [2, Proposition 1] that the associative Lambek
calculus L is a (strong) conservative extension of LC. Since L is decidable (see [12,
Section 8]), sequent derivability in the “pure” LC, i.e., the L C-derivability from the
axioms only, is also decidable.

4 Embedding LC into L*® and its undecidability

The desired undecidability result is based on an embedding of (undecidable) LC into
L*. To embed LC into L®, we translate LC-sequents to L°®-formulas by replacing
- by e and — by D. Namely, an LC-formula ¢ is translated to the L®-formula ¢°,
recursively, as follows.

— If ¢ is a propositional variable, then ¢° is ¢; and
—(p-x)*is@® e x*.
Then a set ® of LC-sequents is translated to the set of L*®-formulas ®° defined by

={p*Dx*:¢— x €0}

Theorem 19 Let ® and ¢ — x be a set of LC-sequents and an LC-sequent, respec-
tively. Then ® Frc ¢ — x if and only if ®°® e ¢® D x°.

We postpone the proof of Theorem 19 to the end of this section, because the proof
involves the De Morgan dual connective of e and the relational semantics of CL®.
These are presented in Sects. 4.1 and 4.2, respectively.

Undecidability of L*® follows from undecidability of LC, its embedding into L®,
and the deduction theorem. We summarize these arguments in the proof of Theorem 20
below.

Theorem 20 Both CL® and IL® are undecidable.

Proof By Corollary 18, the consequence relation in LC is undecidable. This, in turn,
implies, by Theorem 19 that the consequence relations in L*® are undecidable. Namely,
for L*-formulas ¢1, ¢2, ..., ¢,, and ¢ (which are the e-translations of LC-sequents)
it is undecidable whether

O, 92, ..., 0p e @ (16)

9 Recall that ¥ is a set of propositional variables.
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By the deduction theorem (Theorem 1), (16) is equivalent to
n
Fe \Dgi D¢
i=1

Therefore, derivability in L® is undecidable either. O

4.1 The dual of @

We denote by o the De Morgan dual connective of e. That is, in CL®, ¢ o x is an
abbreviation for —(—¢ e —x), if e is the primary connective or, alternatively, ¢ e x is
an abbreviation for —(—¢ o —), if o is the primary connective. In addition of being
a technical tool in the proof of Theorem 19, the algebraic counterpart of o (that is
semigroup multiplication) plays the major role in the translation of the word problem
of semigroups to equations in LTA¢ze in [11], sketched in Sect. 5.

In the case of the primary connective o, CL® may be axiomatized by the following
axioms and rules of inference (which are in addition to CL).

Axioms:

(VL) Yo(pV ) DWopVioyx) (VR) (pV x)o¥ D(poyV xo)
(L) pol>L (lr) Logp D L
(A7) (pox)oyr Dpo(xo) (AR) po(x o) D(pox) oy

The o-monotonicity rule of inference:

g0/ ) X/ (p// D) X//

MON
( ) (p/o(p//DX/OX//

cf. (8).
Proposition 21 In CL°®, axioms (Kp), (Kr), (AL), (ArR) and rules (NECL) and
(NECR) are derivable from axioms (A7), (AR), (VL), (VRr), (LL), (Lr), and rule

(MON) and vice versa, axioms (VL), (VR), (LL), (Lr), (A7), (AR) and rule (MON)
are derivable from axioms (Kr), (Kr) (AL), (Ar) and rules (NECL) and (NECR).

Proof We start with the first part of the proposition.
Axiom (Kp ) equivalently translates to

~(=o—~(¢ D X)) D (=(=¥ 0o—g) D ~(= o))
that is CL equivalent to

“Yomx D (Yo Vyo—(p D))

and the latter can be derived as follows.
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1. = D=y tautology
2.=x D (= Vv —=(¢Dx)) derivable in CL
3.y o—-yx D

=Y o (—p V —=(p D X)) follows from 1 and 2 by (MON)
4.~y o(=pV—(pDx)>D
(= o=@V —=Yo—(p D x)) axiom (VL)
5. % o—-x D
(=Y o=@ V =y 0o =(¢p D x)) already derivable from 3 and 4 in CL
Axiom (Ar) equivalently translates to axiom (Ag)

—@po(mxo=Y) D (—go—x)o—y

Rule (NECL) equivalently translates to

%
—xo—¢ DL
that can be derived as follows.
l.o assumption
2.m¢p DL already derivable from 1 inCL
3.-x D —x tautology
4. =x o=@ D —x o L follows from 2 and 3 by (MON)
5.-xolD L axiom (L)
6. " xo—p DL already derivable from 4 and 5 inCL

The derivations of axioms (ARr), (Kr), and rule (NECR) are symmetric.
For the second part of the proposition, axiom (V1) translates to

—(=Y e =(pV x) D (=(=Y e =) V =(=V & =x))
that is equivalent to the instance
(~Ye—p A=Y e—yx) DY e(-pA—y))

of (3).
Axiom (L) translates to

—~(—pe—l)D L

that is equivalent to —¢ e T and the latter is derivable from T by (NECp).
Axiom (A7) equivalently translates to axiom (AR)

—pe(—xye—Y)D (—pe—y)e—y

The derivations of axioms (VRr), (Lr), and (Ag), are symmetric.
Finally, rule (MON) translates to

(p/ D) X/ (p// ) X//
~(=¢ e =¢") > (=1 e ~x")
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or, equivalently to

_'X/ ») _'(P/ _|X// 5 _w//
—x' @ —x"" D =g e

that is an instance of (8). O

4.2 The relational semantics of CL®

In this section we recall the (ternary) relational semantics of CL®.

For an interpretation J = (W, R, V), the satisfiability relation = between worlds
in W and CL°®-formulas is defined as follows.

Letu e W.

— If ¢ is a propositional variable, then J, u = ¢, if ¢ € V (u);

- J,u =L,

- JukEpAx,ifJuEgpandJ,u = x;

- JukEeVvyx,ifJuEgpord,ulkEyx;

- JouEeDx,ifJulEpord,ulE=y;

- Jul=—e,ifJ, u & ¢;

— J,u = g@oy,ifthere are v, w € W such that R(u, v, w),J, v EpandJ, w | x;
and

- J,ul=gpey,ifforall v, w € W such that R(u, v, w), J,v =@ orJ, w = x.

The definitions of satisfiability by an interpretation and of semantical entailment
are similar to the corresponding definitions in Sect. 3.2.

0

Theorem 22 Associative interpretations'® are strongly sound and complete for CL®.

Soundness can be proved by a straightforward induction on the length of the CL*®
derivation. In this paper, we do not use completeness and refer the reader to [8, Sec-
tion 4], say, for the proof.

4.3 Proof of Theorem 19

We shall use one more translation of LC-formulas to the CL® ones. This formula
translation is similar to the e-translation defined in the beginning of Sect. 4 and results
in replacing - with o. That is, the o-translation of an LC-formula ¢, denoted ¢°, is
defined, recursively, as follows.

— If ¢ is a propositional variable, then ¢° is ¢; and
— (- x)%is ¢°o x°.
Then, similarly to the case of the e-translation, for a set of LC-sequents ® we
define the set of CL®-formulas ®° by

O°={p°Dx°:9p— x €6}

10 See Definition 13.
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Remark 23 1t follows from the definition of the o-translation, by a straightforward

induction on the length of an LC-formula p; - pp - - - - - pe, where py, pa, ..., pg are
propositional variables, that (py - pa - -- - - pe)° is CL®-equivalent to —(—pj e —pr e
- e—pp).

Proposition24 Let ® and ¢ — x be a set of LC-sequents and an LC-sequent,
respectively. Then ®° Fcpe ¢° D x° implies ® Frc ¢ — x.

Proof Let ®° F¢re ¢° D x° and assume to the contrary that ® ¥pc ¢ — x. By
completeness of the relational semantics of LC, there is an an associative interpretation
J = (W, R, V) satisfying ® such that for some worldu € W, J,u [~ ¢ — x. Then
alsoJ = ©°,butJ, u = ¢° D x°, because the interpretations of - and o are the same.
This, however, contradicts soundness of the relational semantics of CL®. |

Now we are ready for the proof of Theorem 19.

Proof of Theorem 19 The “only if” direction is immediate, because the e-translation of
axiom (11) is L°®-derivable, the e-translations of axioms (12) and (13) are L°®-axioms,
rule (14) is L®-derivable, and the e-translation of rule (15) is rule (8).

For the proof of the “if”” direction, we first consider the case of CL®.

Let ®° Fc¢re ¢* D x° and assume to the contrary that ® ¥ c ¢ — x. Then,
by (the contraposition of) Proposition 9, ® ¥rc x — ¢ either, implying, by (the
contraposition of) Proposition 24, @ ° Fcre x° D ¢°.

Letpand y begq; g2+ -+ -qgpnandry -rp- --- -1y, respectively. Then, by
Remark 23,

—(—rie—rye --- @—ry) D —|(—1ql e—gre --- e —|qn)
is not CL°-derivable from

{—-(—.p/ll.—.pg. .—-pé///) D—-(—.pi.—.plz. .—.pé/):

Py Db e D= plpY Pl € ©)
or, equivalently,
—-ql.ﬁqz.....—-an—q'l.ﬁrz.....—-rm (17)
is not CL*-derivable from
{_|p/1.—|p/2. .—|pz/ D—.pi/.—.pg. .—upgﬁ; (18)
/ / / i 4 i
pl.p2.....pe/_)p1.p2.....peue®}

However, replacing all propositional variables with their negations in the CL°®-
derivation of ¢®* O x* from ©° we obtain a CL®-derivation of (17) from (18). That
is, we have arrived at a contradiction and the proof of the “if” direction is complete
for the case of CL®.

Finally, the “if”” direction of the case of IL*® follows from the case of CL®, because
O° Frpe ¢* D x® implies O° Fcepe ¢® D x°. O
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It follows from the proof of Theorem 19 and the completeness of the relational
semantics of CL® that the binary connective - of LC is self dual. That is, the interpre-
tation of - as

- J,ul=g¢-y,ifforall v, w € W such that R(u, v, w), J,v =EporJ, w [ x.
is also strongly sound and complete for LC, cf. [14].

5 Back to the algebraic approach of [11]

In contrast to Theorem 20, the intuitionistic logic of an associative binary modality
based on o and denoted by IL° is decidable, see [9, Proposition 64].11

As we have mentioned in the beginning of Sect. 2, the translation of the word
problem of semigroups to equations in LTA¢ye in [11] involves the unary term c(-)
that is the algebraic counterpart of the dual of [, denoted (as usual) by {. That is, ¢
is

oVTopVeoTVTopoT

cf. (1).

Then, for a semigroup generated by a set of propositional variables with presentation
{u; = vi}i=1,... m. the (direct) logical counterpart of the “algebraic” translation of the
word problem ug = vg in [11] is

m
i ®v OO\ W v (19)
i=1

where @ is symmetric difference. Since (19) is an IL°-formula, the approach in [11]
does not apply in the intuitionistic case.
Note that (19) is the (classical) contraposition of the translation

m
DA =7 > @ =)

i=1
in Sect. 4.
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Appendix: The Lindenbaum-Tarski algebra of LC

The Lindenbaum-Tarski algebra LTAy ¢ of LC is a free semigroup that is tightly
related to the embedding semi-Thue systems into LC in Sect. 3.3 and to the unde-
cidability proof in [11]. We precede its description with the following definition and
proposition.

Definition 25 (Cf. Definition 5). A set ® of LC-sequents is called a Thue set if for
each sequent ¢ — x € O, the sequent y — ¢ is also in ©.

Proposition 26 Let ® and ¢ — y be a Thue set of LC-sequents and an LC-sequent,
respectively. Then ® -rc ¢ — x ifand only if ® Fre x — o.

Proof By the definition of the Thue set, ® ~ = ©. Thus, the proposition follows from
Proposition 9. O

Next, for a Thue set of LC-sequents ®, we define a binary relation ~g on Fmpg¢
by

¢ ~o xifandonlyif ® Frc ¢ — x.

It follows from axiom (11), Proposition 26, and rule (14) that ~¢ is an equivalence
relation. Moreover, by rule (15), ~g is a congruence and we define multiplication on
Fmpc/~e, also denoted by -, by

[(ﬂ]~(.) : [X]N@ = [(P . X]’\’@

where, as usual, [¢]~, is the ~g-congruence class of an L C-formula ¢.

By axioms (12) and (13), LTArc = (Fmpc/~e, -) is a semigroup. It can be readily
seen that this semigroup is generated by {[p]~,, : p € Varpc} with the presentation
{[pl~g = [x]~e : @ = x € O}, whereas the latter semigroup is isomorphic to the
semigroup generated by Vary ¢ with the presentation {¢p = x : ¢ — x € ©O}.
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