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Abstract

One of the main ways to specify goals of agents is
to use temporal logics. Most existing temporal log-
ics are monotonic. However, in representing goals
of agents, we often require that goals be changed
non-monotonically. For example, the initial goal of
the agent may be to be always in states where p is
true. The agent may later realize that under certain
conditions (exceptions) it is ok to be in states where
p is not true. In this paper, we propose a simple ex-
tension of LTL, which we call N-LTL, that allows
non-monotonic specification of goals. We study
properties of N-LTL. We also consider a transla-
tion from N-LTL to logic programs and study the
relationship between N-LTL and logic programs.

1 Introduction and Motivation

In specifying goals of agents [Bacchus and Kabanza, 1998;
Niyogi and Sarkar, 2000; Baral et al., 2001; Baral and Zhao,
2004; 2006] many have used temporal logics such as linear
temporal logic LTL, branching time temporal logics CTL*,
m-CTL*, and their extensions. However, all these logics are
monotonic. In specifying goals of agents, often there is a
need of being able to specify goals non-monotonically. For
example, initially, an agent may be given a goal of having p
true through the trajectory while reaching s. Later, the agent
may decide to weaken its goal so that in certain exceptional
cases p does not have to be true. One way to do that would
be for the agent to replace its original goal by a revised goal.
Coming up with a completely new revised goal, or obtaining
the revised goal by doing surgery on the original goal spec-
ification violate the principle of elaboration tolerance [Mc-
Carthy, J., 1988]. But if we use existing temporal logics, we
do not have a choice. What we need is a goal specification
language that allows us to update the goal specification by
simply adding new statements to the original specification.
Such a goal specification language would be non-monotonic.

Another motivation for having a non-monotonic goal spec-
ification language that allows easy updating through adding
is that we may not want to give the agent a directive that
is too specific, too complicated, and that takes into account
all possible exceptions, from the very beginning. Besides
we may not even know all the exceptions initially. A good

non-monotonic goal specification language should allow us
to specify a simple goal initially and should allow us to refine
it by adding new exceptions.

Although non-monotonic versions of various modal logics
[McDermott, 1982] have been proposed in the past, so far we
have come across only two! [Fujiwara and Honiden, 1991;
Saeki, 1987] non-monotonic versions of temporal logics. The
first extends auto-epistemic logic with temporal operators and
does not explore issues such as elaboration tolerant represen-
tation of exceptions and weak exceptions. The second has
semantics issues that are mentioned in the first.

In this paper we start with developing a non-monotonic
temporal logic based on the linear temporal logic LTL and
then briefly mention non-monotonic versions of a branching
time temporal logic. In designing our non-monotonic ver-
sions of temporal logics, we keep focus on our overall aim of
having non-monotonic goal languages. So rather than follow
the path of non-monotonic modal logics and auto-epistemic
logic we focus on specific aspects of knowledge represen-
tation that need non-monotonicity and borrow some specific
techniques that allow such non-monotonicity.

One of the important use of non-monotonicity is the ability
to express normative statements such as ‘“normally ¢’s have
the property p.” This resonates well with our need of non-
monotonic goal languages as we may need to specify that
“normally a state should satisfy the property p”. Accompa-
nying normative statements we have various kinds of excep-
tions. For example, consider the age old normative statement
“birds normally fly”. One kind of exception (called “strong
exceptions”) to such a statement is that “penguins are birds
that do not fly”. Another kind of exception, referred to as
weak exceptions, is that “injured birds are weak exceptions to
the normative statement about birds flying;” as for wounded
birds we do not know whether they fly or not. There is a
need of similar exceptions with respect to goal specifications.
A normative goal specification may specify that “normally
a state should satisfy the property p”. Strong exceptions may
be states that satisfy some specific conditions, while weak ex-
ceptions may be other states that satisfy some other specific
conditions.

"There are several other papers, such as [Giannotti ef al., 1999;
Stein and Morgenstern, 1994; MacNish and Fallside, 1990], which
from their titles seem like dealing with non-monotonic temporal log-
ics. However, they are not quite related.
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To accommodate the above we introduce two special nota-
c e
tions

o [rl¢
[[rlle

The intuitive meaning of the first one is that normally ¢ holds
in a state and the label r lists the weak exceptions. The intu-
itive meaning of the second one is that normally ¢ holds in a
state and the label r lists the strong exceptions.

The role of r here is similar to the role of labeling defaults
and normative statements when representing them in logic
programming. There, often the label is used as a parameter
with respect to the ab predicates.

Since the non-monotonicity in goal languages is not due to
having incomplete knowledge about the states, but rather due
to the specifier not quite precisely knowing what she wants,
we do not use operators such as the negation as failure opera-
tor ‘not’ from logic programming. Here the issue is different
from inferring or assuming negation by default.

On the other hand we borrow the idea behind program
completion in logic programming to specify and interpret the
conditions listed corresponding to the label r. Thus there may
be a set of conditions written as

(r 1) {(r: )

that specify the strong exception or weak exception condi-
tions with respect to r. Given the above, the overall condition
associated with r becomes 11 V ... V ;. One is allowed
to add additional conditions. For example, if (r : ¥g41) is
added to the above set then the overall condition associated
with r becomes ¥; V ...V ¥ V Ypy1.

We now illustrate the above with respect to an example.

Example 1 Suppose initially we want to maintain p true
while reaching for s. We know beforehand that our aim to
maintain p is not strict; it is just that we do not know yet, un-
der what conditions truth of p may not be necessary. After a
while, we realize that when q is true we may not need to have
D true.

The initial goal can be written in our language as (g
(O[r)p) A©s). It says that we should maintain p while reach-
ing s. If the strong exception r happens in some states, we
may not need to maintain p in those states. The weak excep-
tion 1 is then specified as (r : q).

To informally illustrate how non-monotonicity is mani-
fested in the above example, we first define when a language
is monotonic.

Definition 1 A logic L together with a query language () and
entailment relation |= is monotonic if for all T, 7" in L and ¢
inQ,T = timplies T UT’ |= t. m|

With respect to Example 1 let T be {{g : (O[r]p) A Cs)},
T' = {(r : ¢)}. Intuitively, T = Op and T'U T" is equivalent
to O(pVq)A<s in LTL; thus TUT” £ Op. This illustrates the

*Unlike traditional exceptions and weak exceptions, we want the
specifier to have pre-decided control over whether a particular goal
fragment could have a weak exception or an exception, but not both.

non-monotonicity of our proposed language. We now move
to the formal definition of our language and its semantics.

The rest of this paper is organized as follows: Since our
first non-monotonic goal language N-LTL is based on LTL,
we first give an overview of the temporal logic LTL. Then, in
Section 3, we propose the syntax and semantics of a new lan-
guage N-LTL, together with its properties. In Section 4, we
study the relationship between N-LTL and logic programs.
We then briefly discuss how one can use a similar approach
to develop non-monotonic versions of other temporal logics
such as CTL*.

2 Background: Goal Representation Using
LTL

In this section, we summarize the linear temporal logic LTL
and what it means for a sequence of actions to be a plan
with respect to a goal in LTL. Syntactically, LTL formulas
are made up of propositions, propositional connectives V, A,
and —, and future temporal connectives (), O, & and U. We
now formally define truth values of temporal formulas with
respect to trajectories. A trajectory is an infinite sequence of
states.

Definition 2 Let (p) be an atomic proposition, (f) an LTL
formula.

(f) == @A ANV T TO |
D) 1) AU

O

Definition 3 Let o given by s, s1, . .., Sk, Sk+1, - - - be a tra-

jectory, p denote a propositional formula, s; (j > 0) denote a
state, and f and f;s (: = 1, 2) denote LTL formulas.

o (sj,0) Epiffpistrueins;.

j,0) | 2 iff (s5,0) |~ f.

= iV faiff (sj,0) = fior (s;,0) = fa.
E fin f2iff (s;,0) = fiand (s;,0) = fo.
= OFf iff (sjy1,0) |= f.

E Of iff (sg,0) = f, forall k > j.

sj,0) = Ofiff (sg,0) = f, for some k > j.

85, E fi1 U fo iff there exists K > j such that
Sk,0) = foand foralli, j < i < k, (s;,0) E fi1.
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Often [Bacchus and Kabanza, 1998; Baral et al., 2001]
planning with respect to LTL goals are formalized with the
assumption that there is complete information about the ini-
tial state, and the actions are deterministic. Let ® be a tran-
sition function that defines transitions between states due to
actions. ®(s;, ax) s; iff the action ay, transits the agent
from state s; to state s;. Let s be a state designated as the
initial state, and let a1, . . . , a,, be a sequence of deterministic
actions whose effects are described by a domain description.

Since truth of LTL formulas are defined with respect to
a reference state and a trajectory made up of an infinite se-
quence of states, to define the correctness of a plan consisting
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of a finite sequence of actions with respect to an initial state
and an LTL goal, the finite sequence of states obtained by ap-
plying the plan to the initial state is appended with the last
state infinitely.

The trajectory corresponding to s and ay,...,a, is the
sequence sg, 1, . . ., that satisfies the following conditions:
S = 80, Si+1 = (I)(Si, ai+1), for 0 < ) < n-— 1, and
Sj+1 = Sj, fOI'j Z n.

Definition 4 (Plans with respect to LTL goals) The se-
quence of actions ay, . . ., a, is a plan from the initial state s
for the LTL goal f, if (s,0) = f, where o is the trajectory
corresponding to s and a, . .., an,. O

The role of LTL in specifying planning goals has been well
studied and examples of that can be found in [Bacchus and
Kabanza, 1998; Niyogi and Sarkar, 2000; Baral et al., 2001].

3 N-LTL: A Non-monotonic Extension of LTL

In this section, we extend LTL to capture non-monotonic re-
quirements in specifying a goal. We call the new language
N-LTL which stands for non-monotonic LTL. We first define
the syntax and semantics of the language.

3.1 Syntax

While designing the language we asked ourselves two ques-
tions.

e If syntactically the goal is one temporal formula, how
can we revise it to have new goals by just adding to the
original formula?

e How to refer to one part of a specification in another part
of the specification?

For the first we borrow ideas from Reiter’s approach to
reason about actions [Reiter, 2001] where he compiles his
specification to classical logic. While the classical logic
part is monotonic, reasoning with respect to the specifica-
tion language is non-monotonic and the non-monotonicity is
achieved through the compilation process. For the second
we borrow ideas from logic programming. Similar to a logic
program consisting of a set of rules, we consider each N-LTL
formula to be a set of rules and we use rule labels such as 7
in Example 1 to link these rules into one temporal formula.

Definition 5 Let {g}, R, and P be three disjoint sets of
atoms. Let (r) be an atom in R, (p) be an atom in P,
e € {g} UR. (f) is a formula defined below:

() == @) A T V) T TO () 1B(F) |

S AU T THRITEH)

An N-LTL formula is a set of rules (e : f), Where e is the
head, and f is the body of the rule (e : f). a

In an N-LTL formula, g is a special symbol that stands for
the final goal formula. R is the set of labels to be used to
define corresponding strong exceptions and weak exceptions.
A formula f defines the conditions of atoms in R or the con-
ditions of g. Intuitively, [(r}]({(f)) means that normally f is
true, with the weak exceptions denoted through r. [[{(r)]]({f})
means that normally f is true, with the strong exceptions de-
noted through r. The weak and strong exception conditions
corresponding to r are defined through other rules.

Definition 6 (Atom Dependency) Let (e; : f1) be a rule in
an N-LTL formula. If e5 € R occurs in the body of (e : f1),
then ey depends on e;. The dependency relation is transitive.
Oa

Definition 7 (Loop Free) An N-LTL formula is loop free if
in the formula, no atom in R depends on itself. O

Example 2 The following formula

(9 : [m](p)VUq)
(r1: [r2](s))
(ra : [r1] ()

is not loop free as r1 depends on ro and ro depends on ry.

An N-LTL specification is a loop free N-LTL formula.
3.2 Semantics of N-LTL Specifications

As we mentioned earlier, we define the semantics of N-LTL
specifications by following the approach taken by Reiter to
reason about actions: we compile N-LTL specifications to
LTL theories.

Definition 8 Given a loop-free N-LTL formula (i.e., an N-
LTL specification) 7', we translate it to an LTL formula
Tr(T) as follows:

1. Let (e : f1),{e: fa), -~ ,{e: fn) be all the rules in T'
with e in the head, e € {g} U R. We construct a formula
fiV faV---V f,, and we call it E(e). We do this for any
atom e if the set of rules with e in the head is not empty.

. If atom a; depends on atom as, and E(a1) is defined,
we replace any occurrence of [a;1](f) in E(ag) with f Vv
E(aq). The revised formula is still called E(az).

. If atom a; depends on atom as, and E(a1) is defined,
we replace any occurrence of [[a1]](f) in E(az) with
E(aq). The revised formula is still called E(az).

. We do Step 2 and Step 3 recursively until no atoms e
depending on g while F(e) is not empty occurs in E(g).

. Finally, in E(g), we replace all remaining [r](f) and
[[r]](f) with f. The revised goal formula is T'r(T').

a

Example 3 Let us consider the N-LTL formula T as follows:

{9+ (O[ri](p)) A lrs](a))
(r1: [[r2]](v))

(rq : Ot)

(ro : )

According to the definition, we know initially E(g)
Olrl(p) Alrsl(q), E(r1) = [[ra]l(v) v B and E(ry) = s.
By replacing the formulas according to the dependence rela-
tions, we have E(g) = <& (pV|[re]](v) VOE)A[r3](g) = <& (pV
sV Ot) A [r3](q). There is no rules with r3 as the head. Thus
E(g) = ©(pVvsVvOt)Ag. Further, Tr(T) = &(pVsVOE) Ag.

Loop-free N-LTL formulas (also called N-LTL specifica-
tion) have the following properties.
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Proposition 1 Given an N-LTL specification T, Tr(T) is a
well defined LTL formula.

Given this property, we can define when a plan satisfies an
N-LTL goal.

Definition 9 Let 7" be an N-LTL specification. Given a state
s, and a trajectory o = Sp, 81, , Sk, ", (S,0) = T in
N-LTL if (s,0) | Tr(T) with respect to LTL. ad

Definition 10 (Plans with respect to N-LTL goals) Let T
be an N-LTL specification. A sequence of actions aj, - - -,
an, 1s a plan from the initial state s for the N-LTL goal T, if
o is the trajectory corresponding to s and aq, -+, an, and
(s,0) E T inN-LTL. O

N-LTL specifications that do not have any strong excep-
tions (but may have weak exceptions) always make the goal
weaker by accepting more plans when adding new rules.

Proposition 2 For any N-LTL specification T and T U T, if
P is a plan with respect to T which does not have any strong
exceptions (but may have weak exceptions), then P is a plan
with respect to T UT".

Temporal logics such as LTL have a different property
when we consider an LTL goal formula to be a set of tem-
poral formulas and add new formulas to an existing theory.
If P is a plan with respect to an LTL goal 7'U 7" then P is
also a plan with respect to 7'. In LTL, adding more formulas
reduces (or at best leaves it unchanged) the set of plans satis-
fying it while in N-LTL that does not have strong exceptions,
adding more rules enlarges the set of plans satisfying it (or
at least leaves it unchanged). This is not the case when the
N-LTL theory has strong exceptions.

Example 4 Consider the problem in Example 1. The initial
N-LTL formula is the specification T' given as:

(g : O[r](p) A Os)
According to the definition, since there are no rules with head
r1, we have (sj,0) |= T in N-LTL iff (sj,0) = Op A $s in
LTL.
Suppose we add T', as given below, to it:

(r1:9)

According to the definition, we know E(g) = (Q[r1](p)) A s
and E(r1) = (q). Further revision makes E(g) = O(p V
q) N Cs. Thus, (sj,0) = (T'UT') in N-LTL iff (s;,0) =
O(pVq) NSOsin LTL.

We can check that any plan satisfies LTL formula Op N
Os also satisfies O(p V q) A <s. T does not have strong
exceptions, and Proposition 2 holds here.

Now, let us define what do we mean when we say that N-
LTL is non-monotonic. LTL is monotonic since 7' |= ¢ im-
plies TUT” |= t where T and T” are two sets of LTL temporal
formulas and ¢ is an LTL temporal formula. We consider the
following entailment in N-LTL.

Definition 11 (Entailment) 7' = ¢ if Tr(T) |= t, where T
is an N-LTL specification and ¢ is an LTL formula. |

Proposition 3 The entailment in Definition 11 is non-
monotonic.

Let us consider one example to illustrate the use of N-LTL.

Example S One professor asks his robot to make a photo-
copy of one document and fetch a cup of coffee. However, be-
fore the robot goes out the office, the professor finds out that
the coffee is sold out. No plan can satisfy the goal given to
the robot. The professor would now like to weaken the goal.
Following are three possibilities:

1. He would be happy with a cup of tea instead;

2. He just needs the copy of the document and is willing to
forget about the coffee;

3. The robot may come back to his office with the document
copied and go about looking for the coffee later.

If the professor was using N-LTL and from past experience
knows that he may have to revise his goal, especially with
respect to coffee, he can express his initial goal as:

(9 : O(([r]cof fee) A copy A Oof fice))
It is equivalent to satisfying O(cof fee A copy A Oof fice)
in LTL.
Later on, according to the new conditions and new alter-
natives, the professor may revise his original goal by adding
one of the following three rules:

1. Adding the new rule (r : tea) which makes the overall
goal equivalent to O((cof feeViea) Acopy AN<of fice)
in LTL;

2. Let T denote true and 1 denote false. Adding the new
rule (r : T) which makes the overall goal equivalent to
O((eof fee vV T) A copy A Qof fice) in LTL, which is
equivalent to O(copy A Oof fice) in LTL;

3. Adding the new rule (r : O(cof fee A Oof fice)) which
makes the overall goal equivalent to O(cof fee Acopy A
Sof fice) VO (copynOof ficeNO(cof feeNOof fice))
in LTL. Now it allows the agent to get the document
copied first before waiting for the coffee.

If we want to get tea instead of coffee, we should know
initially that the sub-task of getting coffee can be replaced by
a different goal.> Now, the initial formulation is

(g = O(([[r]lcof fee) A copy N Cof fice))

When we add a new goal (r : tea). The goal afterwards is
equivalent to O(tea A copy A Cof fice) in LTL.

Note that “copy” must be satisfied in this domain as the
professor does not want to weaken this condition. While the
robot is on its way of getting things done, some other excep-
tions may happen. With N-LTL, we may further refine part of
the goal.

Note that if a rule in the formula has a substring [[r1]](f),
then removing rules (r1 : L) may affect the semantics of the
formula. If there is no substring [[r1]](f) in any part of the
formula, then we can remove rules(r; : L) without affecting
the semantics of the formula.

3We made this design decision consciously. Thus unlike in logic
programming where the same default may have strong exceptions
and weak exceptions, here we empower the initial goal specifier to
make that decision beforehand.
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3.3 Complexity of N-LTL

The complexity of various problems (planning etc.) with re-
spect to N-LTL specifications is at the same level of the poly-
nomial hierarchy as with respect to LTL specifications. This
is because, the loop-free criteria and the fact that there are
polynomial number of special symbols like [r] and [[r]] en-
sure that an N-LTL specification can be converted to an LTL
specification in polynomial time and the increase in size is
also polynomial.

4 Relation to Logic Programs

We now consider the relation between N-LTL goals and logic
programs, especially with respect to planning. Use of tempo-
ral domain knowledge in planning was first proposed in [Bac-
chus and Kabanza, 1998]. Planning with temporal logic
LTL has also been studied in [Neljanko and Niemeld, 2001;
Son et al., 2002]. In this section, we translate a domain de-
scription and a goal specified in N-LTL to a logic program.
We consider the relations of stable models of the translated
programs and the original planning problems. In the follow-
ing translation, for¢ # j, evenif s; and s; in the trajectory are
referring to the same state, we assign them different labels.

Definition 12 Let o given by sg, s1, - , Sk, -+ be a trajec-
tory, p denote an atom, s; denote a state, f, f1, and f, denote
LTL formulas that also take elements in R as atoms. We now
define an encoding of o, called encoding(c,T'), where T is
an N-LTL formula. The encoding consists of the following
parts:

1. For any ¢ such that 0 < 4, there is a rule
next(s;, Si41) < -
. Forany 0 < i < j, there is a rule
future(s;, s;) — .
. If p is true in state s, there is a rule
holds(s;,p) — .

where s; is the ¢th state in the trajectory and it corre-
sponds to the state s.

The following rules corresponding to —, V, and A are in
the program

holds(s,—f) <« not holds(s, f).
holds(s, f1V f2) « holds(s, f1).
holds(s, f1 V fa) <« holds(s, f2).
holds(s, f1 A fa) <« holds(s, f1), holds(s, f2).

The following rules corresponding to temporal operators
(O, ©, and O are in the program:

holds(s,Of)
holds(s, < f)
holds(s,0f)

— holds(s1, f),next(s, s1).
— holds(s1, f), future(s, s1).
— not holds(s, = f).

6. The following rules corresponding to the temporal oper-
ator U are in the program:

nfirst(s, s, f) «— future(s,si),
future(sy, s2), holds(s, f).
first(s,sa, f) «— notnfirst(s,sa, f),
future(s, s2), holds(sa, f).
nholds(s, fiUfz) «—  first(s, s2, f2), future(s, s1),
future(sy, s2), holds(s1, —f1).
holds(s, fiUf2) <« not nholds(s, fiUf2).

d

Definition 13 We encode an N-LTL formula 7" into a logic
program, denoted by LP(T') as follows:

For each rule (e : f) in T, we create a list of the atoms
from R (the set of rule labels) that occur in f. If one atom
occurs multiple times in f, we include it as many times in the
list. We now revise f to a set of new formulas simpli fy(f):

e For any atom 7y, in the list, if it is not in the head of
any rule, then we replace all occurrences of [r](fx) or

([r&]](fx) with fi;

Otherwise, suppose the ith atom in the list is e;. If it
occurs in the formula f as [[e;]](f;), then we replace
this sub-formula [[e;]](f;) in f with e;.

e Suppose a list of atoms e;;, e;2,- - - , e; remain in for-
mula f. We calculate a Cartesian product of [ sets, where
the sth set is {e;s, fis} and the sth atom e; occurs in
the formula f as [e;s](fis). We replace each occurrence
[eis](fis) by either e;s or fis according to its value in
one element of the Cartesian product. Thus we have 2!
different combinations. We consider each combination

as one instance of simplify(f), the revised formula of
I
We then add the rule
holds(s, e) < holds(s, simplify(f)).
into LP(T') for each of formula in simpli fy(f). O

Example 6 Suppose one rule in an N-LTL goal T is as fol-
lows:

(r: [ra] () A fra](h) Allrdl(s) A [[rs]](2))

There are rules in T with the head r1 and also rules with the
head ro. There are no rules in 'T' with the head rs. We need
to add the following 4 rules into LP(T):

holds(s,r) <« holds(s,f NhAri At).

holds(s,r) <« holds(s, f Ara ATy AL).
holds(s,r) « holds(s,r1 ANh A1y At).
holds(s,r) « holds(s,r1 Ara ATy AT).

Note that in the translated program, we have an atom
holds(s, f A ra A ry At). r1 and ro are not atoms in the
transition system. They are defined by other rules.
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Example 7 Consider the N-LTL goal as follows:

(9:h)

(g Om](f)
(r1: h)
(rq:0Ot)

It is known that this formula is equivalent to the LTL formula
hv O(hV OtV f). We have the following rules in LP(T):

holds(s,g) <« holds(s,h).
holds(s,g) <« holds(s,<f).
holds(s,g) <« holds(s,<ry).
holds(s,r1) <« holds(s,h).
holds(s,r1) <« holds(s,Ot).
Consider a trajectory ¢ = S, 81,51, " ,81, -+ where

only t is true in state s1. No fluent is true in state So.
In the program encoding(o,T), we know holds(sz,Ot) is
true in all its stable models. Thus we have holds(sa,11)
in all stable models of encoding(o,T) U LP(T). Further,
according to Item 5 in Definition 12, since there is a rule
holds(sg, 1) < holds(so,m1), future(sg, s1). we know
holds(s1,®r1). Thus holds(so, g) is true in all stable mod-
els of the program.

Proposition 4 Given a trajectory ¢ = sg,51,"*+ ,Sn," " -
Let T be an N-LTL specification. (sg,0) = T in N-LTL iff
encoding(o,T) U LP(T) = holds(so, g).

5 Non-monotonic Extension of CTL*,
7-CTL*, and P-CTL*

Different from LTL, in CTL* [Emerson and Srinivasan, 1989;
Emerson, 1990], 7-CTL* [Baral and Zhao, 2004], and P-
CTL* [Baral and Zhao, 2006], formulas are categorized as
state formulas and path formulas. As a consequence, the
corresponding non-monotonic languages should be defined
with respect to path formulas and state formulas respectively.
We now define the way of extending the definition of non-
monotonic temporal logics for CTL*, called N-CTL*. We
base the language N-CTL* on CTL*.

We refer readers to [Emerson and Srinivasan, 1989; Emer-
son, 1990] for the syntax and semantics of CTL*. There are
two kinds of formulas in CTL*: state formulas and path for-
mulas. Normally state formulas are properties of states while
path formulas are properties of paths. Recall that the sym-
bols A and E are the branching time operators meaning ‘for
all paths’ and ‘there exists a path’ respectively.

Definition 14 Let {g}, R, s, R.s and P be four disjoint sets
of atoms. Let (rp,s) be an atom in R, ¢, (rss) be an atom in
Ry, (p) beanatomin P, e € {g} U Rs;. Let (sf) denote a
state formula, and (pf) denote a path formula.

AnN-CTL* formulais a set of rules (e : sf),or (rps : pf).
Each of e or 1, is the head of the rule, and each of sf or pf
is the body of the rule (e : sf) or (rps : pf). O

The semantics of N-CTL* is defined in a way similar to
the definition of the semantics of N-LTL. We now illustrate
the usefulness of N-CTL* through two examples.

Example 8 The initial goal is to require that p be true until
q is reached. However, it is realized that in some domain, this
goal is too strong as no plan can always have p until reaching
q. If in some states in the main path, all possible trajectories
will have p true in the future, then we may consider it as a
strong exception and may allow not to have p. The initial
goal can be represented as {g : [r](p)Uq) in N-CTL*. This
goal is equivalent to pUq in CTL*. It can be further refined by
adding one rule about the weak exceptionr as (r : AOp). The
revised goal is equivalent to (pV ACp)Uq, which is equivalent
to (AOp)Ug.

Example 9 Initially, the goal is to make sure that in most tra-
Jectories starting from the initial state, <p is true. However,
later on, we may require that once <q is satisfied by some
trajectories, those trajectories are considered as exceptional
ones and we do not require them to satisfy <p. The initial
goal is represented as: (g : A[r](Op)). Later, the goal can
be weakened by adding the weak exception rule (r : (Cq)).

The initial goal is equivalent to the CTL* formula A<p and
the revised goal is equivalent to A(Op V Oq).

6 Conclusion and Future Work

In this paper, we proposed a non-monotonic temporal logic
based on LTL and hinted at a branching time non-monotonic
temporal logic based on CTL*. We motivated the need for
such non-monotonic temporal logics from the point of view
of needing ways to express goals that can be changed in an
elaboration tolerant manner. We presented several properties
of our non-monotonic goal language N-LTL and briefly dis-
cussed its encoding using logic programming.

One possible controversial design decision that we made is
to empower the specifier to decide whether weak exceptions
or strong exceptions are allowed. This is in contrast to use
of defaults in standard non-monotonic logics where the nor-
mative statement itself does not refer to strong exception or
weak-exception, but rather they are added separately. Further
study to compare the two approaches is an immediate future
work.

7 Acknowledgement

This work was supported by a contract from ARDA and NSF
grant 0412000. We thank the anonymous reviewers for their
comments, especially for pointing us to the earlier work [Fu-
jiwara and Honiden, 1991].

(sf) == () | (sf) N(SS) [ (sf) V (sf) | =(sf) |
Ef) | A@f) [ s (s ) [ [[(rsp)])(s 1) References
(pf) == (sf) | f) Vv f) | ~f) | (pf) Npf > |O(pf)|  [Bacchus and Kabanza, 1998] Fahiem Bacchus and Frodu-
(fHyU pf) | Owf) | O@f) | Krpp)l®f) | ald Kabanza. Planning for temporally extended goals. An-
[[{rp )] f) nals of Math and AI, 22:5-27, 1998.
IJCAI-07

241



[Baral and Zhao, 2004] Chitta Baral and Jicheng Zhao. Goal
specification in presence of non-deterministic actions. In
Proceedings of ECAI’04, pages 273-277,2004.

[Baral and Zhao, 2006] Chitta Baral and Jicheng Zhao. Goal
specification, non-deterministic, and quantifying over
policies. In AAAI-06, 2006.

[Baral ef al., 2001] Chitta Baral, Vladik Kreinovich, and
Raul Trejo. Computational complexity of planning with
temporal goals. In IJCAI-01, pages 509-514, 2001.

[Emerson and Srinivasan, 1989] E. Allen Emerson and Jai
Srinivasan. Branching time temporal logic. In J.W.
de Bakker, W. P. de Roever, and G. Roezenberg, editors,
Linear Time, Branching Time and Partial Order in Logics
and Models for Concurrency, pages 123—172. Springer-
Verlag, Berlin, 1989.

[Emerson, 1990] E. Allen Emerson. Temporal and modal
logic. InJ. van Leeuwen, editor, Handbook of Theoreti-
cal Computer Science, volume B, pages 997-1072, 1990.

[Fujiwara and Honiden, 1991] Yasushi Fujiwara and
Shinichi Honiden. A nonmonotonic temporal logic and its
kripke semantics. J. Inf. Process., 14(1):16-22, 1991.

[Giannotti et al., 1999] Fosca Giannotti, Giuseppe Manco,
Mirco Nanni, and Dino Pedreschi. On the effective seman-
tics of nondeterministic, nonmonotonic, temporal logic
databases. Lecture Notes in Computer Science, 1584:58—
72, 1999.

[MacNish and Fallside, 1990] Craig MacNish and Frank
Fallside. Temporal reasoning: a solution for multiple agent
collision avoidance. In IEEE International Conference
on Robotics and Automation, volume 1, pages 494-499,
1990.

[McCarthy, J., 1988] McCarthy, J. Mathematical logic in ar-
tificial intelligence. Daedalus, 117(1):297-311, 1988.

[McDermott, 1982] Drew McDermott. Non-monotonic logic
II: Nonmonotonic modal theories. Journal of the ACM,
29:33-57, 1982.

[Neljanko and Niemeli, 2001] Keijo Neljanko and Ilkka
Niemeld. Bounded LTL model checking with stable mod-
els. In LPNMR, pages 200-212, 2001.

[Niyogi and Sarkar, 2000] Rajdeep Niyogi and Sudeshna
Sarkar. Logical specification of goals. In Proc. of 3rd in-
ternational conference on Information Technology, pages
77-82,2000.

[Reiter, 2001] Ray Reiter. Knowledge in action : logical
foundations for specifying and implementing dynamical
systems. MIT Press, 2001.

[Saeki, 1987] M. Saeki. Non-monotonic temporal logic and
its application to formal specifications (in Japaneese).
Transactions of IPS Japan, 28(6):547-557, 1987.

[Son et al., 2002] Tran Cao Son, Chitta Baral, Nam Tran,
and Sheila Meilraith. Domain-dependent knowledge in an-
swer set planning. CS 007, New Mexico State University,
2002.

[Stein and Morgenstern, 1994] Lynn Andrea Stein and Leora
Morgenstern. Motivated action theory: A formal theory of
causal reasoning. Artificial Intelligence, 71:1-42, 1994.

I[JCAI-07

242




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 2
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice


