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Abstract. We study intransitive temporal multi-agent logic with agents’ multi-valuations
for letters and formulas. In previous wide accepted research the time and knowledge
primarily were modeled by Kripke models with structure looking as simply a single
time cluster with multi-relations for agents’ accessibility relations. Here we develop this
approach and use Kripke models with linear intransitive time and states represented by
arbitrary time clusters for agents accessibility multi-relations.

This logic is defined in a semantic way, as a set of formulas, which are true at linear
models with multi-valued variables by agents’ and clusters of states. We propose a
background for such approach and a technique for computation truth values of formulas.
Main result concerns decidability problem. We prove that the resulting logic is decidable
and obtain a sort of finite model property.
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Awnnortanus. V3ygaercs HeTpaH3UTUBHAS BPEMEHHAs MYJIbTHATEHTHAS JIOTUKA C MYJIb-
THO3HAYMBAHUSIMI areHTOB JJIsl IepEeMeHHbIX U ¢dopmys. Panee Bpems: u 3HaHUS MOje-
JIIPOBAJIACH C IIOMOIIBIO Mozesell Kpuike, CTpyKTypa KOTOPBIX BBIIVISIeIa KaK IIPOCTOM
eUHBI BPEMEHHOH KJacTep C MHOXKECTBOM OTHONIEHUI JOCTUKMMOCTHU [IJIsl areHTOB.
31ech MBI pa3BUBAaEM ITOT IIOAXO[L U UCIOJIb3yeM Mojean Kpuike, KOTOpbIe IIPeICTaBIIs-
0T co0O0lt JTMHENHOe HETPAH3UTHUBHOE BPEMS U COCTOSIHUSI, [IPE/ICTABJIEHHBIE TPOU3BOJIb-
HBIMH BPEMEHHBIMU KJIACTEPAMH JJIsi MYJIBTHOTHOIIEHUH JOCTHKUMOCTH areHTOB. DTa
JIOTUKA ONPEesISeTCs CEMAHTHIECKH KAaK MHOXKECTBO (POPMYJI, UICTHHHBIX HA JIMHEIHHBIX
MOZENAX C MyJIbTHO3HAYMBAHUSMU IIEPEMEHHBIMH U KJjacTepaMu cocTosiHuil. Mbl npen-
JlaraeM OOOCHOBAHNE TAKOTO MOAXOA M METOAUKY BBIYHCJICHUS] HCTUHHOCTHBIX 3HAYECHUN
dopmysr. OCHOBHBIE pe3yJIbTaThI KACAIOTCsI IPobIeMbl pa3pemuMocTr. Mbl JOKa3bIBaeM,
9TO MOy YeHHAs JIOTUKA pa3pernMa 1 GUHUTHO AlIPOKCHMUDYEMA.

KiroueBble cioBa: MopasbHasl JIOTHKA, dpeiim u Mozens Kpuike, MysibTuareHTHas
JIOTHKA, Pa3pelIuMOCThb JIOTUKHI

Buarogapuoctu: Pabora BeiosHena nipu (huHaHCOBOI nogueprkke Poccuiickoro Hayw-
noro douma u Kpacuospckoro kpaesoro donga nayku (mpoekt Ne 23-21-00213 u npoekt
Ne 25-21-20011 https: //rscf.ru/project/25-21-20011/ ).
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1. Introduction

Nowadays mathematical logics widely applied in research concerning
computer science, information sciences overall. The interaction here is of
both side and tasks and problems in computer science generates new areas
in mathematical logic and induces creation new technique and tools in
mathematical logic itself. Conception of knowledge arise in the analysis
of distributed systems, and leaded to development multi-agent and multi-
valued logical systems. More details about this can be found in the works
of Halpern, Vardy (Reasoning About Knowledge [11]), Rybakov [17].

It concern also the fixpoint approach, omniscience, monotonicity, justi-
fied knowledge, etc (cf. for example Artemov [1], Artemov [2], Artemov [3]).
It also was implemented in research concerning uncertainty and plausibility
(cf. V Rybakov [18]). Later some works were done towards consolidation
such technique and to refine it towards elements of hybrid cooperation of the
agents [4-6]. Also technique for formalization of knowledge was enriched
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INTRANSITIVE TEMPORAL MULTI-AGENT LOGIC 143

by research in description logics (cf. Baader and Satler [7]), first-order
logic was also implemented (cf. Belardinelli F., Lomuscio A. [8]). Various
semantic technique was used (cf. Horrocks, Sattler [9]; Horrocks, Giese,
Kharlamov, Waler [10]).

In resent time research concerning knowledge was combined with imple-
mentation of temporal logic (cf. Rybakov [13-16]). An automata-theoretic
approach to multi-agent planning was evolved at Wooldridge [19].

In this our short paper we study intransitive temporal multi-agent logic
with agents’ multi-valuations for letters and formulas. Earlier common
knowledge in [11] was modeled at Kripke models with structure looking as
simply a single time cluster with multi-relations for agents’accessibility rela-
tions. This brought interesting strong results correlating well with observed
examples and intuition. Here we wish to develop this approach towards
modeling knowledge with Kripke frames which are linear time models with
states represented by arbitrary clusters for agents accessibility relations.
Here time is intransitive and it acts to only connect clusters. We propose a
background for such approach and a technique for computation truth values
of formulas. Main results concerns solvability problem, we prove that the
resulting logic is decidable, prove existence of some deciding algorithm.

2. Denotation, Preliminary Facts

It is assumed that the reader is familiar with algebraic and Kripke se-
mantics for modal logics, In accordance with the modern interpretation,
by logic we mean the set of all theorems that can be proven in a given
axiomatic system, or all formulas which are true at a chosen set of models.
By propositional logic in his paper we mean algebraic propositional logic
(see [12]), although the reader may consider A to be just a modal logic,
which is necessary for our purposes. Necessary information and all known
facts used further, can be found in widely known literature (for example
cf. [12], ch. 2.2-2.5; 4.1). To briefly recall definitions, a frame F := (F,R)
is a pair, where F'is a non-empty set and R is a binary relation on F'. The
basic set and the frame itself will be further denoted by the same letter.

A non-empty set C' C F is called a cluster if: 1) for any z,y from C,
xRy holds; 2) for any x € C and y € W, ((zrRy&yRzx) = y € C) holds.
A cluster is called proper if |C| > 1; otherwise we say it is a singleton or
degenerate cluster. For an element a € F, let C(a) will denote the cluster
(i.e., the set of elements mutually comparable with respect to R with a given
element a) generated by the element a. Frame is said to be intransitive if
the accessibility relation R of this frame is intransitive.

A sequence of elements (or clusters) {agp;aq;...;a,} of a frame is called
a chain of length n + 1 if, for all ¢ < n, element a;11 is R-accessible from



144 K.V.GREKOVICH, V.V.RYBAKOV, V. V. RIMATSKIY

element a; (that is a; Ra;+1) and there are no other frame elements between
them.

The depth of an element x of a model (frame) F is the maximal number
of clusters in chains of clusters starting from the cluster C'(z) containing z.
The set of all elements (worlds) in a frame (model) F' of depth not more
than n will be denoted by S<,(F"), and the set of elements of depth n we
denote by S, (F).

Recall some more definitions. Let some class of models K and some
formula be given. A formula is said to be satisfiable (in a given class K) if
it is true at some element of some model from this class.

A logic L is said to be decidable if there is an algorithm which for any
formula may compute if this formula belongs to L. A logic L satisfies the
finite model property (FMP) if for any «a ¢ L there exists a finite L-model
at which « is not valid.

3. Logic NML.

Now we introduce models and technique for our logic. NML-frame is a
tuple
Fnmr = (W, Next, R, R1,...Ry),
where
w=|]JC,J=1[0,1,...m]vJ=N,
ieJ
and any C; is the R.-cluster, that is R. is the equivalence relation such

that : zRvy < Jie J:(x € C; &y e (y); and all R;,1 < j < n are
arbitrary relations on any C; (in particular equivalence relations on Cj).

Temporal binary relation Next is defined as follows:
(x Next y) <= JieJ:(x€C; & ye ;1) for some single chosen unique y.

In a case when J = [0,...,m]| we assume Vz € Cp,(z Next y) for some
single chosen unique y from C,,.

Definition 1. NM L-model is a tuple My = (F, V1, Va, ... V,,) , where
F is NML-frame, V; C 2V is a valuation of i-th agent.

If a € Mz, and a € Vj(p) then write (M, a) Fv; p and say that
p is true at element @ w.r.t V; valuation of j-th agent.

The language of our NM L logic consists of:

1. countable set of propositional variables P := {p1;p2;... };
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2. Boolean operations {—, V, A, —};

3. a set of unary modal operations O, O¢,...0,
and temporal operator Next;

4. auxiliary symbols: brackets.

A formula in the NML-language is defined in a standard way, that are
terms constructed out of letters by chosen logical operations.
Any sets of valuations of agents — Vj;, of a set Prop of propositional
variables in frames F from models M to be extended to formulas as follows:
— Truth of Boolean connectives =, A, V, — is defined in the standard way;
— (MnwmrL,z) Fv; Nexta <=
dkeN:xe€Cp NIy€ Crpr (v Next y) & y v, a);
- Mnyumr,x) Fv; Oia <= Jke N:z € Cp &(Vy € Cr (zRiy =
(Mnmr,y) Fvy @));
- WMnyupr,z) Fy, Ova <= ke Nz e Cp & Vy € Cr(y v, ).
Each element (world) of the NML-frame can be understood as an infor-
mation point. The time relation Next links such points into a linear and
discrete time stream. For two points w and z, the expression w Next z
means that z will be available at the next time relative to w. Although
time is usually thought of as continuous, in view of computational steps
in a computer, it can also be thought of as discrete. In this context, the
discreteness of the time flow is understood as follows: between two time
moments C; and Cjy1 there are no other time points. The time chain of
states (worlds) has a beginning (the computation starting point).

Also important for us is the assumption of the linearity of the time flow,
that is, the absence of branching: after each time moment C), there can
only be one moment Cj4; such that C;NextC;1q. The relation R. connects
all information points that are potentially available at the same moment.
Thus, in the interpretation under consideration, R~ defines the information
potentially known at each information point of the current temporary state.
The relation R; connects with each other those points that are accessible
to some agent ¢ at the considered moment of time. Each point provides the
agent with some information that is relevant at the moment in the current
state.

Definition 2. Logic NML is the set of all formulas which are true at
each state of each introduced and described above model w.r.t. any agents’
valuation.

Recall the notion of temporal degree. Let o be a modal formula.

Definition 3. The modal degree md(a) of the formula o is determined
as follows: md(p) = md(T) = md(L) = 0, md(a A B) = mdla —
B) = md(a V B) = max{md(«),md(B)}, md(-a) = md(a), md(0;a) =
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md(<C;a) = md(a) + 1,md(0 ) = md(a) + 1. The temporal degree is de-
fined analogously with a difference for not-boolean formulas: td(Nexta) =
td(a) + 1.

Now we are ready to go to proof of the following main theorem.
Theorem 1. The logic NML is decidable (since it has a sort of FMP).

Proof. Assume a formula « is given and that formula is not a logical law
of our logic, so « is not valid at one model: (Myr, x) %Vj «. Let o has
temporal degree td(a) = k.

Without loss of generality we can assume that we take given element x
from first cluster Cy of that model. First we define on each cluster of model
Mz relationship = as follows.

Let Sub(a) be the set of all subformulas of formula a. We define:
w=z <= In:w,zelC, &VAecSubla) [VVj,j<n

[(Myymr,w) By, A <= (Myur,2) Ey; Al
Then we define

YVw € Myypp, [w]:={t:w=t};, W={[w]:we W} and

[WR.[t] <= wR-t;

WlRif] <= Vi, jY0,A € Sub(a)&
&((MNmr,w) Fyv; O A = (Myumi,t) Fv; A);

Vp e Subla) [Vi(p) = {lw]:w € Vi(p)}].

Temporal binary relation Next is defined as follows:
([e] Neat [y]) <= 3iJ : (2] € [C] & [y] € [Cia))

for some single chosen unique [y], for z,y € Myr such that x Nexty. In
a case when J = [0,...,m] we assume V[z]| € [Cy,]([x] Next [y]) for the
same single chosen unique [y] from [C),]. It’s easy to check that the given
definition of Next is correct:
if o1 Nextyy, xo Nextys & x1 = x9, then must also be fulfilled y; = ys.
We denote obtained model by My, = (W€ Next,Ry,... Ry; Vi,... Ry).
The size of the clusters in the resulting model does not exceed n - 215ud(@)]
i.e. limited by some computable function.
The relation defined in this way has the following properties (often called
filtering properties): A) [a]R;[b] = (VO;A € Sub(a) (MymL,a) Fv,
0,A = (MnmL,b) Fv, A); B) aRib = [a]R;[b]. They are performed
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by virtue of the definition of R; and Next on the model M, of the given
earlier.

Because with this relationship the elements inside one cluster are actu-
ally compressed together and the structure of the model does not change
(a chain of clusters [C;] connected by a temporal relationship Next), the
resulting model M, is also a N M L-model.

We may generalize standard well known filtration lemma for the case of
multi-valuation (the proof is very similar to the original proof), and using
it we obtain that the next statement hold:

Hence we get: for some [z] from C¢,

Proposition 1. (M, [z]) v, a.
Let’s take NML-models

My = (| JCf, Newt, R, Ry, Ry, ... R Vi, Vo ... Vi),
N

N — set of natural numbers or [0, 1,..., k] for some arbitrary large k, and
finite model

Mk = <[CQ,Cl,. .. ’Ck’Ck+1],Next,RN’Rl,RQ’. . .Rn;Vl,Vg e Vn>

and Vi < k+1 the valuations on clusters Cf and C; coincide on this models.

Theorem 2. Let td(a) = k. Then the truth of the formula « on any
element [x] € Cy of model My, is uniquely determined by the values of

all propositional variables included in the formula on elements of clusters
Co, C1, ...,Cxa1 of frame M.

Proof. By induction on temporal degree of formula a. Lets show next: for
any formula a such that td(«) = k holds:

Va € Co(Mw, [2]) Fv, a <= (M, 2) v, a) (1)

(I) If td(«) = 0 then by induction on modal degree md(«) one can prove
next statement:

Proposition 2. Iftd(a) =0 then Vx € C;,i € N, holds:

(Moo, [2]) Fv; o <= (My, 2) v, @)

Proof. If md(a)) = 0, then the formula consists only of propositional vari-
ables and standard Boolean operations. In this case, the truth of the
formula on the element [z] € C; is determined only by the valuation of
the propositional variables included in the formula only on the element of
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[x] € C;. Thus, according to the construction of model My, the statement
is true.

Let us assume that for formulas such that md(«) < [ the statement is
true. Let us show that for formulas such that md(«) = [+ 1 the statement
also holds.

Let's @ = 08 and (Mw, [z]) Fv; a. Then Vz € Cp € My @ xRz
holds (M, [2]) FFv; B and md(B8) < [. Then by IH holds Vz € C; € Mj, :
(vRyz = (2 Fv; B)) in model My. Hence we conclude (Mg, z) Fv; a.
The proof for formula o« = 0.3 is similar.

The proof in the opposite direction is similar. The proposition 2 is
proved. O

Hence, in particular, it holds:
td(a) =0=Vzx € C; € Mk((Mk, x) ):VJ a)

(IT) Let us assume that for formulas such that td(a) < I < k (ie.
temporal degree not more then 1) the statement is true and for all i <[
holds :

td(a) =i=Vj < nVz € Cp_i((Mwo, [2]) Fv, a <= (My, 2) Fv; a)).(%)

Let us show that for formulas such that td(a) = [ 4+ 1 the statement
also holds. Let’s take a formula @ = Nextf & td(8) < l. And assume
[z] € Choi—1 € My & (Mu,[z]) Fv; oo Then 3[2] € Cpoy € My
([z2] Fv; B). Hence by (*) we get 3z € Cr_1 € My : (2 v, (). So we
obtain x € Ci_j_1 € M & (Mk, ) ):V]

The proof in the opposite direction is similar. The Theorem 2 is proved.

O

The collection of proven above statements implies the following result:
the logic NM L is decidable (since has a property related to FMP). Indeed,
if a formula o belongs to the logic NM L, then it is satisfied on the basic
model My s for any valuations of the variables of the formula a. Con-
sequently, this formula is true on the finite models M}, for any valuations
of the variables. Conversely, if the formula « does not belong to the logic
NML, then by what was proved above it is refuted on some finite model
M, with computable k and of computable size overall. Main Theorem 1 is
proved. O

4. Conclusion

In this paper we introduce and study intransitive temporal multi-agents’
logic with multi-valued variable letters. This logic is defined in a semantic
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way as a set of formulas that are true on linear models with time clusters
and multi-agents’ valuations. The main result states that the resulting logic
is decidable (with a sort of FMP).
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