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Introduction

In our paper we continue the research of V. V. Rybakov devoted to properties of multi-valueted
logics ( [17-20]). We consider a temporal multi-valueted logic £ (Myz) and prove that the satis-
fiability problem in this logic is decidable.

Multi-valuation is a new approach developed by V. V. Rybakov for modelling and interpreting
knowledge and reasoning of agents in a multi-agent system.

Multi-agent systems are one of the demanded directions in data science and artificial intel-
ligence. They are used in online commerce, computer games, mobile and network technologies,
geographic information systems, decision-making systems for emergency response, in medicine
and the defense industry. Multi-agent systems have a complex architecture; a variety of soft-
ware and mathematical tools are used in their design, including methods of mathematical logic.
For example, using statements in various logical systems, one can set reasoning about agents,
express their so-called mental properties: knowledge, beliefs, goals, etc.

Logical formalization of multi-agent systems is important since many of mental properties
of agents should have a consistent description. At the beginning, first-order logic was used
to formalize statements about agents. But many properties of agents are inexpressible in terms
of the first-order predicate calculus, and first-order logics that underlie the description of prop-
erties of agents, are undecidable. The language of multimodal logics and logics of knowledge
(which are a part of multimodal logics) turned out much more flexible and promising, especially
the language of multimodal temporal logics since such logics have means for describing properties
associated with real time, which is especially important in view of dynamic nature of an agent’s
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and a multi-agent system’s functioning. Therefore, a large number of studies concerning the
logical properties of multi-agent systems lies in the field of multimodal temporal logics. Since
the 1960s and since the first major work of Jaakoo Hintikka "Knowledge and belief: an intro-
duction to the logic of the two notions" [11] on logics of knowledge, many works have been
published on modal, epistemological and temporal logics and their applications in multi-agent
systems and on related to the theory of such systems — game theory ([1,4,8,9,13-16,21]). For
example, the Nobel laureate in economics Robert Aumann applied a logic of knowledge in his
research on the game theory for the analysis of economic systems, [1].

Now such scientists as M. Wooldridge and W. van der Hoek [12], F. Baader [2], R.Fagin,
J.Halpern, Y.Moses and M. Vardi ([9, 10, 22, 23|), A.Perea ([14,15]), J.van Benthem [7],
V.V.Rybakov ([3,5,6,17-20]) and others are working in this direction.

In the language of logics of knowledge and the language of multimodal logics with several
modal operators O;, in the language of temporal logics with several temporary operators of the
same type, as well as in logics that simultaneously use logical operators of all three listed logics,
it is possible to model reasoning about knowledge and behaviour of agents in multi-agent systems
interpreting an index ¢ of logical operators in a formula as knowledge of the i-th agent in a multi-
agent system.

V. V.Rybakov proposed in his papers another way of constructing reasoning of agents, namely,
through formulas of multi-valueted logics.

The main difference between multi-valueted logics and logics, the language of which contains
operators of logics of knowledge, multimodal logics and k operators of one type of temporary
logics, is the interpretation of the i-th logical operator of each type in formulas of such logics.
In multi-valueted logics, each index ¢ is associated not with a binary relation R; and (or) with
one of several binary relations Next;, <;, etc. on Kripke frame, but with the i-th valuation V;
in a selected model.

Examples of formulas in multi-valueted logics and their interpretation from the point of view
of agents can be found in the papers of V. V. Rybakov mentioned above. In this article, we also
provide examples of agent’s reasoning for our logic.

1. Logic £(Mjy)

In Section 1 we introduce a temporal multi-valueted logic £ (Mz), for which we investigate
the satisfiability problem in this paper. The logic £ (My) is defined as the set of formulas that
are valid on certain relational multi-valueted models.

The alphabet of the language £ (My) consists of a countable set of propositional variables
Prop={p1, ..., pi, ...}, brackets (, ), Boolean logical operators {—, A, V, —}, modal operators
{0y, O, ..., Ok} (“it is necessary that ...”), and temporal operators {N;, S;, U;|i =1, ..., k}
(that is, unary operators “NextTime” or “Tomorrow”, and binary operators “Since” and “Untill”).

Recall, that each modal operator <; (“it is possible that ...”) is defined by means of the
modal operator O; in the following away: <; = -0, i =1, ..., k.
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Now we give an inductive definition of a formula in the language of £ (Mgz).
1. Any propositional variable p € Prop is a formula.

2. If A is a formula, then —A is a formula.

3. If A and B are formulas, then (A A B), (AV B) and (A — B) are formulas.
4. If A is a formula, then O; A are formulas, i =1, ..., k.
5. If A is a formula, then N A is a formula, i =1, ..., k.

6. If A and B are formulas, then (AS; B), (AU; B) are formulas, i =1, ..., k.

There are no other formulas in the language of the logic £ (My). We omit the outer paren-
theses of the formulas in what follows.

Let there be given a non-empty set W, binary relations Ry, ..., Ry on this set: R; C W2,
and a set Prop of propositional variables.

Definition 1.1. A relational multi-valueted model is a model

M=(W,Ry, ..., R, Vi, ..., Vi), (1)
where p € Prop: Vi(p) CW.
Definition 1.2. A relation Next is a binary relation such that

a Next b if and only if b=a+ 1.

Further, for convenience, instead of a Next b we write Next(a) = b.
Let < be a standard linear order on Z.

Definition 1.3. Let My be a following relational linear multi-valueted model:

My = (N, <, Next, Vi, ..., Vi). (2)
Definition 1.4. Let My be a following relational linear multi-valueted model:

My =(Z, <, Next, Vi, ..., Vi). (3)

Denote by K (My) a set of all possible models My, and by K (Mjy), consequently, a set of

all possible models M.
Ifa, b € K(My) or a, b € K (Mg), then the fact when a < b and a # b we denote by a < b.
Let M € K (Mpy) or M € K (Mz). Define the truth of formulas in the model M.

Definition 1.5. For any points a, b, c € M the following holds.
Vp € Prop: alky, p <= a € Vj(p),
alkby, mp <= aly, p,
alky, (pAY) <= alky, ¢ u alky, 9,
alky, Njp < Vb |[(a Next b) = by, o],

alby, (pUiv) <= Fb[(a<b) A (blFy, ¥) AVc[(a<c<b) = (clry, )],
alby, (pSi) <= Fb[(b<a)A (blby, ) AVe[(b<c<a)= (clky, ¢)]],
alry, O <= Vb[(a<b) = (blry, 9)],
alby, Oip <= Fb[(a<b) A (bly, )]
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It is easy to see that &; ¢ = T U;p, that is, modal operators O; and <&; can be expressed
by means the operator U; in the considerable models.

Definition 1.6. A formula ¢ in the language of the logic L (Mzy) is called satisfiable in K (My)
if there is a model Mz € K (Mz) and a point a € Mz such that a Iy, ¢ for some j =1, ..., k.

Definition 1.7. A formula ¢ in the language of the logic L (Mzy) is called refutable in K (My)
if there is a model Mz € K (Mz) and a point a € Mz such that a Wy, ¢ for some j =1, ..., k.

Definition 1.8. A formula ¢ in the language of the logic L (Myz) is called valid in a model
Mgz € K (Mz) if for any point a € Mz : alky, ¢ foranyj=1,..., k.

Definition 1.9. A formula ¢ in the language of the logic L (Mzg) is called unsatisfiable in this
logic, if for any model Mz, € K (Mz) and for any point a € Mz : aWvy, ¢ foranyj=1,..., k.

Definition 1.10. The multi-valueted logic L (Myz) is the set of formulas in the language of this
logic that are valid in any model from the class K (Mz).

Formulas that belong to the logic £ (Myz) are called theorems of this logic.
Definitions 1.8 and 1.10 yield that

Theorem 1.11. A formula ¢ is a theorem of the logic L (Mz) if and only if ~¢ is an unsatisfiable
formula in this logic.

In the paper by V. V.Rybakov [17] similarly it is defined the multi-valueted logic £ (). The
language of £ (K) is defined in the same away as the language of £ (Myz), but without the
temporal operators S;. The logic £ (K) is defined as the set of formulas that are valid in any
model from the class K (My).

Thus, the fundamental difference between the logics £ (Myz), £ (K), and others multi-valueted
logics from multi-modal logics with k modal operators O;, temporal logics with k& temporal
operators of the same type, as well as logics using both modal and temporal operators, is in the
interpretation of the i-th modal or temporal operators of each type in formulas of such logics.
In multi-valueted logics, every index ¢ is connected not with a binary relation R; on Kripke-frame
and (or) with one of several binary relations Next;, <; and etc. on a temporal frame, but with
the i-th valuation on a selected model.

As we write in the introduction, in the language of multimodal logics with several modal
operators O; and the language of temporal logic with several temporal operators of the same
type, as well as in logics that use both modal and temporal operators, one can model reasoning
about the knowledge and behaviour of agents in multi-agent systems, interpreting an index i
of modal and temporal operators in a formula as knowledge of the i-th agent in a multi-agent
system.

In the papers by V.V. Rybakov ( [17-20]), there was proposed another approach to modelling
such reasoning, namely, by means formulas of a multi-valueted logic. Examples of formulas
in multi-valueted logics and their interpretation from the point of view of agents can be found
in his cited works.

Let us give two more examples.

1. Consider two agents: i u j. A situation when the agent ¢ believes that starting from the
event 1, the event ¢ will always be true in the future, while the agent j believes that starting
from the event 1, the event ¢ is possible in the future, we can describe by the following formula:
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((Di@) SH/J) A ((Oj ) Sj 1/J)-

Note that this formula is unsatisfiable in logics with the usual interpretation of indices by
means of various reachability relations, while in a model Mz, with a certain ¢ and ¢ and not
coinciding with each other V; and V}, the formula can be satisfiable.

2. Consider three agents: i, j u k. Let the agent i believes that, starting from the event 1,
the event ¢ is possible in the future, and the agent j believes that, starting from the event 1,
the event —¢ is possible in the future. In this case, the agent k concludes that both events are
possible. This situation can be described by the following formula:

(((©i9) Siv) A ((050) §;9) ) = (Orp A O1p):

2. Satisfiability in the logic £ (Mjy)

In Section 2., to decide the problem of satisfiability in the logic £ (Myz), we introduce a class
of some special finite models K (Ma) and prove that the formula in the language of our logic
is satisfiable if and only if it is satisfiable in some model M¢ from the class K (Ma).

Class of models K (Ma,)

Let there be given a segment A = [d~, d*] C Z, where d~ < —4, d* > 5, and some points
cm,cteld™, dt], ¢t >4, ¢ < —3. Let Prop(y) be the set of propositional variables of a formula
. Then,

Ma = <[d—, dt], <, Next', Vi, ..., Vk>,

where the relation Next on [d~, d*) coincides with the relation Next, and at d* it is defined
in the following away: we consider that Next (d*) = ¢+ 4+ 1 and Next (¢~ —1) = d~, that is, we
determine the relation Next on the segment [d~, d7].

The relation < on Ma we determine in the following away:

1. if 1 < a0, then 21 < 29,
2. on the segments [d~, ¢~ — 1] and [¢T + 1, d] the relation < is an equivalence relation.

If ¢y, w5 € [d™, dT], then the case, when a < b and a # b we denote as z; < z3.

Valuations V1, ..., Vj are the valuations of variables from the set Prop(y).

Rules for calculating the truth for any valuation V; we determine in the same away as in the
model Mz replacing in all items of Definition 1.5 the relation Next on Next/, relation < on <,
and the symbol < on <.

Let KK (Ma) be a class of all possible models Ma, that is, models obtained for all possi-
ble values of d—, d*, ¢~ and cT, satisfied the conditions indicated above, and for all possible
valuations of the variables from Prop(y).

Suppose, that there is some model My (3):

My = <Z, <, Next, Vi, ..., Vk>
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and a point a € Mz with a valuation Vj such that a IFy, . Obviously, we can take a = 1, that
is,

(Mz, 1) lFVi @.

Let us show that by transforming the model My in a certain way, we can construct for this
formula some model M¢ € K (Ma) such that

(M07 1) ”_V7 ®.
Model Mg

First, we separately transform the positive part
M = (N, <, Next, Vi, ..., Vi)

of the model My and obtain a model ./\/lg that is a part of the model M. We use in our proof
the results from the paper by V.V.Rybakov [17] obtained for M.

Then we completely construct the model M¢.

I. The positive part of ./\/lé is constructed in the paper by V. V.Rybakov [17] and has the fol-
lowing construction.

Let there be given points n, ¢ and d* from N, and such that 4 < ¢™ < ¢t +1 < d*. Then,

Mz':<[]—7 d+]7<’ NeXt/,V17~~~1Vk>v (4)

where the relation Next on [1, dT) coincides the relation Next, and at d* it is defined in the fol-
lowing away: we consider dt = ¢t + 1, that is, Next' (d*) = ¢t + 1. Thus, we determine
the relation Next on the finite segment [1, d*].

The relation < on /\/l?'j we determine in the following away:

1. if 1 < x9, then z1 < @9;

2. on the segment [ct + 1, d*] the relation < is an equivalence relation.

If 21, x5 € [1, d], then the case when a < b and a # b we denote as x1 < x.

Valuations Vi, ..., Vi on each point of Méﬁ coincide with the valuations of the corresponding
points of the model M.

Now we describe in detail the main stages of constructing the model M.

First, for every element b € My we define the following values.

1. For any valuation V;, i € [1, k],

Sub;(b) = {a € Sub(p) | by, a}.

|Sub(p)

In fact, Sub;(b) defines formula valuations on M¢. Obviously, there are exist 2! I such

possible different sets and this number is finite.
2. Compose from the valuations one more set Sub;(b):

D(b) = {Subi(b) |i € [1, K]}.
It is convenient to represent D(b) as a column:

Suby (b)
Subs(b)
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Obviously, there are no more than

9l Sub(@)ll ... x olSub(@)l — ok-lISub(e)] (5)

such distinct columns. Denote this set as D. The power of the set D is also a finite number.
3. We put in the model M™:

F(b) = {D(c) | ¢ > b}.

Since D is a finite set and N is infinite, there is an element ¢t > 4 such that Vd > ¢t
and Vg > ¢t the following holds: F(d) = F(g) (the need to choose the number 4 is justified
in Lemma 9 in [17] when estimating the power of the model M¢).

4. For any x € M™, a set of realizators is the minimum interval R(z) = [z, y], where for
any two subformulas p1Ujp2 and N @1 from the set Sub(y) there is a valuation V; such that
the following holds:

l((w kv, o1Ujp2) A (x Wy, 902)) =
= ((HyER(x) (y kv, gpg)) A (Vz(x<z<y) (z IFy, cpﬂ))] /\

/\ [x kv, Njo1 = (x + 1) € R(z)

Denote by Ris(x) the largest point y in R(z). The minimum interval R(x) can be large, but
it exists.

Consider the interval R(c™) = [¢T, Ris(cT)].

By the definition of the point ¢, there is a point d such that d > Rls(ct) + 2 and D(c™) =
D(d). Take the least d = d™ with this property and delete from M™ all points that are strictly
larger than d*. We put Next (d+) = ¢t + 1 in the model ME.

Thus we obtain the positive part of the model M — the model ./\/IJCr

Rules for calculating the truth for any valuation V; in this part of the model we define
in the same away as in the model My replacing in all items of Definition 1.5 the relation Next
on Nextl, the relation < on <, and the symbol < on <.

II. Construct now the model M¢.

Let there be given the points d* u ¢*, which we define above when construct the model MJCC,
and points d~ and ¢~ from Z \ N and such that d~ + 1 < ¢~ < —3 (the need to choose the
number —3 is justified in Theorem 3.1 when estimating the power of the model M¢). Then,

Mg = <[d’, dt], <, Next', Vi, ..., Vk.>,

where the relation Next on [d~, d*) coincides with the relation Next, and at d™ is defined in the
following away: we consider that Next (d*) = ¢t + 1 and Next (¢~ — 1) = d~, that is, we
determine the relation Next on [d~, d™].

The relation 5 on Mg we determine in the following away:

1. if 21 < a0, then 21 X 29,

2. on the segments [d~, ¢~ — 1] and [¢T + 1, d] the relation < is an equivalence relation.
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If 1, 2 € [d~, d¥], then the case when a < b and a # b we denote as 1 < za.

Valuations V7, ..., Vi on each point of the models M coincide with valuations of the cor-
responding points of the model M.

Now we describe in detail points d~ and ¢~ of the model M.

Fist, we define the following values for every element b € My,

The first items 1 and 2 are the same as items 1 u 2 from I, where we define Sub;(b) and D(b).

3. For each element b < 0 in M, we put:

Since D is a finite set and Z \ N is infinite, then there is an element ¢~ < 0 such that Vd < ¢~
and Vg < ¢~ the equality G(d) = G(g) is true.

4. For any x € M¢g, © < 0, a set of realizators is the minimum interval R(z) = [y, ],
where for any two subformulas ¢1S;p2 from the set Sub(yp) there is a valuation V; such that the
following holds:

l((x kv, 0185 p2) A (x Wy, <P2)) =

= ((Hy € R(z) (y v, <p2)) A (Vz(y <z<z)(zlky, (pﬂ))} (6)

Denote by Ris(x) the largest point y in R(x). The minimum interval R(x) can be large, but
it exists.

Consider the interval R(c¢™) = [Rls(c™), ¢7].

By the definition of the point ¢, there is a point d such that d < Rls(¢™) and D(¢™) = D(d).
Take the largest d = d~ with this property and delete from M all points that are strictly least
than d~.

Thus we obtain the model Mo € K (Ma).

The rules for calculating the truth for any valuation V; in this part of the model we define
in the same away as in the model My replacing in all items the definitions 1.5 the relation Next
on Next/, the relation < on < and the symbol < on <.

Let there be given a formula ¢ in the language of the logic £ (My), a model Mz and
constructed according to the given formula and the model — the model M.

Lemma 2.1. For any subformula v € Sub(p), for any element a € My and any valuation V;
the following holds:

Mz, a) lFy, p <= (Mg, a) lFy, .

Proof. We prove by induction on the length of the subformula v € Sub(y).

I. Given the models M™ and ./\/lg, the statement of the lemma proved for formulas constructed
from the propositional variables, Boolean logical operators, and temporal operators N; and U
by V.V.Rybakov [17] (Lemmas 7 and 8). As it is follows from the remark after Definition 1.5,
we have that the lemma also holds for formulas with operators O; and <;.

Moreover, based on the construction of the point d™ and due to the fact that we did not
change the model My from the point d~ to the point c¥, it is easy to see that for any element
a € Mgz the proof of this lemma for the case when formulas consist of propositional variables,
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Boolean logical operators, and temporary operators Nj and U;, almost literally repeats the proofs
from Lemmas 7 and 8 in [17].

Now we prove the case when 9 = 1 S; p2.

Suppose that the lemma holds for the formulas ¢, and @s.

Necessity.

II. Let the following holds:

Mz, a) lbv, 018 pa. (7)
Show that the following also holds:

Mg, a) IFv, 18 2. (8)
Formula (7) is equivalent to the truth of two statements at the same time:

b(b<a) (Mg,b) Iy, o2 and 9)
¢ ((b<e<a)= Mz, c) v, 1) (10)

If b € [d~, d*], then by the inductive hypothesis and by the definition of the relation <
on M we obtain that (9) yields

3b (b < a) Mc, b) Ik, o, (11)
and (10) yields
Ve ((b<c=ga)= (Mg, )y, ¢1). (12)

But the truth of the statements (11) and (12) means the truth of the statement (8), therefore,
for the case when b € [d™, d*], the necessity is proven.

Suppose now that b < d~. Hence, by the definition of the operator S;, it is easy to obtain
that if a > d—, then

(Mz, d7) v, 91 S po.
By the construction of the points ¢~ and d~ we have D(¢~) = D(d™). Hence,
(Mz, ) IFv; 1) po.

But d~ by its construction lies to the left of the interval of realizators R(c™), for which the
condition (6) holds. Therefore, there is also a point b; € (d~, ¢~) such that

(Mz, br) IFv; . (13)
Since by > b, then by (10) we also have:
c((bg <e<a)= Mgz, c)lFy, ¢1). (14)

But by the inductive hypothesis and by the definition of the relation < on M¢, (13) and (14)
yield the truth of the following two statements:

3b (b < a) (Mg, b) Iy, @2,
(b=c<a)= (Mc, c)lFv, ¢1),
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from where we finally conclude that the statement (8) holds in the model M.
Thus, the necessity is proven.
Sufficiency.
III. Let the following holds:

(Mc, a) by, o1 Sj po. (15)
Show that the following is also holds:
(Mz, a) IFv, 1 S; po. (16)

The statement (15) is equivalent to the truth of two statements:

b(b<a) (Mc, b) IFy, o, (17)
c(b=c< ) (Me, o) IFy, o). (18)

By the inductive hypothesis and by the definition of the relation < on Mg, (17) and (18)
yield

b (b<a) (Mg,bd)lFy, v,
c((b<c<a)= Mz, c)lky ¢1),

which means that the condition (16) holds for the model Mz.
Therefore, the sufficiency is also proven. O

Suppose, that in some model My there is a point a and a valuation V; such that (Mz, a) IFy,.
Obviously, we can take a = 1, that is,

(Mz, 1) ||_V7: ®.
Hence, Lemma 2.1 yields,

Lemma 2.2. Let there be given a formula ¢ in the language of the logic L (Mz), some model
Mgz and a model M that constructed by the given formula and the model. Then

Thus,

Theorem 2.3. If a formula ¢ in the language of the logic £ (Mz) satisfiable in a model of the
class K (Mgz), then it satisfiable in a model of the class K (Ma).

Let us prove the converse statement.

Theorem 2.4. If a formula ¢ in the language of the logic L (Myz) satisfiable in a model of the
class KK (M), then it satisfiable in a model of the class K (Mgz).

Proof. Let in some model Ma we have
(Ma, a) v, ¢, (19)

where ¢ is a formula in the language of the logic £ (My).
Consider a model My with the following valuations V;, V5, ..., Vj of its elements.
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1. Let a € Mz and a € [d™, dT].

Then the valuations Vy, Va, ..., Vi of any element of the model Mz on [d~, d"] coincides
with the valuations of the corresponded elements in the model Ma.

2. Let a e Mz and a & [d—, d*].

It is easy to see that if a > d™, then we can expressa asa=cT +1+j+t-(dT —c+),t > 1,
where ¢t +1+j5 <dt, j > 0.

Similarly, if @ < d—, then we can expressaasa =c¢~ —1—j—t-(¢c” —d™), t = 1, where
cc—1—j53>2d,j5=0.

Thereat, the valuations of ¢t +1+j+¢-(d" — c+) € Mg, t > 1, coincide with the valuations
of et 4+ 1+ 7 <d' from the model Ma, j > 0.

Similarly, the valuations of ¢~ —1—j—t-(¢~ —d~) € Mg, t > 1, coincide with the valuations
of c” —1—j > d~ from the model Ma, 5 > 0.

Taking into account the given relations on the model Ma, it is easy to obtain by induction
on the length of the formula that for any element s of the model M, any valuation V; and any
subformula 1) € Sub(y) the following holds:

(MA, S) H_Vi P = (MZ, S) ”_‘/i . (20)
Thereat, (20) yields
(Mg, a) lFy, o. (21)

Thus, (19) yields (21), that is, the theorem is proven. O

3. Decidability of the logic £ (Mz)

In Section 3 we prove that the satisfiability problem in the logic £ (My) is decidable, that is,
there is an algorithm that for the final steps determines whether the formula ¢ is satisfiable
in the language of the given logic on some model from the class I (Mz) or not. To prove
the decidability for any formula ¢ in the language of the logic £ (My), we construct a finite
number of finite models, which sufficient for checking the satisfiability of the formula ¢. These
models have the similar construction as the models M from Section 2.

V.V. Rybakov in Lemma 9 in [17] prove, that for any formula ¢ in the language of the logic
L (K) the following holds:

(M, 1) Iy, o <= (Mg, 1) IFy, o,

where M/C is a model, obtained in a special way from the model /\/IJCr and having the power
at most f(p) = 2815w 4 3 clements, where k is the number of different valuations in the
model My,

Let us prove a similar result for our models M.

Theorem 3.1. Let there be given a formula ¢ in the language of the logic L (My). Then,
(MC7 1) ”_V1 p = (MICW 1) H_VL ©s

where ./\/llc 18 a model obtained in a special way from the model M and that has a power no
more than f(p) =2 - (2’“'”5“b(“")”) + 5 elements, where k is a number of different valuations in
the model Mz.
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Proof. Let
(Mg, 1) kv, . (22)

I. First we transform the "positive" part of the model M¢ by deleting from it certain intervals
[, y), where z > 1.
Recall that ¢~ > 4. Consider the largest s; € [2, ¢* — 1] such that

D(2) = D(s1).

If s; # 2, then delete the interval [2, s1) from the model M and denote the obtained model
as M. In this case, we assume that Next (1) = s; and that for any x1, 2 & [2, s1) the following
holds:

r1 < Te in My < 1 <29 in M¢.

Valuations Vi, ..., Vj for all elements included in the model M7, we leave the same as they were
for these elements in the model M.

If s; = 2, then we do not change anything and assume that M; = M¢.

Denote in ascending order the elements of the model M;

"7727 713 07 17 $1, a2, ag, ...,

where a; is the 7 + 1-th element of the model Mj.
Let s1 # 2. Prove that (22) is holds if and only if the following holds:

(Mh 1) H‘vi ®. (23)

The statement (23) is equivalent to the statement that for any element s € My, any subfor-
mula ¢ € Sub(y) and any valuation V; the following holds:

(Mg, 8) by, p <= (Mg, s) IFy, . (24)

We prove this statement by induction on the length of the formula ).

The truth of the statement (24) for Boolean operators is obvious. The proof for the operators
N and U; repeats the corresponding proof for these operators in Lemma 9 in [17].

Suppose that (24) is proved for ¢1 and ¢y. Let us prove that it is true for ¢1 S; 2.

By the definition of S;, the statement

(Mc, s) IFv, 18 92 (25)
is equivalent to

Ib[(b=gs) Mg, b) IFy, p2 AVe (b<c=s)= (Mc, e lFy, p1)], (26)
and the definition

(M, s) IFv; 0102 (27)
is equivalent to

Fb[(b=xs) My, b) Iy, pa AVe ((b<c=xs)= (Mg, c)lky, ¢1)]. (28)
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1. Let b & [2, s1).

Any element = ¢ [2, s1) of M¢ also belongs to M, hence, by the inductive hypothesis and
by the definition of the relation < in the model My, (26) yields (28), and hence, yields (27).

2. Let b € [2, s1).

The s > s1. From the definition of the operator S; it is easy to obtain that

(M1, s1) Iky, 01 Sj pa.

Since D(s1) = D(2), we have
(M, 2) Iy, 1 Sj 2.

If
(M, 2) IFy, @2,

then, since D(s1) = D(2), we have

(M, s1) IFy, ©2.

Consequently, (25) is also equivalent to the statement
by [(b1 5 8) Mc, b1) IFy, w2 AVe (b <e=xs)= (Mg, o) lky, p1)], (29)

where b; < 2 or by = s1. But such elements belong M;. Then by the inductive hypothesis and
by the definition of the relation < in the model My, (29) yields

Iby [(b1 < 8) (M1, b1) by, o2 A Ve (b < e < 8) = (My, o) by, ¢1)], (30)

which is equivalent to the statement (27).

3. Since all elements of the model M; also belong to the model M, using the inductive
assumption and taking into account the definition of the relation < in the model My, it is easy
to carry out the proof in the opposite direction, that is, to obtain that (27) yields (25).

Thus, the statement (24), and, consequently, the statement (23), holds.

Now we transform the model M; in the same way.

Consider the maximum sy € [az, ¢t — 1] such that

D(ag) = D(SQ).

If s9 # ag, then delete the interval [ag, s3) from the model M and denote the obtained model
as M. In this case, we assume that Next (s1) = so and that for any 1, xo & [as, s2) the fol-
lowing holds:

1 <X Ty In My < 21 <19 in Mj.

Valuations V7, ..., Vj of all elements included in the model My we leave the same as they were
for these elements in the model M.

If s5 = x9, then we do not change anything and assume that My = M.

We denote in ascending order the elements of the model Mo:

"7_2a _1707 17 S1, 52, b37"'7

— 68 —



Vladimir R. Kiyatkin, Anna V. Kosheleva Satisfiability in a temporal multi-valueted logic based on Z

where b; is the 7 + 1-th element of M.

Further, in a similar way, we obtain from the model M5 the model M3 and so on. When we
obtain at the k-th step that s = ¢™ — 1, then we skip the point c¢t, and on the k + 1-th step we
consider the interval [¢c* + 1, dT), and then we continue the transformation in the same way.

A proof that for any element s € My, any subformula ¢ € Sub(p), and any valuation V;
the following holds:

(Mp—1, ) lFy, ¥ <= (Mg, s) lFy, ¥ (31)

is similar to those given above by induction on the length of the formula ). Consequently, we
obtain that (22) holds if and only if the following statement holds:

(Mk, 1) “—vi ®.

The number ¢ of steps than we can take is equal to the number of the different sets D(x),
x € [2, dt], where x € {1, ¢*, d*}, that is, does not exceed the value 2F15u(@ll (5).

Thereat, the number of positive elements in the model My, obtained at the last step, obviously
does not exceed the value

ok-llSub(e)ll 4 3, (32)

I1. After we obtain the model M;, we similarly continue transformation of the "negative
part" of this model, deleting from it certain intervals (y, x], where z < 0.
Recall, that ¢~ < —3. Consider the least r1 € [¢~ + 1, 0] such that

D(0) = D(ry).

If 11 # 0, then we delete the interval (r1, 0] from the model M; and denote the obtained
model M_; ;. In this case, we assume that Next (r;) = 1 and for any z1, 2 & (r1, 0] the fol-
lowing holds:

1 < Ty In M—Lt <= 11 < T in My

Valuations Vi, ..., Vi of all elements included in the model M_;; we leave the same as they
were in these elements in the model M;.

If x = 0, then we do not change anything and assume that M; = M_; ;.

The elements of the model M_; ; we denote as:

"'7t37t27r13 1) S1, a2, ag, ... .

Now we transform the model M_; ; in the same way.
Consider the least ro € [¢™ + 1, t5] such that

D(tg) = D(’I‘Q).

If ro # to, then we delete the interval (rq, t2] from the model M_;; and denote the obtained
model M_5 ;. In this case, we assume that Next (ro) = r; and for any x1, x2 & (re, t2] the fol-
lowing holds:

T1 <X T2 in M,Q)t <— r1 xXT2 in Mfl,t.
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Valuations Vi, ..., Vi of all elements included in the model M_,; we leave the same as they
were in these elements in the model M_1 ;.

If r9 = £, then we do not change anything and assume that M_y; = M _; ;.

The elements of the model M_,; we denote as:

..., Ug, U3, T2, T1, 1, 81, S2, b3, ... .

Further, in a similar way, moving from larger negative numbers to smaller ones, we obtain
from the model M_5; the model M_3;, from M_3; the model M_,4; and so on. When on the
[-th we obtain that r; = ¢~ + 1, then we skip the point ¢~ and on the [ + 1-th step we consider
the interval (d—, ¢~ — 1], and then continue the transformations in the same way.

The numberm of steps than we can take is equal to the number of different sets D(z),
x € [d™, 0], where x € {¢™, d™}, that is, does not exceed the value 2¥15ub()ll (5),

Then the number of positive elements in the model M_,, ;, obtained at the last step, obviously
does not exceed the value

gk-llSub()ll 4 9. (33)
From estimations (33) and (32) we have
IM_mal <2 (gk-nsw(wn) s (34)

A proof that for any element s € M_,, ;, any subformula ¢ € Sub(y), and any valuation V;
the following holds:

(Mc, S) |Fw 1/) < (M-m,t, S) |Fvi 1,[1 (35)

is similar to the proof in Part I.
First, we prove by induction on the length of the subformula 1 that

(M, s) by, = (M1, 5) Ik 2, (36)
then we prove at each step in a similar way that
(M, 8) by, <= (M_gz1)4, 8) 1Py, 9, (37)

and thus we arrive at the statement (35).

Let us prove the truth of the statement (36). We prove it by induction on the length of the
formula 1. For Boolean operators, the proof is obvious. Then, we make the inductive assumption
that the statement is proved for the formulas ¢ and @o.

Let ¥ = p1U; o and

(Mg, s) IFy, o1U; o, (38)
that is
Fb[(s b)) A (blFy, p2) AVc[(s g ec<Db) = (clky, p1)]].

If b & (r1, 0], then, as we have in 1.1 and 1.3, (36) follows from the inductive assumption and
from the definition of the relation < in the model M_1 ;.
Let b € (71, 0]. Thereat, we obtain from the properties of the temporal operator U; that

(Mg, 1) IFy, @1U; o,
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and hence, since D(r1) = D(0),
(M, 0) IFv, o1 U; o
If
(M, 0) IFy; @2,
then, since D(r1) = D(0),
(M, 1) Iy, @2,
But then there is a point b; > 0 or by = r; such that
Iby [(s < b1) A ((My, by) Iy, o) AVc[(s ¢ <b1) = (My, ¢) lFy, v1)]]-

Hence, by the inductive hypothesis and by the definition of the relation < in the M_;;, we
have that now in the model M_; ; the following holds:

Ib[(s b)) A((Mo14, b1) Iky, @2) AVC[(s S ¢ <b1) = (M1, ©) kv, 1)]],
which is equivalent to the statement
(Mfl)t, 8) H_Vi ©®1 Z/[] »2. (39)

Consequently, (38) yields (39).

Further, since all elements of the model M_; ; belong to the model M, then as in Part I, by
the inductive hypothesis and by the definition of the relation < in the model M_; 4, it is easy
to obtain that (39) yields (38).

Proofs for the operators N; and S; are similar. In the case when the corresponding point
b & (r1, 0], the necessity and sufficiency follow from the inductive hypothesis and from the
definition of the relation < in the model M_; ;. And in the case when b € (rq, 0], we use the
condition D(ry) = D(0).

Thus, the statement (36) holds. In m — 1 steps, we get the statement (35).

Denote the model M_,, ; = M/C Obviously, the statement (35) is equalent to the fact that
for any formula ¢ in the language of the logic £ (Myz) and any valuation V; the following holds:

(Mc, 1) by, <= (M, 1) Iy, .
We estimate the power of the ./\/I/C in (34). Thus, the theorem is proved. O
Lemma 2.2 and Theorem 3.1 together give us the following result.

Lemma 3.2. Let there be given a formula ¢ in the language of the logic L (Mz), some model
My and a model ./\/llc that constructed by the given formula and the model. Then

(Mz, 1) Iy, o = (M, 1) Iy, .

For a given formula ¢, we denote

Flp)=2- (2k~|\5ub(<ﬂ)|\) 45
fi(p) = ok ISub()ll 4 o
falip) = 25w 4 3.
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Model M¢,,

Let us describe one more class of models constructed for a formula ¢ — class of models M¢,,,
a special case of which are the models M.

Let there be given a formula .

The class K (Mc,,) is the class of models M with

A= [~fi(p), f2(9)] .

Obviously, that K (M., is a finite set of finite models and M, € K (Mc.,), where My, is
a model obtained in Theorem 3.1.

Now it is easy to get the main result.
Theorem 3.3. The problem of satisfiability in the logic L (Mz) is decidable.

Proof. Let there be given a formula ¢ in the language of the logic £ (My). In a finite number of
steps, we can check its satisfiability at any point of any model from the class IC (Mc¢,,), which
contains the model ./\/l/c

If the formula ¢ is satisfiable in some model from the class K (M¢,,), then by Theorem 2.4,
it is satisfiable in some model from the class K (My).

If the formula ¢ is refutable in some model from the class K (Mc¢ ), then it is refutable in the
model M/C, and hence, by Lemma 3.2, ¢ is refutable in some model from the class K (Myz). O

Besides, if the formula ¢ is valid in all models from the class K (Mc,,), then there are no
models in the class K (Mz) where ¢ is refutable. Indeed, suppose the converse, that is, there
exists Mz such that ¢ is refutable at a. As we wrote above, we can take ¢ = 1. But by
Lemma 3.2, the formula ¢ is refutable in the model M, € K (Mc,,).

Finally,

Theorem 3.4. The logic L (Mz) is decidable.
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BroimosHmMOCTB BO BpeMeHHOﬁ JIOTUKe
C MYJIbTUNO3HaAYNBAaHUEM, OCHOBAHHOI1 Ha 7

Baaguvup P. Kuarkun

Anna B. KomnieseBa
Cubupckuii derepaabHbIl YHUBEPCUTET
Kpacnosipck, Poccuiickast @eneparus

Awnnoranusi. Crares npogoszkaer ceputo pabor B. B. PribakoBa, mocBsimmeHHBIX CBOWCTBAM JIOTHK C
MYJIbTHO3HAYNBAHUEM M B KOTOPBIX MPEJJIOXKEH HOBBIN MOMXOT JIJIsi MOJAEJTUPOBAHNS 3HAHUN U PACCY K-
JIeHUil areHTOB B MYyJIbTUATeHTHOH cpese. B Hameii pabore JoKa3aHO, 9TO MPOOIEMA BBIITOJJHUIMOCTH BO
BPEMEHHOII JIOTUKE C MYJIbTHO3HAYMBAHUEM, OCHOBAHHON Ha Z, pasperimrma.

KuaroueBsbie ciioBa: BpeMeHHasl JIOTUKA, MYJIbTHO3HAYNBAHUE, JJOTUKA 3HAHUN, MyJIbTHATEHTHAS JIOTHKA,
mpobjieMa BBITIOJHUMOCTY B JIOTHKE, PA3PEIIAOIIre aJrOPUTMbI, IPEICTABICHNS] 3HAHWI, MYJIbTHATEHT-

HbI€ CUCTEMBI.

— 74 —



