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Abstract. First-order temporal logic is a concise and powerful notation, with
many potential applications in both Computer Science and Artificial Intelligence.
While the full logic is highly complex, recent work on monodic first-order tem-
poral logics have identified important enumerable and even decidable fragments.
In this paper we present the first resolution-based calculus for monodic first-
order temporal logic. Although the main focus of the paper is on establishing
completeness results, we also consider implementation issues and define a basic
loop-search algorithm that may be used to guide the temporal resolution system.

1 Introduction

Temporal Logic has achieved a significant role in Computer Science, in particular,
within the formal specification and verification of concurrent and distributed sys-
tems [13,11,9]. However, even though first-order temporal logics have been studied
over a number of years and have been recognised as a concise and powerful formal-
ism, most of the temporal logics used remain essentially propositional. The reason for
this is that it is easy to show that first-order temporal logic is, in general, incomplete
(i.e. not recursively-enumerable [14]). In fact, until recently, it has been difficult to find
any non-trivial fragment of first-order temporal logic that has reasonable properties.
A breakthrough by Hodkinson et. al. [8] showed that monodic fragments of first-order
temporal logic could be complete, even decidable. (In spite of this, the addition of equal-
ity or function symbols leads to the loss of recursive enumerability [15].)

The definition of the monodic fragment holds great promise for increasing the power
of logic-based formal methods. However, there were, until now, no practical proof tech-
niques for monodic fragments of first-order temporal logics. A general framework,
which provides conditions to yield a tableau-based procedure for decidable monodic
fragments, and a number of its instantiations, has been presented in [10]. In this paper,
we provide a complete resolution calculus for monodic first-order temporal logic, based
on our work on clausal temporal resolution over a number of years [5,7, 1, 2].

Some technical proofs are omitted due to lack of space and can be found in the full
version of the paper available as a technical report [3].

2 First-Order Temporal Logic

First-Order (linear time) Temporal Logic, FOTL, is an extension of classical first-order
logic with operators that deal with a linear and discrete model of time (isomorphic to
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IN, and the most commonly used model of time). The first-order temporal language is
constructed in a standard way [6, 8] from: predicate symbols Py, P, ... each of which
is of some fixed arity (null-ary predicate symbols are called propositions); individual
variables xy,x1, .. .; individual constants cg,cy,...; Boolean operators \, =, V, =, =
true (‘true’), false (‘false’); quantifiers V and 3; together with unary temporal opera-
tors, such as! [] (‘always in the future’), ¢ (‘sometime in the future’), and O (‘at the
next moment’). There are no function symbols and equality in our FOTL language. For
a given formula, ¢, const(¢) denotes the set of constants occurring in 0.

Formulae in FOTL are interpreted in first-order temporal structures of the form
M = (D,I), where D is a non-empty set, the domain of 91, and I is a function asso-
ciating with every moment of time, n € IN, an interpretation of predicate and constant
symbols over D. We require that the interpretation of constants is rigid. Thus, for every
constant ¢ and all moments of time 7, j > 0, we have [;(c) = I;(c).

A (variable) assignment a over D is a function from the set of individual variables
to D. For every moment of time, n, there is a corresponding first-order structure 1, =
(D,1I,,), where I, = I(n). Intuitively, FOTL formulae are interpreted in sequences of
worlds, My, N, ... with truth values in different worlds being connected by means of
temporal operators.

The fruth relation M, =2 ¢ in a structure YN, for an assignment a, is defined induc-
tively in the usual way under the following understanding of temporal operators:

M, = O iff M1 =7 05
M, =2 Qo iff there exists m > n such that M, =* o;
M, =0 (14 iff for all m > n, My =2 0.

M is a model for a formula ¢ (or ¢ is true in M) if there exists an assignment a such
that My =* ¢. A formula is satisfiable if it has a model. A formula is valid if it is true
in any temporal structure under any assignment.

This logic is complex. It is known that even “small” fragments of FOTL, such as
the two-variable monadic fragment (all predicates are unary), are not recursively enu-
merable [12,8]. However, the set of valid monodic formulae is known to be finitely
axiomatisable [15].

Definition 1. An FOTL-formula ¢ is called monodic if any subformulae of the form
Ty, where T is one of O, L], O, contains at most one free variable.

3 Divided Separated Normal Form

Definition 2 (Temporal Step Clauses). A temporal step clause is a formula either in
the form p = Ol, where p is a proposition and l is a propositional literal, or Vx(P(x) =
OM(x)), where P is a unary predicate and M is a unary literal. We call a clause of
the first type an (original) ground step clause, and of the second type an (original)
non-ground step clause.

! W.r.t. satisfiability, binary temporal operators 7/ (‘until’) and % (‘week until’) can be repre-
sented using these operators [6, 1].
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Definition 3 (Monodic Temporal Problem). A monodic temporal problem in Divided
Separated Normal Form (DSNF) is a quadruple (U, 1,S,E), where

1. the universal part, U, is given by a set of arbitrary closed first-order formulae;

2. the initial part, 1, is, again, given by a set of arbitrary closed first-order formulae;

3. the step part, S, is given by a set of original (ground and non-ground) temporal
step clauses; and

4. the eventuality part, ‘E, is given by a set of eventuality clauses of the form QL(x) (a
non-ground eventuality clause) and ¢l (a ground eventuality clause), where | is a
propositional literal and L(x) is a unary non-ground literal.

The sets U, I, S, and S are finite.

Note that, in a monodic temporal problem, we do not allow two different temporal
step clauses with the same left-hand sides. A problem with the same left-hand sides
can be easily transformed by renaming into one without. To each monodic temporal
problem, we associate the formula T A [ JUA [ VxS A [ [VxE. Now, when we talk
about particular properties of temporal problems (e.g., satisfiability, validity, logical
consequences etc) we mean properties of the associated formula.

Following [6, 7], it was noted in [1] that any monodic FOTL formula can be reduced
to a normal form where, in addition to the parts above, conditional eventuality clauses
of the form P(x) = OL(x) and p = QI are allowed. The translation can be described
as a number of steps.

1. Translate a given monodic formula to negation normal form.

2. Recursively rename innermost temporal subformulae, Od(x), Od(x), [Jo(x), by
new unary predicates P;(x). Renaming introduces formulae defining P;(x) as fol-
lows:

(a) [IVx(P, (x) = O0(x)); (b)) LIVx(Py, (x) = 09(x));
(c) [Ivx(Py(x) = [o(x)).

Formulae of the form (@) and (b) are in the normal form?, formulae of the form (c)
require extra reduction by removing the temporal operators using their fixed point
definitions.

3. Use fixed point definitions.
LIvx(P(x) = [Jd(x)) is satisfiability equivalent to

L IVx(P(x) = R(x)) A [IVx(R(x) = OR(x)) A LIVx(R(x) = 0(x)),
where R(x) is a new unary predicate.

In [2], areduction from conditional problems to unconditional ones for the propositional
case is given. For the first-order case, satisfiability of ® U { [ JVx(P(x) = OL(x))} is
equivalent to satisfiability of

[ IWx((P(x) A—L(x)) = waitforL(x)),
DU [ Vx((waitforL(x) A O—L(x)) = OwaitforL(x)), ; ,
LIVxO—waitforL(x)

2 Possibly, after (first-order) renaming the complex expression ¢(x); the formulae introduced by
renaming are put in the universal part.
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where waitforL(x) is a new unary predicate symbol. (The second clause is translated
into a step and a universal clauses.)

Theorem 1 (Transformation). Every monodic first-order temporal formula can be re-
duced, in a satisfiability equivalence preserving way, to a monodic temporal problem
with at most a linear increase in the size of the problem.

4 Temporal Resolution for Monodic Non-ground Case

As in the propositional case [5, 2], our calculus works with merged step clauses, but here
the notion of merged step clauses is much more complex. This is, of course, because
of the first-order nature of the problem and the fact that skolemisation is not allowed
under temporal operators. First, we provide some required definitions.

Definition 4 (Derived Step Clauses). Let P be a monodic temporal problem, and let
P, (x) = OM;, (x),...,P, (x) = OM; (x) be a subset of the set of its original non-
ground step clauses. Then

Vx(Py (x) V-V Py (
Ix(P; (x) A+ APy (x)

are derived step clauses, where c is a constant occurring in Pand j=1...k.

Definition 5 (Merged Derived Step Clauses). Ler {®; = OVYy,...,®, = OW¥,} be
n n

a set of derived step clauses or original ground step clauses. Then /\ D, = OAY
i=1
is called a merged derived step clause. Note that the left-hand and rzght hand sides of

any merged derived step clause are closed formulae.

Definition 6 (Full Merged Step Clauses). Let 4 = OB be a merged derived step

clause Pi(x) = OM1 (x),. .., Pr(x) = OMy(x) be original step clauses, and A(x) &ef

/\ Pi(x), B(x )def /\ Mi(x). Then ¥x(ANA(x) = O(BAB(x))) is called a full merged

step clause. (In the case k = 0, the conjunctions A(x), B(x) are empty, i.e., their truth
value is true, and the merged step clause is just a merged derived step clause.)

Definition 7 (Constant Flooding). Let P be a monodic temporal problem, P° = PU
{OL(c) | OL(x) € E,c € const(P)} is the constant flooded form? of P. Evidently, P* is
satisfiability equivalent to P.

Inference Rules. In what follows, 4 = OB and 4; = OB; denote merged derived
step clauses, Vx(AAA(x) = O(BAB(x))) and Vx(4; AAi(x) = O(Bi ABi(x))) de-
note full merged step clauses, and U denotes the (current) universal part of the problem.

3 Strictly speaking, P¢ is not in DSNF: we have to rename ground eventualities by propositions.
Rather than ‘flooding’, we could have introduced special inference rules to deal with constants.
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A= OB
——a (O, where UU {B} EL.

— Initial termination rule w.r.t. U: The contradiction L is derived and the derivation
is (successfully) terminated if YU I =1.
— Eventuality resolution rule w.r.t. U:

Vx(A1 AA1(x) = O(B1ABi(x)))

— Step resolution rule w.r.t. U:

. OL(x)
Vx( Ay AAn(x) = O(B,y ABy(x)))

Vx Z\l(% V-Ai(x))

(%)

where Vx(4; AA;(x) = OB; AB;(x)) are full merged step clauses such that for all
i €{l,...,n}, the loop side conditions Vx(UA B; A Bj(x) = —L(x)) and Vx(UA
B ABi(x) = \'i_1 (Aj AAj(x)) are both valid.

The set of merged step clauses, satisfying the loop side conditions, is called a loop
in OL(x) and the formula \/j_, (4;(x) AA;(x)) is called a loop formula.

— Eventuality termination rule w.r.t. U: The contradiction _L is derived and the deriva-
tion is (successfully) terminated if U |= Vx—L(x), where OL(x) € E .

— Ground eventuality resolution w.r.t. U and Ground eventuality termination w.r.t. U:
These rules repeat the eventuality resolution and eventuality termination rules with
the only difference that ground eventualities and merged derived step clauses are
used instead of non-ground eventualities and full merged step clauses.

A derivation is a sequence of universal parts, U = Uy C U; C U, C ..., extended little
by little by the conclusions of the inference rules. Successful termination means that the
given problem is unsatisfiable. The I, § and E parts of the temporal problem are not
changed in a derivation.

Example 1. Let us consider an unsatisfiable temporal problem given by
. ul. [J3x(Pi(x) AP (x))
I=1il. 3 , U= )
{il. I0(x) } { u2. [LIVx(Q(x) A3y(=Pi(y) A=Pa(y)) = L(x))
sl. OVx(Pr(x) = O=Pi(x))
E={el. [OVxO-L(x)}, S=4 s2. OVx(P2(x) = O-Py(x))
s3. [vx(Q(x) = OQ(x))
and apply temporal resolution to this. First, we produce the following derived step
clause from s1 and s2: gl. Iy(Pi(y) AP2(y)) = OFy(—=P1(y) A —P2()).
Then merge g1 and 53 to give

ml. TIVx(3y(Pr(y) APa(9)) A Qx) = OEy(=P1(y) A=Pa(y)) AQ(x)))-
It can be immediately checked that the loop side conditions are valid for m1, i.e.,

(=P (y) A—P2(y)) AQ(x) = L(x) (see u2),
P(=P1(y) A=P2(y)) AQ(x) = Fy(Pr(y) AP2(y)) AQ(x)  (see ul).

We apply the eventuality resolution rule to el and m1 and derive a new universal clause
nul. TIVx(=(3y(P1(y) AP2(y))) V ~Q(x))

which contradicts clauses u1 and i1 (the initial termination rule is applied).
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Theorem 2 (Soundness and Completeness of Temporal Resolution). The rules of
temporal resolution preserve satisfiability. If a monodic constant flooded temporal prob-
lem P is unsatisfiable, then there exists a successfully terminating derivation from it.

Proof. From consideration of the models, it straightforwardly follows that the temporal
resolution rules preserve satisfiability. Consider, for example, the step resolution rule.
Let 4 = OB be a merged derived rule and assume that M =* [ (4 = OB), but for
some i > 0, M; £ —4. Then M1 =* B in contradiction with the rule side condition.
The proof of completeness is difficult, and Section 5 is entirely devoted to this issue.

a

5 Completeness of Temporal Resolution

In order to prove completeness of the temporal resolution method, we introduce
additional concepts (some of which were already defined in [1]). Let P = (U, I, S, E)
be a monodic temporal problem. Let {Py,...,Py} and {p1,...,pn}, N,n > 0, be the
sets of all (monadic) predicate symbols and all propositional symbols, respectively,
occurring in S U E. Let A be the set of all mappings from {1,...,N} to {0,1}, and
O be the set of all mappings from {1,...,n} to {0,1}. An element d € A (8 € ©) is
represented by the sequence [3(1),...,8(N)] € {0,1}" ([6(1),...,08(n)] € {0,1}"). Let
us call elements of A and © predicate and propositional colours, respectively. Let I" be
a subset of A, 6 be an element of ©, and p be a map from the set of constants of P to
. A triple (T',8,p) is called a colour scheme, and p is called a constant distribution.
If a predicate P;(x) from S U E “occurs” in a predicate colour 7y (i.e., Y(i) = 1), we
also write Pi(x) € y; and if y(i) = 0, we also write P(x) ¢ y or —=P(x) € Y. The same
convention is used for propositional colours and constant distributions.

For every colour scheme C = (I',0,p) let us construct the formulae Fr, 4., Bc in
the following way. For every y € I" and for every 0, introduce the conjunctions:

Fx)= AN Px)A A -Plkx), F= AN pAN AN -
<N, y(i)=1 i<N, Y(i)=0 i<n, 0(i)=1 i<n, 0(i)=0

Let us define two sets of indexes
Jy=A{i, 1 <i<N|y(i) =1 and Pi(x) = OM;(x) belongs to S for some M;} and
Jo=1{Jj,1<i<n|6(j)=1and pj = Om; belongs to S for some m;}.
(Recall that there are no two different step clauses with the same left-hand side.) Let
Ay(x) = A Pi(x), Bylx)= A Mi(x), Ae= A pi, Be= A\ m.

i€y i€y icJy i€Jy
Now ¥, Ac, B are of the following forms:

Fe= N\ IFRx)ANFA N Fo(e)(€) ANVx V Fy(x),

yell ceC yell

Ac = N\ IxAy(x) NAg A N\ Ap(e)(c) AVx V Ay(x),
vel ceC yell

Be = N IxBy(x) ABg A A\ Bp(e)(c) AVx V By(x).
yell ceC vel

We can consider the formula 7 as a “categorical” formula specification of the quotient
structure given by a colour scheme. In turn, the formula A4 represents the part of this
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Fig. 1. Behaviour graph for the problem from Example 2.

specification which is “responsible” just for “transferring” requirements from the cur-
rent world (quotient structure) to its immediate successors, and ‘B represents the result
of transfering.

Definition 8 (Canonical merged derived step clauses). Let P be a first-order tempo-
ral problem, C be a colour scheme for P. Then the clause (Ar = OBc), is called
a canonical merged derived step clause for P. If all the sets Jy, for all Y € I, and Jg
are empty, the clause (Ac = OB) degenerates to (true = Otrue). If a conjunction
Ay(x), YE T, is empty, that is its truth value is true, then the formula Vx\/,crAy(x) (or
VxVyer By(x)) disappears from Ac (or from ‘B respectively). In the propositional case,
the clause (A = OBc) reduces to (Ag = OBy).

Definition 9 (Canonical merged step clause). Let C be a colour scheme, A¢c = O B¢
be a canonical merged derived step clause, and y € C. Vx(Ac NAy(x) = O(Bc A
By(x))) is called a canonical merged step clause. If the set Jy is empty, the truth value
of the conjunctions Ay(x), By(x) is true, and the canonical merged step clause is just a
canonical merged derived step clause. Y€ C abbreviates here Y€ T, where C = (T',0,p).

Now, given a temporal problem P = (U, I,.S, E) we define a finite directed graph G as
follows. Every vertex of G is a colour scheme C for P such that YU ¥ is satisfiable.
For each vertex C = (T',0,p), there is an edge in G to C' = (I",0,p'), if UNA For ABe
is satisfiable. They are the only edges originating from C. A vertex ( is designated as
an initial vertex of G if I A U A F is satisfiable. The behaviour graph H of P is the
subgraph of G induced by the set of all vertices reachable from the initial vertices.

Example 2. Consider a monodic temporal problem, P, given by

I=0, U={l=IxP(x)}, S={P(x)= OPx)}, E={0-P(x),0l}.
For this problem, there exist two predicate colours, y; = [1] and y, = [0]; two propo-
sitional colours 8; = [1] and 6, = [0]; and six colour schemes, i = ({v1},61), G =

({12}:.01). G={11,12},01). Ge=({1},62), G5 = ({12},62), G = ({v1,72},62).
T = Ele(x) AVxP(x) N1 A, = 3xP(x) ANVxP(x) Be, = IxP(x) AVxP(x)

= Jx-P(x) AVx—=P(x) ANl Ac, = true B, = true
¢, = 3xP(x) AIx—P(x ) /\l A, = IxP(x) Be, = IxP(x)
= TP (x) AVXP(x) A Ae, = IxP(x) ANVxP(x) B, = IxP(x) AVxP(x)

= Ix=P(x) AVx—P(x) A=l Ap =true B =true
}' = IxP(x) A\Ix—P(x) A=l Ag, = 3xP(x) Be, = IxP(x)
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Note that F, A U =L. The behaviour graph for P, given in Fig. 1, consists of five
vertices; all of them are initial.

Definition 10 (Path; Path Segment). A path, &, through a behaviour graph, H, is a
function from N to the vertices of the graph such that for any i > 0 there is an edge
(n(i),m(i+ 1)) in H. In the similar way, we define a path segment as a function from
[m,n], m < n, to the vertices of H with the same property.

Lemma 1. Let P = (U, I,S,E) and P, = (1, 1,S,E) be two problems such that
U, C Uy. Then the behaviour graph of P, is a subgraph of the behaviour graph of P;.

Definition 11 (Suitability). For C = (I',0,p) and C' = (I",¥',p’), let (C,C’) be an
ordered pair of colour schemes for a temporal problem P. An ordered pair of predicate
colours (v,Y') where y € T, y' € T' is called suitable if the formula U A 3x(Fy(x) A
By(x)) is satisfiable. Similarly, an ordered pair of propositional colours (0,0') is suit-
able if U N Fy A By is satisfiable, and an ordered pair of constant distributions (p,p’)
is suitable if, for every ¢ € C, the pair (p(c),p’(c)) is suitable.

Note that the satisfiability of Jx(Fy(x) A By(x)) implies |= Vx(Fy/ (x) = By(x)) as the
conjunction Fy/(x) contains a valuation at x of all predicates occurring in By(x).

Lemma 2. Let H be the behaviour graph for the problem P= (U, I1,S,E) with an
edge from a vertex C = (T',0,p) to a vertex C' = (I"',0',p"). Then for everyy €T there
exists ay' € I such that the pair (y,Y') is suitable; for everyy' € " there existsaye T
such that the pair (,Y') is suitable; the pair of propositional colours (0,9’) is suitable;
the pair of constant distributions (p,p’) is suitable.

Definition 12 (Run/E-Run). Let 1t be a path through a behaviour graph H of a tempo-
ral problem P, and n(i) = (I';,8;,p;). By a run in T we mean a function r(n) from N to
Uien [i such that for every n € N, r(n) € T, and the pair (r(n),r(n+ 1)) is suitable. In
the similar way, we define a run segment as a function from [m,n), m <n, to J;c T with
the same property. A run r is called an e-run if Vi > OVOL(x) € E3j > i(L(x) € r(j)) %

Let T be a path, the set of all runs in T is denoted by R (1), and the set of all e-runs
in T is denoted by R,(m). If m is clear, we may omit it.

Example 3. = (3,Cs, C3, s, - - - 1s a path through the behaviour graph given in Fig. 1.
r=Y1,Y1,-.. and r2 =Y1,%2,Y1,Y2,- .. are both runs in ®. r; is an e-run, but r; is not.

Theorem 3 (Existence of a model). Ler P= (U, 1,5, E) be a temporal problem. Let
H be the behaviour graph of P, let C and C' be vertices of H such that C = (T',0,p) and
C' = (I',0,p"). If both the set of initial vertices of H is non-empty and the following
conditions hold’

VyeLVCYOL(x) € 3y e T'3C" ((C,y) =" (C',¥') AL(x) €7'), )

4 To make the presentation compact, we abuse the notation by allowing the use of logical sym-
bols at meta-level.

5 Here (C,y) =T (C,y') denotes that there exists a path segment 1t from C to ¢’ such that yand
v’ belong to a run segment r in 7, i.e., t(m) = C, n(n) = C', r(m) =y€T,and r(n) =y €T’
for some m < n; C —T (' denotes that there exists a path segment from C to C’.
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Ve € const(P) VCYOL(x) € £ 3C" (C—" C'AL(x) €p'(c)), ()
Vevole € 3C (C—" C'nled), 3)
then P has a model.
Note 1. For constant flooded problems condition 3 of Theorem 3 implies condition 2.

This theorem generalises its ground eventuality counterpart in [1] (Lemma 5) and its
proof, therefore, is omitted and given in full in [3]. This generalisation is made possible
by the following intricate, but essential, lemma.

Lemma 3. Under the conditions of Theorem 3, there exists a path © through H where:

(a) m(0) is an initial vertex of H;

(b) forevery colour scheme C =m(i), i > 0, and every ground eventuality literal Ol € E
there exists a colour scheme C' = n(j), j > i, such thatl € ¢';

(c) for every colour scheme C = (i), i > 0 and every predicate colour Y from the
colour scheme there exists an e-run r € R () such that r(i) =, and

(d) for every constant ¢ € L, the function r.(n) defined by r.(n) = pn(c), where p, is
the constant distribution from (n), is an e-run in .

Proof. [of Lemma 3] Let OL;(x),...,0L(x) be all non-ground eventuality literals
from ‘E; <>11,...,<>l,, be all ground eventuality literals from £; and cy,...,c, be all
constants of P. Let () be an initial vertex of H. We construct the path © as fol-

lows. Let {yi,...,Ys,} be all predicate colours from I'¢,. By condition (1) there ex-

) (1)

ists a vertex CSYI 1) and a predicate colour V1" €T Ly such that (Go,y1) — 7
0

(1) 4 DY and Ly (x) € v}V, In the same way, there exists a vertex G,""*?) and a

predicate colour Y(lz) €T .1, such that (C(gYl L) ,yﬁ”) — (C(gY' A2) ,Y<12>) and Ly (x) €
0

7(12). And so on. Finally, there exists a vertex CSY‘ ) and a predicate colour ygk) €

r G such that (C‘éYl ’Lk’1>,“{(lk71)) -t (C‘éYl ’Lk),yﬁk)) and Ly(x) € y(lk>. Clearly, v,
.,y(ll) yeen ,y(lz) yeen ’ng) forms a segment of a run and every non-ground eventuality is
satisfied along this segment.

Now, let y<20) be any successor of ¥ in T’ (71 1) As above, there exists a sequence

()

and a sequence of predicate colours v, * € F 2 YLy >

Ygd € FC(72~L1<) such that p»,. .. ,y<2 >, o ,y<2 >, .. ,yg ) forms a segment of a run and every
0

of vertices C(gyz’L”,' ., C(gYLL %)

non-ground eventuality is satisfied along this segment. And so on. At a certain point we

5oL
construct a segment of a path from (j to a vertex Céyo Y

there exists ¥’ € C(E%O’ g

yoy'.
(c1 (¥sg L&) _+ olenly)
In a similar way we can construct a vertex Co ) such that G G

such that for every y € (o

such that all eventualities are satisfied on the run-segment from

and L (x) € P fer 1) y(c1). And so on. Then we can construct a vertex CO ) such that

C(gcq.,Lk) C(g and ll c ec(gll) . And so on.
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Finally, we construct a vertex (, = C(E[p ) such that ¢y —+ G, and on this path seg-
ment all conditions of the theorem hold for C = (. Let us denote this path segment as
Ao, and let (] be any successor of C(').

By analogy, we can construct a vertex (| and a path segment A; from (i to (| such
that all conditions of the theorem hold for C = (. An so forth. Eventually, we construct
a sequence (o, C1,..., Cj such that there exists n,0 < n < j and G, = C; because there
are only finitely many different colour schemes. Let ty = Ao, ..., A1, To = Ay, ... Aj_1.
Now, we define our path 7 as 7t; (7, )*. Properties (a) and (b) evidently hold on 7.

Let C = m(i) and vy € T'¢. Clearly, there exist Y € (p and y” € G, such that

(Co,Y') =" (C,y) and (C,y) =" (Gu,Y")- Since for every v € G, there exists "' €

Gl such that all eventualities are satisfied on the run-segment from y” to v’ and

there exists Y4 € G, (C,EYS” ’L"),y’” ) =T (Cn,y(“)), then there is an e-run, r, such that
r(i) =1, i.e., property (c) holds.

Note that, for every constant ¢ of P the sequence r.(n) is a run in 7. By construction,
for every OL(x) € ‘E there is a vertex G\ in m such that L(x)ep o) (¢). Therefore,

r¢(n) is an e-run in 7 and property (d) holds. a

Proof. [Theorem 2: completeness of temporal resolution] The proof proceeds by in-
duction on the number of vertices in the behaviour graph H for P = (U, 1,5, E), which
is finite. If H is empty then the set U U I is unsatisfiable. In this case the derivation is
successfully terminated by the initial termination rule.

Now suppose H is not empty. Let C be a vertex of H which has no successors. In
this case the set U U B, is unsatisfiable. Indeed, suppose U U {Bc} is true in a model
(D'.I'). Then we can define a colour scheme ' such that (D',I') = F. (Indeed, for
every a € D' lety(,) be amap from {1,...,N} to {0, 1} such that y(,) (i) = 1 if, and only
if, M = P;(a) for every 1 <i < N. Similarly, let 8 be a map from {I,...,n} to {0,1}
such that 8(j) = 1 if, and only if, M |= p; forevery 1 < j <n. Define I"as {y(,) |a € D'},
and p(c) as y<c,/>.) As Be A Fer is satisfiable, there exists an edge from the vertex C to
the vertex C’ in the contradiction with the choice of C as having no successor.

The conclusion of the step resolution rule, =4, is added to the set U, this implies
removing the vertex C from the behaviour graph because the set { F-,—4c} is not
satisfiable.

Next, we check the possibility where H is not empty and every vertex H has a successor.
Ought to Note 1, we consider two cases of violation of the conditions of Theorem 3.

First Condition of Theorem 3 Does Not Hold. The negation of (1) gives the following:
ICHeT LX) e EW e’V (Cy) =1 (C)Y)=Lx) ¢Y). @&

Let (o, Y0, and OLo(x) be the vertex, colour and eventuality, respectively, determined by
the existential quantifiers of (4). Let J and J;,i € J be finite nonempty sets of indexes
such that {G; | i € J} is the set of all successors of ( (possibly including (y itself) and
{vij€Ti|i€T, jE€Ji, Yo—" v} is the set of all predicate colours such that there
exists a run going through Yy and the colour. (To unify notation, if 0 ¢ J, we define Jo
as {0}, and Yo 0 as Yo; and if 0 € J, we add the index of yy to Jo. Therefore, Jo is always
defined and without loss of generality we may assume that Yoo = Yo.)
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Let G,,..., G, be the set of all immediate successors of (p. To simplify the proof,
we will represent canonical merged derived step clauses A¢, = OB, (Ag, = OB,)
simply as 4; = OB; (4;, = OB;,), and formulae ¥, (TCI.[) simply as F; (Fi,).

Consider two cases depending on whether the canonical merged derived step clause
Ay = OBy (or any of 4; = OB;, i € J) degenerates or not.

Let Ay = By = true. It follows that U |= Vx—Lo(x). Indeed, suppose UU{IxLy(x)}
has amodel, (D',I'). Then we can construct a colour scheme (’ such that (D', I') = F .
Since (,,..., G, is the set of all immediate successors of (p and By = true, it holds
that there exists j, 1 < j <k, such that i, = C'. Since By, (x) = true, every pair (o,7’),
where Yy’ € T", is suitable; hence —Ly(x) € ¥’ for every y' € I’ and F = Vx—Lo(x)
leading to a contradiction. Therefore, U = Vx—Lo(x) and the eventuality termination
rule can be applied. The same holds if any one of 4; = OB; degenerates.

Let none of the 4; = (O B; degenerate. We are going to prove that the eventuality
resolution rule can be applied. First, we have to check the side conditions for such an
application.

L. Vx(UAN B A\By, ;(x) = —Lo(x)) foralli € TU{0}, j € Ji.
Consider the case when i = j = 0 (for other indexes the arguments are similar).
We show that Vx(UA By A By,(x) = V Fy(x)) is valid (it fol-
le{l,.. .k} el vy
lows, in particular, that Vx(U A By A By, (x) = —Lo(x)) is valid). Suppose (D', I’)
is a model for Fx(UA By A By, (x) A A —Fy(x)). Then there ex-
le{l,..k}, el , y—=y
ists a colour scheme C’ such that (D',I') = F. Since (D', I') = By A Fer, we
conclude that ¢’ is among G,...,G,. Note that (D',I') |= F follows. In par-
ticular (D',I') |=Vx \/ Fyp(x) and, hence, (D',I') = Vx(By,(x) = \/ Fy(x)).
y'er’ y'er’

Together with the fact that (D', I') |= 3x(By, (x) A Fyr(x)) implies Yo — ", we have
(D',I') |=Vx(By, (x) = V' Fyr(x)). This contradicts the choice of the struc-
’Y”EF,',’YOH’Y”
ture (D', I).
2. Vx(UNBABy,;(x) = \Y, (Ax ANAy,, (x))) forall i € TU{0}, j € Ji.
ke3U{0}, ley
Again, consider the case i = j = 0. Suppose U A By A Fx(By,(x) A
(=(A N Ay, (x)))) is satisfied in a structure (D',I). Let C' be a
keJU{0}, leJy
colour scheme such that (D',I') = ¥ . By arguments similar to the ones given
above, there is a vertex (,, 1 <1 <k, which is an immediate successor of (p,
such that G, = (', and hence (D',I') |= 4'. Tt suffices to note that (D'.I') =
Vx(By, (x) = V'  Ap(x)). (Asin the case 1 above, (D',I') |= Vx(By,(x) =
’Y”Er,ﬂ’YOH’Y”
rer F,(x)), and for all Y € T”, the formula Vx(Fy» (x) = Ayr(x)) is valid.)

After applying the eventuality resolution rule we add to €U its conclusion:

Vx A (=4 vV —Ay,;(x)). Then, the vertex (p will be removed from the be-
i€3U{0}, jed; ’

haviour graph (recall that Fy = Ao A FxAy, (x)).
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Third Condition of Theorem 3 Does Not Hold. This case was already considered in [1].
We sketch here the proof. The negation of (2) gives the following:

ACAVL€ EVC (C—TC'=1¢¥9) %)

Let (o, and Iy be the vertex and eventuality determined by the existential quantifiers
of (5). Let J be a finite nonempty set of indexes, {G; | i € T} be the set of all successors
of (o (possibly including ( itself). As in the previous case, one can show that

— If any of 4; = OB; (where i € J) degenerates then U |= I/, and the ground even-
tuality termination rule can be applied.
— If none of the canonical merged derived step clauses degenerate then the following
conditions hold
e forallie JU{0} UUB =
e forallie JU{0} UUBE \V A4
jeau{o}
and so the ground eventuality resolution rule can be applied. a

Example 4 (example 2 contd.). We illustrate the proof of Theorem 2 on the temporal
problem introduced in Example 2. The behaviour graph of the problem is not empty;
every vertex has a successor. It is not hard to see that the first condition of Theorem 3
does not hold, and, following the proof, we can choose as (o, Yo, and Lo, for example,
Ci, 71, and —P(x), respectively. The set of all (and all immediate) successors of (j is
{Ci1,C4}. Note that the canonical full merged step clauses corresponding to () and 4
are identical, and none of them degenerates. For i € {1,4}, the loop side conditions,

Vx(((I = 3xP(x)) A (3xP(x) AVxP(x)) A P(x)) = P(x))
~—~

’Ui 3,' BY] (X)

and

Vx(((I = FxP(x)) A (IxP(x) AVxP(x)) AP(x)) = \/ (IxP(x) AVxP(x) A P(x)))
~— . —_—

U; B; By, (x) jettd) A Ay (%)

hold. Therefore, we can apply the eventuality resolution rule whose conclusion can be

simplified to 3x—P(x). After the conclusion of the rule is added to U, vetices C} and (4

and edges leading to and from them are deleted from the behaviour graph.

For the temporal problem with the new universal part, again the first condition of
Theorem 3 does not hold, for example, for Co = G, Yo =1, and Lo(x) = =P(x). (Note
that y> is never a successor of y;.) The set of all (and all immediate) successors of
Cs is {3, Gs }- The canonical full merged step clauses corresponding to (3 and (g are
identical, and none of them degenerates. In a similar way, the loop side conditions hold
and the conclusion of the eventuality resolution rule simplifies to Vx—P(x). This time,
vertices (3 and (g are deleted from the behaviour graph.

For the new problem, the third condition of Theorem 3 does not hold for () = s,
lo = . As the canonical full merged step clause degenerates (and U |= —/), the ground
eventuality termination rule can be applied.

Note that if, in the beginning, instead of (; we had selected (3 (or (¢) as (p, ver-
tices (1, (3, (4, and (s would be deleted after the first application of the eventuality
resolution rule.



Monodic Temporal Resolution 409

Input A temporal problem P and an eventuality clause OL(x) € ‘E.
Output A formula H(x) with at most one free variable.
Method:1. Let Hy(x) = true; Ny =0; i = 0.

2. Let Njyj = {Vx(ﬂ[}iﬂ) (x) = OQ?;HI)()C)) ’;:1 be the set of all full merged step

clauses such that for every j € {1...k}, Vx(UA $;i+1>(x) = (—L(x) A H;(x)))
holds. (The set N;i1 possibly includes the degenerate clause true = Otrue in
the case U |= Vx(—L(x) A Hj(x)).)

3. If Nipy = 0, return false; else let H; ;| (x) = (ﬂlj(iH)(x)).

<<=

j=1
4. If Vx(H;(x) = Hiy(x)) return Hpy (x).

5. i=i+1; goto 2.

Fig. 2. Breadth First Search algorithm.

6 Loop Search Algorithm

The notion of a full merged step clause is quite involved and the search for appropriate
merging of simpler clauses is computationally hard. Finding sets of such full merged
clauses needed for the temporal resolution rule is even more difficult. In Fig. 2 we
present a search algorithm that finds a loop formula (cf. page 401)—a disjunction of the
left-hand sides of full merged step clauses that together with an eventuality literal form
the premises for the temporal resolution rule. The algorithm is based on a Dixon’s loop
search algorithm for the propositional case [4]. For the sake of space, in what follows
we consider non-ground eventualities only. The algorithm and the proof of its properties
for the ground case can be obtained by considering merged derived step clauses instead
of the general case and by deleting the parameter “x” and quantifiers. We are going
to show now that the algorithm terminates (Lemma 5), its output is a loop formula
(lemmas 6 and 7), and temporal resolution is complete if we consider only the loops
generated by the algorithm (Theorem 4).

Lemma 4. For the formulae H;(x), i > 0, constructed by the BFS algorithm, the fol-
lowing holds: Vx(Hjy1(x) = H;(x)).

Lemma 5. The BFS algorithm terminates.

Proof. There are only finitely many different H;(x). Therefore, either there exists k
such that Hy (x) = false and the algorithm terminates by step 3, or there exist [,m : [ < m
such that Vx(H;(x) = Hy(x)). In the latter case, by Lemma 4 we have Vx(H,,— (x) =

Hj(x)), that is Vx(H,,—1(x) = Hy,(x)). By step 4, the algorithm terminates. a

Lemma 6. Let H(x) be a formula produced by the BFS algorithm. Then Vx(U N
H(x) = O J-L(x)).

Lemma 7. Let P be a monodic temporal problem, L be a loop in OL(x) € E, and L(x)
be its loop formula. Then for the formula H(x), produced by the BFS algorithm on
OL(x), the following holds: Vx(L(x) = H(x)).
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The proof of the completeness theorem goes by showing that there exists an eventuality
OL(x) € E and aloop L = {Vx(4;(x) = OBi(x))}X_, such that the application of the
eventuality resolution rule to (L(x) and L leads to the deletion of some vertices from
the eventuality graph. A vertex C is deleted if the categorical formula, %, together
with the universal part, T, is satisfiable, but #- A Vx— V];: 1 Aj(x) A U is unsatisfiable.

Theorem 4. Temporal resolution is complete if we restrict ourselves to loops found by
the BFS algorithm.

Note 2. The need to include all full merged step clauses satisfying some particular
conditions into N;; | might lead to quite extensive computations. Note however that due
to the trivial fact that if Vx(A(x) = B(x)) then Vx((A(x) V B(x)) = B(x)), we can restrict
the choice to only those full merged step clauses whose left-hand sides do not imply the
left-hand side of any other clause in Ni yielding a formula H 1(x) equivalent to the
original formula H;.(x).

Example 5. Let us consider an unsatisfiable monodic temporal problem, P, given by
I={3xA(x)}, U= {Vx(B(x) = A(x) A—L(x))}, S ={A(x) = OB(x)}, £={0L(x)}
and apply the BFS algorithm to QL(x).

The set of all full merged step clauses, N;, whose right-hand sides imply —L(x), is:

(WyA(y)) = O(WyB(y)), (6)
(A(x) AVYA(y)) = O(B(x) AVyB(y)), @)
(A(x) ATyA(y)) = O(B(x) A3yB(y)). (8)

Note that Vx(VyA(y) = A(x) AVyA(y)) and Vx(A(x) AVyA(y)) = A(x) ATyA(y)); there-
fore, clauses (6) and (7) can be deleted from N, yielding N = {(A(x) AIyA(y)) =
O(B(x) A ByB(y))} and H] (x) = (A(x) A HA()).

The set of all full merged step clauses N> whose right-hand sides imply L(x) AH{ (x)
coincides with N; and the output of the algorithm is H}(x) = H{(x). The conclusion of
the eventuality resolution rule, Vx—A(x) V —3yA(y), simplified to Vx—A(x), contradicts
the initial part of the problem.

Note that all full merged step clauses from N; are loops in QL(x), but both con-
clusions of the eventuality resolution rule, applied to the loops (6) and (7), can be
simplified to 3x—A(x) which does not contradict the initial part.

7 Conclusion and Future Work

In this paper, we have introduced a resolution-based calculus for the monodic fragment
of first-order temporal logic. We have shown that the calculus is sound and complete
and considered some problems of implementation. We have suggested an algorithm
that “guides” the search for loops in order to avoid unnecessary enumeration of all
possibilities. We are going to refine also the step resolution rule in a way similar to the
original temporal resolution method for the propositional case [5] that could serve as a

basis for a practical implementation.
An alternative tableaux-based approach [10] also utilises similar “separation” ideas

dividing the proof search procedure into femporal and first-order parts. Note that the
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method in [10] requires the first-order component to give a finite representation of all
possible first-order models; whereas our method requires from it just an yes/no answer
(to test side conditions of the rules of temporal resolution). Our procedure is a deci-
sion procedure when the side condition checks are decidable, and is a semi-decision
procedure otherwise.
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