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Abstract. In previous work, the so-called Temporal Equilibrium Logic
(TEL) was introduced. This formalism provides an extension of the An-
swer Set semantics for logic programs to arbitrary theories in the syntax
of Linear Temporal Logic. It has already been shown that, in the non-
temporal case, arbitrary propositional theories can always be reduced to
logic program rules (with disjunction and negation in the head) inde-
pendently on the context. That is, logic programs constitute a normal
form for the non-temporal case. In this paper we show that TEL can
be similarly reduced to a normal form consisting of a set of implications
(embraced by a necessity operator) quite close to logic program rules.
This normal form may be useful both for a practical implementation of
TEL and a simpler analysis of theoretical problems.

1 Introduction

Logic programs under the answer set (or stable model) semantics [I] have be-
come a succesful paradigm for practical knowledge representation. The success
of Answer Set Programming (ASP) partly comes from a combination of solid
theoretical foundations with the availability of efficient solvers [2] that allowed
its use for real world applications. Among these typical applications of ASP we
frequently find dealing with transition systems and action theories. In this set-
ting, the nonmonotonic reasoning capabilities of ASP play a crucial role for a
suitable treatment of problems like prediction, explanation, planning or diagnos-
tics, allowing a natural representation of default rules like the well-known inertia
default for solving the frame problem [3]. However, the use of ASP solvers for ac-
tion domains has an important limitation: it requires fixing a finite length for the
sequence of transitions a priori, so that the program can be properly grounded.
In this way, it is impossible to deal with problems like the non-existence of solu-
tion (of any length) for a given planning problem or the study of properties like
the equivalence of two representations.

A natural choice for dealing with this kind of problems is extending ASP with
modal operators, as those used in Propositional Linear Temporal Logic [4] (LTL).
Defining such an extension becomes quite straightforward if we start from a purely
logical characterisation of ASP, like the one provided by Equilibrium Logic [5lJ6].
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Equilibrium Logic has been proved to be a powerful tool for the theoretical analy-
sis of ASP, motivating the study of strong equivalenc between logic programs [7],
covering most syntactic extensions considered up to date, or being closely related
to the conception of new definitions of stable models for arbitrary propositional [§]
and first order theories [9]. Another important advantage is that its formal defini-
tion is extremely simple: it amounts to a selection criterion among models of the
(monotonic) intermediate logic of Here-and-There (HT) [10].

An extension of Equilibrium Logic for dealing with LTL operators was first
introduced in [I1] under the name of Temporal Equilibrium Logic (TEL). This
modal extension has been already used for encoding action languages [I1] or
for checking strong equivalence of temporal logic programs by a reduction to
LTL [12]. However, the interest of TEL has mostly remained theoretical, as there
does not exist any automated method for computing the temporal equilibrium
models of an arbitrary modal theory yet. An important step in this direction
has to do with reducing the arbitrary syntax of temporal theories into a normal
form closer to logic programming rules. For instance, in the non-temporal case, it
has been already proved [13] that any arbitrary propositional theory is strongly
equivalent to a logic program (allowing disjunction and negation in the head), so
that logic programs constitute a normal form for Equilibrium Logic. Similarly, in
the case of (monotonic) LTL, an implicational clause-like normal form introduced
in [T4] was used for designing a temporal resolution method.

In this paper we show that TEL can be similarly reduced (under strong equiv-
alence) to a normal form consisting of a set of implications (embraced by a ne-
cessity operator) quite close to logic program rules. The reduction into normal
form starts from the structure-preserving polynomial transformation presented
in [15] for the non-temporal case. This transformation has as a main feature the
introduction of an auxiliary atom per each subformula in the original theory. We
then combine this technique with the inductive definitions of temporal opera-
tors used for LTL in [I4]. The obtained normal form considerably reduces the
possible uses of modal operators and may be useful both for a future practical
implementation of TEL and a simpler analysis of theoretical problems.

The rest of the paper is organised as follows. In Section Bl we introduce the
(monotonic) temporal extension of HT. In the next section, we then define the
model selection criterion that gives raise to TEL, providing some concepts and
definitions and introducing the normal form. Section M details the translation
and contains the proof of its correctness. Finally, Section [ discusses related
work and Section [6] concludes the paper.

2 Linear Temporal Here-and-There (THT)

The logic of Linear Temporal Here-and-There (THT) is defined as follows. We
start from a finite set of atoms V called the propositional signature. A (temporal)
formula is defined as any (well-formed) combination of the classical connectives

! Two programs are strongly equivalent when they yield the same answer sets even when
they are included in a common larger program or context.
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A,V,—, L with the unary temporal operator () (read “next”), the binary tem-
poral operators U (read “until”) and R (read “release”), and the atoms in V.
A formula is said to be non-modal if it does not contain temporal operators.
Negation is defined as —p def @ — 1 whereas T ef 1. As usual, ¢ < 1) stands
for (¢ — ¥) A (¢ — ¢). Other usual temporal operators can be defined in terms
of U and R as follows:

def def

def
Op=1LRe O0p=TUe WY = (pUY)VDp

Given a formula I', by size(I") we understand the number of occurrences of
atoms and connectives A,V, —, L, O, U, R in I'. A theory is any set of formulas.
When [ is a finite theory, we assume we deal with the conjunction of all its
formulas. For any theory I', subf(I") will denote the set of all subformulas of I".

A (temporal) interpretation M is an infinite sequence of pairs m,; = (H;, T;)
with ¢ = 0,1,2,... where H; C T; are sets of atoms standing for here and there
respectively. For simplicity, given a temporal interpretation, we write H (resp. T)
to denote the sequence of pair components Hy, Hy,... (resp. Ty, T1,...). Using
this notation, we will sometimes abbreviate the interpretation as M = (H, T).
An interpretation M = (H, T is said to be total when H = T.

Let M be an interpretation for a signature U and let V' C U. The expression
M NV denotes the interpretation M restricted to signature V, that is M NV is
a sequence of pairs (H; NV, T; N V) for any (H;,T;) with ¢ > 0 in M.

Given an interpretation M and an integer number k > 0, by M} we denote
a new interpretation that results from “shifting” M in k positions, that is, the
sequence of pairs (Hy, Tk), (Hi+1, Te+1)s (Hkt2, Tht2), - .. Note that Mg = M.

Definition 1 (satisfaction). An interpretation M = (H, T) satisfies a formula
o, written M | ¢, when:

M Ep ifp € Hy, for any atom p.

MEeAY ifME@and M = .

MEpVvy if Mg or ME 1.

H,T)=Ep—v¢ if(x,T) @ or{x,T) = for allz € {H, T}.
MEQOp if Mi .

MEoeUy if3j>0, MjEvY andVk st. 0<k<j, MpEe
MEeRY ifVi>0, MjE¢ ordk st 0<k<j, MpEep

NS O oo =

A formula ¢ is valid if M |= ¢ for any M. An interpretation M is a model of a
theory I', written M |= I, if M |= «, for all formula « € T'.

We assume that a finite sequence M = my, ms, ..., m, is an abbreviation of
an infinite sequence where the remaining elements coincide with m,, that is,
that for ¢ > n, m; = m,. The logic of THT is an orthogonal combination of
the logic of HT and the (standard) linear temporal logic (LTL) [4]. When we
restrict temporal interpretations to finite sequences of length 1, that is (Hy, Tp)
and disregard temporal operators, we obtain the logic of HT. On the other hand,
if we restrict the semantics to total interpretations, (T, T) = ¢ corresponds to
satisfaction of formulas T |= ¢ in LTL. In this sense, item [ of Definition [I] can
be rephrased as:
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4. (H,T) E ¢ — ¢ if both (1) (H,T) | ¢ implies (H, T) | «; and (2)
TE¢—1in LTL.

Similarly (H,T) | ¢ < ¢ if both (1) (H,T) = ¢ iff (H,T) = ¢; and (2)
T = ¢ < ¢ in LTL. The following proposition can also be easily checked.

Proposition 1. For any I and any M = (H,T), if M =T then T=1. O

The next result shows that, for formulas not containing implications, equivalence
in LTL and THT coincides.

Proposition 2. Let ¢ and vy be two formulas not containing z'mplz'catio. Then
p 1 is a THT tautology iff it is an LTL tautology.

Proof. As LTL models correspond to THT total models, it is obvious that any
THT tautology is an LTL tautology too. For the other direction, assume ¢ < ¥
is LTL valid but for some intepretation M = (H, T), M }~ ¢ <> . This means
that, either (i) T | ¢ is not equivalent to T |= v or (ii) M |= ¢ is not equivalent
to M = 4. The former immediately contradicts that ¢ < 1) is an LTL tautology.
So, suppose (ii) and, without loss of generality, that M |= ¢ but M [~ 9. Looking
at the definition of THT satisfaction, it is easy to observe that the only way to
refer to the T component in (H, T) is via implication. Since ¢ and ¥ do not
contain implications, the T component is irrelevant and we conclude that for
any interpretation M’ = (H, T), M’ = ¢ and M’ [£ ¢, including the case
M’ = (H,H). But this means there exists a LTL intepretation H for which
H | ¢ and H }£ ¢ contradicting that ¢ < 1 is an LTL tautology. O

In particular, the following LTL valid formulas are also THT valid:

pUY =PV (pAOlp U P)) (1)
P RY=PAN(eVO(pRY)) (2)

We can alternatively represent any interpretation M = (H,T) by seeing each
m; = (H;,T;) as a three-valued mapping m; : V' — {0, 1, 2} so that, for any atom
p, m;(p) = 0 when p € T; (the atom is false), m;(p) = 2 when p € H; (the atom
is true), and m;(p) = 1 when p € T; \ H; (the atom is undefined). We can then
define a valuation for any formula ¢, writterd M(p), by similarly considering
which formulas are satisfied by (H, T) (which will be assigned 2), not satisfied
by (T, T) (which will be assigned 0) or none of the two (which will take value 1).
By M, () we mean the 3-valuation of ¢ induced by the temporal interpretation
M, that is, M shifted ¢ positions. From the definitions in the previous section,
we can easily derive the following conditions:

2 Remember that negation is a form of implication.

3 We use the same name M for a temporal interpretation and for its induced three-
valued valuation function — ambiguity is removed by the way in which it is applied
(a structure or a function on formulas).
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L. <>é

mo(p)
2. M(p A ) E min(M(p), M(¥)); M(p V) < maz(M(p), M(1)))
3. M(p —9) é { i)ftﬁgl"WI)b: M)
4. M(Ogp) € My ()

2if 35 >0: M;(®) =2 and Vk,0 < k < j = Mg(p) =
5. M(p U ) % {0t vj > 0: M;(1) =0 or 3,0 < k < j,My(p) =0
1 otherwise

29V > 0: M;(¢) =2 or 3k, 0 < k < j, My () = 2
6. M(p R )% { 0if 35 >0: M;(t)) =0 and Vk,0 < k < j = My(p) =0
1 otherwise

From their definition, the interpretation of the temporal derived operators be-
comes M(Oyp) = min {M;(¢) | i > 0} and M(Qp) = max {M;(p) | i > 0}.

Under this alternative three-valued definition, an interpretation M satisfies
a formula ¢ when M(p) = 2. When M = (T, T), its induced valuation will
be just written as T(y) and obviously becomes a two-valued function, that is
T(¢) € {0,2}. A pair of useful observations:

Observation 1. For any interpretation M, M = ¢ < ¢ iff M(p) = M(¢)
whereas, M |= O(p < ) iff for all i > 0, M;(v) = M; ().

Observation 2. Given M = {H, T} and a pair of formulas p,v, if M(p) =
M(%)) then also T(p) = T(). O

3 Linear Temporal Equilibrium Logic (TEL)

We can now proceed to describe the model selection criterion that defines tem-
poral equilibrium models. Given two interpretations M = (H,T) and M' =
(H',T') we say that M’ is lower or equal than M, written M’ < M, when
T/ =T and for all i > 0, H] C H;. As usual, M’ < M stands for M’ < M but
M’ # M.

Definition 2 (Temporal Equilibrium Model). An interpretation M is a
temporal equilibrium model of a theory I' if M is a total model of I and there
is no other M' <M, M’ =T O

Note that any temporal equilibrium model is total, that is, it has the form
(T, T) and so can be actually seen as an interpretation T in the standard LTL.
By Eq(V,I") we denote the set of temporal equilibrium models under signature
V of a theory I' C Ly . Note that the consequence relation induced by temporal
equilibrium models is nonmonotonic. Thus, when dealing with equivalence of
two theories, I, I, the mere coincidence of equilibrium models Eq(V,I7) =
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Eq(V, I;) will not suffice for safely replacing one by each other, since they may
behave in a different way in the presence of additional information. Two theories
I, I are said to be strongly equivalent when Eq(V, [T UT") = Eq(V, I, UTI") for
any arbitrary theory I'.

We will further refine this idea of strong equivalence for transformations that
deal with an extended signature possibly containing auxiliary atoms.

Definition 3 (Strong faithfulness). We say that a translation o(I") C Ly of
some theory I' C Ly with V C U is strongly faithful if, for any theory I'' C Ly :

EqV,TuI'y={MNV | M€ EqU,o(I')UIT")}

Finally, we describe the normal form we are interested in. Given a signature V/,
we define a temporal literal as any expression in the set] {p,Op,—p|peV}.

Definition 4 (Temporal rule). A temporal rule is either:

1. an atomp e V;

2. an implication like O(By A --- ANBp, — C1 V ---V Cy,) where the B; and C;
are temporal literals, n > 0 and m > 0;

3. or an implication like O(Op — q) or like O(p — Oq) with p,q atoms. O

A temporal logic program (TLP for short) is a finite set of temporal rules.

4 Reduction to Temporal Logic Programs

The translation uses an extended signature Vi, that contains an atom (a label) for

each non-constant formula in the original languageﬁ Ly, thatis Vi, = {L, | p €

Ly \ {L, T}}. For convenience, we use L, def @ when ¢ is T, L or an atom

p € V. This allows us to consider V1, as a superset of V. For any non-atomic
formula ~, we call its definition, df () to:

O(Ly < Ly, e Ly) if v=(pev) with e € {A,V,—};
O(Ly < OLy) if v = Ogp;
df (v) def O(Ly < Ly V (L, AOLy) )
AO(L,, — OLy) ifvy=(pU )
O(L. < Ly A (Ly, V OL,) )
AO0@OLy — L,) if v =(p R ).

Definition 5. For any theory I" in Ly, we define the translation o(I") as:

o) E Ly | € T} ULdf(7) | 7 € subf(I)}

4 Expressions like = () p are not temporal literals: the three types above suffice.
5 In this way, V& is infinite, but when we later translate a given theory I", we can just
take V1, as a label per each subformula.
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That is, o(I") collects the labels for all the formulas in I" plus the definitions for
all the subformulas in I". When the main connective in -~y is a derived operator
=, ¢, 0, after simplifying truth constants, we obtain the following df (v):

D(L'Y A _'L4,0 ) lf Y= 7Y
df(y) = O(L, = L, VOL, ) AO(L, — OL,) if v = Ogp;
(L, < L, AQL, ) AO(OLy, — L) if y = Ogp.

Lemma 1. Let M be a model of a theory I' in Ly . Then, there exists some M’
such that M =M'NV and M’ = o(I).

Proof. Take M’ as the sequence of 3-valued mappings M’ = mf,mj,... for
signature Vg, so that:

mi(Ly) < M, () (3)

for any formula ¢ € Ly,. When ¢ is an atom p, m}(p) = m}(L,) = M;(p) = m;(p)
for all 7 > 0, thus, the valuations for atoms in M and M’ coincide. This means
that M’ NV = M.

Furthermore, as M | I', for any ¢ € I" we get 2 = M(p) = Mo(p) @
mg(Ly,) = M/'(Ly,). In other words M’ = {L,, | ¢ € I'}. To prove that M’ |=
o(I") it remains to be shown that M’ = df (vy) for any v € subf(I"). We will

show it by cases, depending on each type of subformula .
1. For v = (pe1) with ® € {A,V, —} we have to prove M/(L.,) = M}(L,eLy)
for all 4 > 0:
M;(L,) = m(Lyey) D Mi(p o ¢) = F*(Mi(). Mi())
D (L), (L) = ML, o Ly)
where f* denotes, for each e € {A,V,—} their corresponding three-valued

mappings.
2. For v = O we have:

1=

M;(Lv) = m;(LOw) M;(Oy) = Mit1(p)

m;+1(Lsa) = M2+1(Lso) = M;(OLw)

3. For v = (¢ U 1) we prove first M/(L,) = M;(Ly V (L, A OL,)) for any
12> 0.

[I=

ML) = m(Lw) @ Milpth ) D Muw v (0 A Oletdv) ) )
= max( Mz(w), min (Mi(@),Mi+1(@uw)) )
(E:ﬂ) max( m;(Lw), min (m;(Lw),m;+1 (Lgnuw)) )
= Mj(Ly V (Ly A OLguyp) )
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We have to prove now that M’ = O(L, — OLy), that is, the implication
holds at any ¢ > 0. Assume at some i > 0, M = L. By construction of M’
this means M; | ¢ U 1. This implies M; = O, that is, for some j > 4,
M = 9. But then, by construction of M’ again, M = Ly, for some j > 4,
and this implies M, = OL,,. The same reasoning can be repeated replacing
M’ by T', and thus M; = L, — QL for any ¢ > 0.

4. For v = (p R 1) the proof is completely analogous to Bl replacing the use
of equivalence () by (@) and exchanging the roles of conjunction/min and
disjunction/maz. O

Lemma 2. Let I be a THT theory in Ly and M a model for o(I"). Then for
any v € subf(I") and any i > 0, M;(L,) = M;(7).

Proof. We use structural induction on 7.

1. When the subformula « has the shape T, L or an atom p this is trivial, since
L, = v by definition.
2. When v = ¢ @ ¢ for any connective o € {A,V, —} then:

M;(Lgey) = Mi(Ly @ Ly) because M = df (¢ @ )
= 7 Mi(Ly), Mi(Ly) )
= f*(M;(v), M;(¥)) applying induction on Ly, Ly,
= Mi(p e 1)

3. When v = Qg:

Mi(Lo,s) = Mi(OL,) because M = df(Ox)
=M1 (Ly)
=M,11(p) applying induction on L,
= M;(Ov)

4. When v = (¢ U ), if we apply structural induction using df (y) as we did
in the previous cases, we can only prove that, for any ¢ > 0:

M, (L) = M;(Ly VL, A OL,) because M = df (¢ U )
=M;(®V (e AQOLy) ) by induction on Ly, Ly (4)

but we cannot get rid of L., since vy itself is the formula to be proved in the

induction step. To prove M;(L,) = M;(v), we will equivalently show that

M; =L, < v, ie, both (M; =L, if M; = v) and (T; = L, iff T; =7).
4.a We prove first the two directions of M; = L., iff M; = ~.

From left to right, given M; = L., we get M; = ¢V (¢ ALy ) due to (@).
From M k= df (y) we also conclude M; = L, — 0Ly and thus M; = QL.
Applying structural induction on Ly, we get M; = O1p. But then, there exists
j > i such that M, = ¢. Take the smallest j satisfying M; = 1, so that we
further have My, [~ ¢ for any k, ¢ < k < j (when j = ¢ we simply have no k).
We will inductively prove that M =@ AQL, forall k =4,i+1,...,5 -1
which, together with M; |= ¢ implies M; |= (¢ U ) = . For j = ¢ this is
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trivial, so take j > i. For k = ¢ we know M; k= ¢ and so M; = ¢ A OL,.
Assume proved for k£ with i < k < j— 1 and we want to prove it for £+ 1. By
induction, My, = OL., which is equivalent to M1 = L. This corresponds
in its turn to Mgy E ¥ V (¢ A OLy) but as k+ 1 < j we also have
(M, k+1) = ¢ so that M1 =@ AQOL,.

From right to left, suppose M; |= =, that is, M; = ¢ U . This means
there exists some j > ¢ such that Mj =9 and My, = for all k, i < k < j.
We will inductivley show that for any k = j,j — 1,...,4, My = L, which
includes the case k& = i we really want to prove. For kK = j, we saw that
M; E ¢ and, from (@), this implies M; = L,. Assume proved for k + 1
with ¢ < k < j and we want to prove it for k. As i < k < j, we had that
M}, = ¢. On the other hand, by induction My = L, and so My, = OL,.
Altogether, we get M; = ¢ A OL, which again from #]) implies My, |= L.

4.b Now, we must prove T; = L, iff T; }= . Note that, due to Observation 2]
the inductive hypothesis M;(¢) = M;(L,) also holds for T;(¢) = T;(L,),
and the same happens with subformula . Following the same reasoning as
in @) we also have T;(L,) = T;(¢ V (¢ A OL,)). From M’ |= df (y) we also
conclude T; = L, — QLy. Using these premises, it is easy to check that the
proof of 4.a still applies when replacing M by T.

5. When v = (¢ R 1), analogously to case ll we can use df () to obtain, for
any ¢ > 0: M;(L,) = M;(®¥ A (¢ V OL,)). The rest of the proof is dual to
case [ switching the roles of A and Vv, and of ‘=" with ‘}.’ O

Theorem 1. For any theory I' in Ly: {M | M =T} ={M'NV | M’ = o(I')}.

Proof. The ‘C’ direction immediately follows from Lemma [Il For proving the
‘D’ direction, suppose we have some M’ model of ¢(I"). This implies M’ =
{L, | p € T'}, ie. M/(Ly,) =2 for all ¢ € I'. As I' C subf(I'), we can apply
Lemma [2 to conclude M/(L,) = M/(¢) for any ¢ > 0. But then Mj(¢) = 2 for
any ¢ € I', that is, M’ = I'. Finally, it follows that M/ NV |= I since I is a
theory in language Ly . O

Clearly, including an arbitrary theory I C Ly in Theorem [I as follows {M |
METUI"}={MNV |M' Eo(I')UI"} and then taking the minimal models
on both sides trivially preserves the equality.

Corollary 1. Translation o(I") is strongly faithful.

Transformation o(I") is obviously modular, and its polynomial complexity can
be easily deduced, but is not a temporal logic program yet, as it contains nested
implications. However, we can apply some simple transformations on implication,
conjunction and disjunction that have been shown to be strongly equivalent at
the (non-temporal) propositional leveld [15], and obtain a TLP without changing

5 These transformations for propositional operators contain expressions that are re-
dundant in classical logic, but not in the logic of Here-and-There. The method in [16]
can be used to show that these are, in fact, their possible minimal representations
as sets of program rules.
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gl df () df* ()
O(Ly — L)
e Ay O(Ly < Ly ALy) O(Ly — Ly)
Oy ALy — L)
O(L, — L)
eVYy Oy < Ly VLy) O(Ly — Ly)
O(Ly — L, V Ly

( )
(Ly ALy — Ly)
O(-Ly — L)
O(Ly — L)
O(Ly vV -Ly V Ly)
O(L, — Ly VL)
O(Ly — Ly VOLy)
O(Ly — L)
O(Le AOLy — L)
O(Ly — OLy)
O(Ly ALy — Ly)
O(Ly AOLy — Ly)
O(Ly — Ly)
Oy — Ly vV OLy)
O@Ly — L)

O

P = D(L’YH(LLP — Ly)

O(L, < Ly V (Ly A QOLY))

u
PUD O, oLy

O(Ly < Ly A (Ly VOLY))

R
PRV OOL, — L)

Fig. 1. Transformation ¢*(7y) generating a temporal logic program

the signature Vi,. For each definition df (), we define the strongly equivalent set
(understood as the conjunction) of temporal logic program rules df*(vy) as shown
in Figure[ll The temporal logic program ¢*(I") is obtained by replacing in o(I")
each subformula definition df (¢) by the corresponding set of rules df*(y). Note
that, as o*(I") is strongly equivalent to o(I") (under the same vocabulary) it
preserves strong faithfulness with respect to I'. Figure [2] shows the translation
that results for derived operators after applying their definitions. To illustrate
the effect of o* consider the example theory Iy just consisting of d(—p — q U p).
The translation o*(I) consists of the conjunction of Ly plus the rules in the
df* () columns of tables in Figure Bl

Although o*(I") is systematically applied on any subformula, for a practical
implementation, we can frequently avoid the introduction of new labels, when
the obtained expressions are already a TLP. For instance, in the example above,
it would actually suffice with considering df*(p U ¢) that introduces label L;
and then replacing Iy with O(-p — Lj). The next results shows that o*(I)
keeps polynomial (in fact, linear) complexity on the size of I".

Theorem 2. Translation o*(I") is linear and its size can be bounded as follows:
size(o*(I")) <2 |I'| 4 34 size(I).
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v At (v)
~¢ Oy ALy — 1) O(-Ly — Ly)
O O(Ly — Ly VOLy) O@Le — Ly)

O(Ly — OLy) O(OLy — Ly)
0 O@Le AOLy — Ly)  O(Ly — Ly)
v 0O0OL, — Ly) O@Ly — OL,)

Fig. 2. Transformation o* () that results for derived operators

v df*(v) ! v
O@Ls ALy — Ly)
O —pVa) O(—-Ls — Ls)
0L —pVvOL1)  —p—pUq O(L; — Ls)
pUq o /\ODI_(,piilg O(Le v -L; Vv Ls)
q 1 1 O(Ls A QLy — Ly)
O(L1 — Op) O(Ls — Ls)
O(La Ap — L) O(=p —q U p) O(Ls — OLu)
-p D(—\p — Lz) ! )
0(0Ls — La)

Fig. 3. Transformation ¢*(I) for example theory It = {O(-p — q U p)}

Proof. Theory o*(I") can be written as (/\wer L,) Adf*(I"). For the size of the
first conjunct, we have an atom plus a conjunction connective per each formula
in I' (this also includes the last A connecting to df*(I")), so we get 2 |I'|. The
second conjunct, df*(I"), corresponds to the conjunction of all df*(y) per each
subformula v in I'. In the worst case, operators U and R, we have 5 temporal
rules using a total of 13 atom occurrences and 16 connectives. These 5 rules will
be joined by 4 implicit conjunctions, and we can use an additional one to join
them to the rest of subformulas. Thus, we obtain size(df*(I")) < 34 |subf(I")|.
Finally, observe that the number of subformulas can be bounded by size(I") (it
will be strictly lower only if repeated subformulas occur). a

5 Discussion and Related Work

It is perhaps interesting to compare the obtained TLP form to the so-called
Separated Normal Form (SNF) previously introduced in [I4] for the case of LTL.
An LTL formula is in SNF if it is a conjunction of formulas having one of the
following formd7:

1. Cyv---Vv(C, an initial rule
2. OBV VB, —>0C V---v(QC,) a global O-rule
3. OC an nitial O-rule
4. O(B1V---V B, —0C) a global ¢-rule

" For comparison purposes, we have adapted the original formulation that dealt with
both future and past operators, to the case in which only future operators are used.
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where B;, C;, B and C are (non-modal) literals (that is, an atom or its negation).
Apart from the minor difference in initial rules, which can be easily removed in
favour of auxiliary atoms, we can observe that the main difference is that the
bodies of rules do not contain modal operators, whereas the heads always refer
to a modal operator, either a disjunction of ()C;’s or a single ¢C. In LTL, an
obvious way for obtaining SNF from our TLP form would be moving any OB
in the body to ()—B in the head, and vice versa, moving any non-modal literal
C' in the head to =C' in the body, removing double negations afterwards. For
instance, a TLP rule like O(—p A Og — r V (Os) becomes the LTL-equivalent
SNF global O-rule O(-pA—r — OsV(O—q). For the case of rules like O(Cp — ¢q)
we could similarly transform them into the SNF global ¢-rule: O(—g — O—p).
Unfortunately, in the logic of HT (even in the non-modal case) exchanging literals
between the body and the head in this way is not generally possible. This is
because, in this logic, =—C « C is not valid. As a result, we cannot replace, for
instance OJC with -¢—C and we must maintain rules O(p — ¢g¢) and their dual
O(0Op — ¢q). By this same reason, in THT it is not possible to define operator R
in terms of U or vice versa, by just applying De Morgan laws.

Another interesting question is why the U operator cannot be simply encoded
with the formula O(L, < Ly V (L, A OL,) ) that results from applying the
inductive definition ([IJ). The reason is that, in this way, we could infinitely make
the auxiliary atom L., true without guaranteeing that at some finite future Ly,
is made true. The latter is accomplished by the formula O(L., — QL ). Thus,
we cannot get rid of ¢ operator in the rule heads (as happens in SNF too). The
explanation for the R operator and the use of [J in the body is completely dual.

6 Conclusions

We have introduced a normal form for Temporal Equilibrium Logic, a formalism
that provides an answer set semantics for arbitrary theories in the syntax of
propositional linear temporal logic. This normal form, called Temporal Logic
Programs, is close to logic programming rules (with disjunction and negation
in the head), embraced with necessity operators. As a result, we can disregard
the arbitrary nesting of temporal operators, or even the whole use of operators
like “until” and “release.” Besides, the close similarity of the obtained form
to standard logic programming may help in the future to apply well-known
techniques like the use of loop formulas [I7] or the technique of splitting [18] to
(some families of) temporal programs.

References

1. Gelfond, M., Lifschitz, V.: The stable model semantics for logic programming. In:
Kowalski, R.A., Bowen, K.A. (eds.) Logic Programming: Proc. of the Fifth Inter-
national Conference and Symposium, vol. 2, pp. 1070-1080. MIT Press, Cambridge
(1988)



76

10.

11.

12.

13.

14.

15.

16.

17.

18.

P. Cabalar

. Denecker, M., Vennekens, J., Bond, S., Gebser, M., Truszczynski, M.: The second
Answer Set Programming competition. In: Erdem, E., Lin, F., Schaub, T. (eds.)
LPNMR 2009. LNCS (LNAI), vol. 5753, pp. 637—654. Springer, Heidelberg (2009)

. McCarthy, J., Hayes, P.: Some philosophical problems from the standpoint of ar-
tificial intelligence. Machine Intelligence Journal 4, 463-512 (1969)

. Manna, Z., Pnueli, A.: The Temporal Logic of Reactive and Concurrent Systems:
Specification. Springer, Heidelberg (1991)

. Pearce, D.: A new logical characterisation of stable models and answer sets. In:
Dix, J., Przymusinski, T.C., Moniz Pereira, L. (eds.) NMELP 1996. LNCS(LNAI),
vol. 1216. Springer, Heidelberg (1997)

. Pearce, D.: Equilibrium logic. Annals of Mathematics and Artificial Intelli-
gence 47(1-2), 3-41 (2006)

. Lifschitz, V., Pearce, D., Valverde, A.: Strongly equivalent logic programs. Com-
putational Logic 2(4), 526-541 (2001)

. Ferraris, P.: Answer sets for propositional theories. In: Baral, C., Greco, G., Leone,
N., Terracina, G. (eds.) LPNMR 2005. LNCS (LNAI), vol. 3662, pp. 119-131.
Springer, Heidelberg (2005)

. Ferraris, P., Lee, J., Lifschitz, V.: A new perspective on stable models. In: Pro-

ceedings of the 20th International Joint Conference on Artificial Intelligence

(IJCAT 2007), pp. 372-379 (2007)

Heyting, A.: Die formalen Regeln der intuitionistischen Logik. Sitzungsberichte der

Preussischen Akademie der Wissenschaften, Physikalisch-mathematische Klasse,

pp. 42-56 (1930)

Cabalar, P., Vega, G.P.: Temporal equilibrium logic: a first approach. In: Moreno

Diaz, R., Pichler, F., Quesada Arencibia, A. (eds.) EUROCAST 2007. LNCS,

vol. 4739, pp. 241-248. Springer, Heidelberg (2007)

Aguado, F., Cabalar, P., Pérez, G., Vidal, C.: Strongly equivalent temporal logic

programs. In: Holldobler, S., Lutz, C., Wansing, H. (eds.) JELIA 2008. LNCS

(LNATI), vol. 5293, pp. 8-20. Springer, Heidelberg (2008)

Cabalar, P., Ferraris, P.: Propositional theories are strongly equivalent to logic

programs. Theory and Practice of Logic Programming 7(6), 745-759 (2007)

Fisher, M.: A resolution method for temporal logic. In: Proceedings of the 12th

International Joint Conference on Artificial Intelligence (IJCAI 1991), pp. 99-104.

Morgan Kaufmann Publishers Inc., San Francisco (1991)

Cabalar, P., Valverde, A., Pearce, D.: Reducing propositional theories in equi-

librium logic to logic programs. In: Bento, C., Cardoso, A., Dias, G. (eds.)

EPIA 2005. LNCS (LNAI), vol. 3808, pp. 4-17. Springer, Heidelberg (2005)

Cabalar, P., Valverde, A., Pearce, D.: Minimal logic programs. In: Dahl, V.,

Niemel4, I. (eds.) ICLP 2007. LNCS, vol. 4670, pp. 104-118. Springer, Heidelberg

(2007)

Lin, F., Zhao, Y.: ASSAT: Computing answer sets of a logic program by SAT

solvers. In: Artificial Intelligence, pp. 112-117 (2002)

Lifschitz, V., Turner, H.: Splitting a logic program. In: Proceedings of the 11th

International Conference on Logic programming (ICLP 1994), pp. 23-37 (1994)



	A Normal Form for Linear Temporal Equilibrium Logic
	Introduction
	Linear Temporal Here-and-There (THT)
	Linear Temporal Equilibrium Logic (TEL)
	Reduction to Temporal Logic Programs
	Discussion and Related Work
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




