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Abstract.

One important aspect in directing cognitive robots or agentsisto for-
mally specify what is expected of them. This is often referred to as
goal specification. For agents whose actions have deterministic con-
sequences various goal specification languages have been proposed.
The situation is different, and less studied, when the actions may
have non-deterministic consequences. For example, a simple goal of
achieving p has many nuances such as making surethat p isachieved,
trying ones best to achieve p, preferring guaranteed achievement of
p over possible achievement, and so on. Similarly, there are many
nuances in expressing the goal to try to achieve p, and if it fails then
to achieve q. We develop an extension of the branching time tem-
pora logic CTL*, which we call 7-CTL*, and show how the above
mentioned goals can be expressed using it, and why they can not be
expressed in CTL*. We compare our approach to an aternative ap-
proach proposed in the literature.

1 Introduction and M otivation

In recent years it has been proposed [1, 7, 8, 2] that temporal logic
be used to specify goals (of cognitive robots or agents) that go be-
yond only putting conditions on the final state. Most of these papers
—except [8], only consider the case when actions are deterministic. In
presence of non-deterministic actions, asfirst mentioned in [3], spec-
ifying goals has new challenges. For example, consider the following
domain.

Example 1 Therearefive different states: s1, s2, s3, s4, and ss. The
proposition p isonly truein state s4. The other states are distinguish-
able based on fluents which we do not elaborate here. Suppose the
only possible actions and their consequences are the following: The
agent can go from state s; to s5 by action ae. In state s1, if the agent
performs the action a1, it may go to sz or ss. In sz, the action as
will take the agent to s4 while the action as may take it to either s4
or ss. If the agent is in state s2, the action a~ will take it to either
state s» or state s4. If the agent isin state s3, the action a4 will take
it to state s5. The action a3 will take the agent from s3 to either s4 or
s5. Besides, in each state, there is always an action nop that keeps
the agent in the same state. The transition graph of thisdomain isin
Figure 1. In it we do not show the transitions due to the nop action.

Consider an agent whose goal istotry itsbest to reach astate wherep
istrue. The agentsand its controllers are aware that some of the avail-
able actions have non-deterministic effects. Thusthey arelooking for
policies — mapping from states to actions — instead of simple plans
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Figurel. Transition between the locations

consisting of action sequences. Moreover, due to non-determinism
they are worried about how to specify their goal so that the goal is
not so strict that it is unachievable and still conveys the meaning of
‘trying its best’. To appreciate the various nuances in expressing this
goal let us consider several policies and compare them with respect
to the goal of trying ones best to reach p. In the following we will
represent a policy by a set of pairs of states and actions of the form
(s, a) which will intuitively mean that in state s, action a should be
executed. It is assumed that if no action is specified for a state then
the action nop takes place.

1. PO|iCy7T1 = {(sl,al),(52,a2),(53,a3)}
2. POlleTrQ = {(sl,al),(52,a5),(53,a3)}
3. Policy7r3 = {(Sl,as)}

4, PO|iCy7T4 = {(sl,al),(52,a2),(53,a4)}
5. Policy 5 = {(s1,a1), (s2,as), (s3,a4)}
6. Policy7r6 = {(sl,al),(32,a7),(53,a3)}
7. PO|iCy7T7 = {(sl,al),(52,a7),(53,a4)}

To specify the goal of ‘trying ones best to reach p’ let ustry to use
existing temporal logic formalisms to specify this goal. Since the
use of policies lead to multiple trajectories, we can not directly use
the specification Gp from linear temporal ogic with future operators
(LTL) [5, 4]. Thus we next try to express this goal in the branching
time temporal logic CTL*, where we have the operators A (meaning
‘for all paths') and E (meaning ‘there exists apath’) at our disposal.



Now suppose the initial state of our agent is s1. From s; thereisa
path to s4. Thusthe CTL* goal E<Cp will be true with respect to s;
and the transition function regardless of what policy one chooses in-
cluding ms. Definitely, s is not a policy that is trying its best to get
to p. Thusthe specification EOp isincorrect. Now let us consider the
goa A<p. This god is too strong as even if we consider our initial
state as so from which there is a policy that guarantees reaching p,
the goal ACp will not be true with respect to s, and the transition
function. This is because the semantics of E and A are tied to the
overal transition relation, and not tied to a given policy. One way to
overcome thisis to either tie the semantics of E and A to the policy
under consideration or introduce new operators (say, E and A) that
tie the paths to the policy under consideration. In this paper we chose
the second path, as to express certain goals it becomes necessary to
have both versions (E, A, Er and A;) of the branching time opera-
tors. In this case the intuitive meaning of the operator A is‘for al
paths that correspond to the policy under consideration’ and the op-
erator E is ‘there exists a path that corresponds to the policy under
consideration’.

Now let us discuss some of the nuances in expressing the goal ‘try
ones best to reach p’. Earlier we dismissed ECp and AOp as inap-
propriate. Let us now consider the goals E.Op and A, $p. Both of
these goals are satisfied if our initial state is s» and our policy in-
cludes (s2, a2). On the other hand if our initial stateis sz, we do not
have a policy that will make A <p true, but the policy that includes
(s3,a3) will make EOp true.

Going back to having s astheinitial state, it is preferable to have the
policy include (s2, a7) instead of (s2, as) in the absence of az. That
is because while following (s2, a7) even though there is no guaran-
tee that p will be reached, at any point during the execution there is
always hope (a possible path sanctioned by the policy under consid-
eration) that one might reach p in the future. Thisis not the case with
respect to the policy (s2, as), a once ss is reached there is no way
to get to p. How does on express agoal that encodes this preference?
Now let us consider s; as our initial state. The policies 71, 72, 74,
s, we and w7 each satisfy the goal E p, while the policy w5 does
not. (Also no policy satisfies the goal A.<p.) Now let us compare
1, T2, T4, T5, T and 7. We claim that 7, is preferable to the oth-
ers with respect to the intuitive goa of trying ones best to achieve
p. Among 71 72, and 7, the first one is preferable as once one gets
to s2 the 71 guarantees that p will be reached while such is not the
case with 7 and 6. 7 is preferable than 7o as once one getsto s,
the m¢ guarantees that there is always hope of reach p in the future.
Among 74, 75, and 77, we have similar result for the same reason.
Between 7w, and 74, the former is preferable as if s3 is reached dur-
ing the execution then with respect to 7r; thereisstill hope that p may
be reached, but such is not the case with respect to 74. Between o
and 75, the former is preferable for the same reason. The goal repre-
sentation questions that arise are: How does one specify a goa with
respect to which 71, w2 and 74 are acceptable but 75 is not? 7y is
acceptable, and 72, w4 and 5 are not?

Our research in this paper on specifying goals in presence of non-
deterministic actions is motivated by the work in [3] where some of
the above nuances are mentioned. But there, a specialized language
is proposed, and although it can capture some of the nuances it is
not clear if it can capture all of them. Moreover, as we will elaborate
abit in Section 4, the approach and definitions in [3] have several
other shortcomings. In this paper wetry to stay within the framework
of temporal logic and figure out a way to express non-deterministic
goalsusing temporal logic such that it is easy to combine temporally
expressed goals from earlier work [1, 7, 2] with thekind of goalsthat

we discussin this paper.

The rest of the paper is organized as follows. In Section 2 we intro-
duce the notions that are necessary to express goals such as ‘try your
bests to achieve p’ in presence of non-deterministic effects and give
the syntax and semantics of the language =-CTL*. In Section 3 we
show how various goals can be encoded in 7-CTL™. In Section 4 we
relate our proposal with some of the constructsin [3] and finally we
concludein Section 5.

2 Syntax and semanticsof 7-CTL*: goal
specification in presence of non-deter ministic
actions and policies

In this section we show how to expand on the notionsin the previous
section so as to be able to specify goals such as the ones mentioned
in Section 1. To start with in presence of non-deterministic actions,
we need to expand the notion of a plan from a simple sequence of
actions to a policy which is a mapping from statesto actions. Thisis
necessary because in presence of non-deterministic actions an agent
can not be sure during planning time what state it would be in after
executing an action or a sequence of actions. Thus often there may
not exist a conformational plan consisting of sequence of actions,
while there may exist a policy that will achieve agoal.

In the non-deterministic domain, we not only haveto consider if there
exists apath (even if that path is not a path that the agent will possi-
bly follow by adhering to its policy), it is more important to consider
if the path that exists is a path consistent with respect to the pol-
icy that is followed. To express the later we introduce the operators
E. (and A;) which means that there exists a path (and for all paths
respectively) consistent with respect to the policy .

We now formally define the syntax and semantics of this extended
branching time logic, which we will refer to as 7-CTL*.

2.1 Syntaxof 7-CTL*

The syntax of state and path formulas in 7-CTL™ is as follows. Let
(p) denote an atomic proposition, {sf) denote state formulas, and
(pf) denote path formulas.

(sf) = Ap) [ (sFY ALY [ (sf) V (sf) | ~(sf) [ES) [ A(pf) |
Ex(pf) | A=(pf)

(pf) == () 1 YV f) | ~wf) | (pf) A pf) {pf) U (pf) |
Olpf) | o{pf) | B{pf)

The new symbols A and E . are the branching time operators mean-
ing ‘for all pathsthat agree with the policy that isbeing executed’ and
‘there exists a path that agrees with the policy that is being executed’

respectively. Since we now allow actions to be non-deterministic the
transition function @ is now a mapping from states and actions to a
set of states. Now we need to consider two transition relations R and
R, thefirst used for defining paths for A and E and the second used
in defining pathsfor A and E.

Recdll that R(s,s’) means that the state of the world can change
from s to s’ in one step. This could be due to an agent’s action, or
an exogenous action. Thus R(s, s') istrueif there exists an action a
such that s’ € ®(a, s). Rx(s,s’) on the other hand means that the
state of the world can change from s to s’ in one step by following
the agent’spolicy . Thus R (s, s') istrueif s’ € ®(m(s), s).

Definition 1 Path starting from s consistent with respect to the
given policy Let s be a state, ® be the transition between states due
to actions, and 7 be a policy.



A sequence of states o = s, $1, . . - SUch that s = sissadtobea
path starting from s consistent with respect to «, if o isapathin R.
l.e, Si+1 € CI)(TF(Si),Si).

We refer to such paths as 7-paths. a

In Section 4 finite trajectories are considered. For that purpose
we will abuse notation and by finite w-paths we will refer to fi-
nite sequences so, s1,...,8, Such that for 0 < i < n, s;+1 €
‘13(71'(37;), Sl)

2.2 Formal semanticsof 7m-CTL*;

Recall that in CTL™ truth of state formulasis defined with respect to
apair (s;, R), where s; isastate, R isthe transition relation.

Definition 2 (Truth of stateformulasin 7-CTL*) The truth of
state formulas is defined with respect to the triplet (s;, R, Rx),
where s; and R are as before, and R is the transition relation with
respect to the policy «. In the following p denotes a propositional
formula s f;s are state formulas and p f; s are path formulas.

e (s;,R,R:) = piff pistrueins;

e (sj,R,Rx) =—sfiff (s;, R, Rx) £ sf

° (Sj,R,Rﬂ-) 'Z Sf1 AN Sf2 iff (Sj,R,Rﬂ-) 'Z Sf1 and
(SijvRﬂ') ):5f2

e (sj,R,Rx) EsfiVsfeiff (sj,R,Rx) = sfior(s;,R,Rx) =
ng.

e (s;, R, R:) = E pf iff thereexistsapath o in R starting from s;
suchthat (s;, R, Rx,0) = pf.

e (s;,R,R:) = A pfiff for al paths o in R starting from s; we
havethat (s;, R, Rx,0) = pf.

e (sj, R, R:) = E, pf iff thereexistsapath o in R, starting from
sj suchthat (s;, R, Rx,0) E pf.

e (s;,R,Rx) = Ax pf iff for al paths o in R, starting from s;
we havethat (s;, R, Rx,0) = pf. o

Definition 3 (Truth of path formulasin 7-CTL*) The truth of
path formulas are now defined with respect to the quadruple
(sj, R, Rx,0), where s;, R, and R, are as before and o given by
the sequence of states so, s1, . . ., isapath.
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(sj, R, Rr,0)
(sj, R, Rr,0)
(sj, R, Rr,0)
(s, R, Rr,0)
° (8J7R7RW70) >: pfl \/pf2 iff (511R7R7r7‘7) ': pfl or
(SJ7R7R7T70—) ':p
b (Sij’Rﬂ'vo—) ': Opf iff (SJ+1aR Rr, ) ':pf
e (sj,R,Rx,0) = Opfiff (sk, R, Rr,0) E=pf,fordl k > j.
e (sj,R,Rx,0) = Opfiff (si, R, Rx,0) = pf, for somek > j.
o (sj,R,Rr,0) E pfi U pfo iff there exists & > j such that
(sk, R, Rr,0) Epf2,andfordl i, j <i <k, (si,R,Rr,0) =
pfi- O

2.3 Plangpoliciesfor 7-CTL* goals:

Now we need to define when a mapping = from states to actions is
apolicy with respect to an-CTL* goal G, an initia state so, and a
transition function ® from states and actions to sets of states.

Definition 4 (Policy for a goal from an initial state) Given an ini-
tial state sg, a policy =, a transition function ®, and a goa G we
say 7 is a policy for G from so, denoted by (so,7) = G, iff
(so, R, Rx) E G. a

From the above definition it is clear that goals must be state formu-
las. Thisisin contrast to the case where actions are deterministic and
instead of policies one only needsto deal with plans consisting of ac-
tion sequences. Thereiit is preferable to have goals as path formulas.

3 Goal representation with 7-CTL*

In this section we show how various kinds of goals which can not
be appropriately expressed in LTL or CTL™, can be expressed using
w-CTL*. We categorize our goalsto three classes: reachability goals;
maintainability goals; and bi-composed goals.

3.1 Reachability goals

In considering whether a goal can be reached or not, following are
some observations when actions have non-deterministic effects.

1. Giventheinitia state and apolicy, astate s isnot reachablein any
mw-path. By following such a palicy, it isimpossible for the agent
to get into a state where p can be reached by following the palicy.

2. Given the initid state and a policy, a state s may be reachable
in some 7r-paths and not in others. By following such a policy,
at some stage, it is possible that the agent gets into a state from
whereit can guaranteedly reach s. It isalso possible that the agent
getsinto a state from where he can never reach s by following the
policy.

3. Giventheinitial state and a policy, a state s can be reached in any
mw-path. The agent can guarantee to reach s in any future state by
following such a policy.

We now illustrate how various kinds of reachability goals can be
specified in 7-CTL™. In this we consider the domain in Example 1
and the subsequent discussion.

1. Thegoa “from theinitia state thereis a possibility that p can be
reached” is expressed by the specification £ Op. With respect to
the initial state s1, the policies 71, 72, 74, s, 76, and w7 each
satisfy the goal E. Op, while the policy 73 does not.

2. The goa “from the initial state p must be reached” is expressed
by the specification A &p. With respect to theinitial state sq, this
goal is not satisfied as there is no policy which can make thistrue.
But with respect to the state s, the policy {(s2, a2)} satisfiesthis
goal.

3. Thegoal “all aongthetrajectory thereisaways apossible path to
p" isexpressed as A.O(FE,<Op). With respect to the initid state
s1, thisgoal is not satisfied as there is no policy which can make
this true. But with respect to the state s, the policy {(s2,a7)}
satisfies this goal. So does the policy {(s2,a2)}.

4. The goa “from the initial state, if it is possible to reach p, the

agent should possibly reach p” is expressed as EOp — E,<p.
Policies that satisfy this goal are: 71, 72, 74, 75, 76, and 77. A
policy that does not satisfy thisgoal is 7.
Intuitively, this goa says that if it is possible to reach p, then the
agent can possibly reach it. Otherwise, we consider the agent to
have achieved this goal even if it does nothing. The usefulness of
such goals will be shown in the next section where the agent can
pursue an alternative goal when itsinitial goa is not achievable.



5. Thegoal “If from any state that is reachable by following the pol-
icy it is possible to reach p, then the agent should possibly reach
p from that state” isexpressed as A.O(E<Cp — E-$p). Policies
w1, T2, and 7e satisfy this goal while policies 74, 75, and 77 do
not satisfy this goal.

3.2 Maintainability goals

In this paper we consider maintainability as the opposite of reacha-
bility. For example, in the deterministic domain, given aplan, we say
the propositional formula p is maintained iff —p cannot be reached.
It is aso the case in the non-deterministic domain. For example, if
we require that p must be maintained in any trajectory starting from
a state by following the policy, then the policy is satisfied iff thereis
no trgjectory such that —p isreached. Formally, itis—E,<—p, which
is equivalent to A.Op. As a consequence, in formulating the goals
about maintainability, we can indeed translate them into the goals of
checking whether a state can be reached or not, thus the various no-
tions of reachability from the previous section have corresponding
notions of maintainability.

3.3 Bi-composed goals. combining two sub-goals

In this section we consider goals constructed by the composition of
two sub-goals. Even if we only consider reachability goals, because
of the various nuances of individual reachability goals, their compo-
sition leads to many more nuances. Intuitively, the dynamics of the
various possibilities comes from the following aspects:

1. Initidly aformula can be reached by the policy; however, during
the execution of the actions in the policy, when the agents come
to some state, it may realize that from that point on the formulait
intended to reach can never be reached.

2. Initially aformulacan be reached by the policy, but the formulais
not guaranteed by the policy. During the execution of the actions
in the policy, when the agent gets to some state, it may redize
that the formula can be guaranteedly reached even taking the non-
deterministic property of the domain into account.

In general, different (bi-composed) goals can be constructed by dif-
ferent answers to the following questions: Do we have to reach the
first goa? When we give up the first goal? When the first goa is
reached, do we still need to reach the second goal? When the first
goal cannot be reached, do we need to reach the second goal? In the
processing of reaching the second goal, do we need to keep an eye
on the first goal? When we start to keep an eye on the first goal? In
what condition, we pause the second goal and resume the first goal?
When the whole formulais considered as satisfied? We now specify
—using 7-CTL™ — some bi-composed goals made up of reachabil-
ity goals, corresponding to various answers to the above mentioned
questions.

1. We require the policy must reach p, and must reach ¢ after reach-
ing p. We start to consider ¢ only after reaching p, we do not care
whether ¢ is reached or not in the process of reaching p. The 7-
CTL™ representation of thegoal is A= (p A A= <q).

2. Inadateif itispossibleto reach p, try to reach p until it isimpos-
sible to do so. From the state that p can never be reached, try to
reach ¢ until it isimpossible to do so. The 7-CTL™* representation
of thisgod is A;O(ECp — ExOp) A (REOp A EQq) —
EﬂOQ))'

3. If there is a trgjectory that makes it possible to reach p, try to
reach it. If you arein astate that p can never be reached, you must
reach ¢ from that state. The 7-CTL™ representation of the goal is
ArO(ECp — Ex0Op) A (—(ECOp) — AxOq)).

4 Relation with Dal Lago et al.’s formulation

In this section we consider some of the constructs from [3] and show
how they can be expressed using =-CTL ™.

Their goal language is defined as follows where p denotes proposi-
tional formulas and g denotes extended goals.

pu=T|L|l=plpVplpAp

g = p|lgAndg|gTheng|gFail g| Repeat g |
DoReach p | TryReach p |
DoMaint p | TryMaint p

Their definition of a policy satisfying a goal from an initial state is
based on defining two states S, (s) and Fy(s). Intuitively, Sq(s) is
the set of finite paths consistent with respect to 7 that |eads to success
in the achievement of g from s. Similarly, F,(s) is the set of finite
paths consistent with respect to 7 that leads to failure in the achieve-
ment of g from s. In their definition, a policy 7 satisfies a goal g —
denoted by (s, ) Faipe g —fromaninitia state s if Fy(s) = 0.

They define the sets S, (s) and F (s) for each of the different kinds
of goals. We give them below. In these definitions ¢ < ¢’ means o
isaprefix of o’ (we also say that o’ isan extension of o) , first(o)
and last(o) denote the first and last state in o, min is defined with
respect to <, and semicolon denotes concatenation and o; o’ is only
defined when last(o) = first(o’).

Using the above results we now show how some of their constructs
can be expressed in 7-CTL". Note that we use (s, 7) |Faipt g tO
denote apolicy = satisfiesagoa g from aninitial state s in [3].

Proposition 1 Let so be aninitial state and 7 be apolicy.

80,7T) Izdlpt piff (So,ﬂ) }Z p-
50,7) Faipt TryReach p iff (so, 7) E ArOE-p.
50, 7) Faipt DoReach p iff (so,7) = AxOp.
) Faipe TryMaint p iff (so, 7) = A-Op.
50, 7) Eaipt DoMaint p iff (so, 7) = A=Op.
50, ) Fapt 91 And g2 iff (s0,7) = g1 A g2. 0

S0, T

O~ wWNE
~ e~~~

4.1 Discussion on the comparisons

So far we have given some formal results about the formulationin [3]
and about the rel ation between some of the constructstheir constructs
and our language of =-CTL". In this subsection we make some fur-
ther comparisons and observations.

1. TryReach p : Theintended meaning of thisgoal isthat an agent
policy that satisfies this goal must do its best to reach p. That
means if the agent follows its policy then at every state reached
while following this policy there is a path (which is possible by
following the agent’s policy but not necessarily guaranteed by the
agent’s policy) from that state to a state where p is true. From
Proposition 1 this can be expressed in 7-CTL* by A.OE$p.

Now suppose the intention is that once p is reached p must re-
main true after that, then in that case the specification would be
A,OE,.<Op. Similarly, if theintention is that the existence of the
path be only true at the initia state s, then we can remove the
A0 in the beginning and either E.Cp or E-<Op would suffice.



Itisnot clear how these alternatives and the other ones mentioned
earlier in the paper (with respect to reachability) can be expressed
using the language in [3].

2. DoReach p : Theintended meaning of thisgoal isthat an agent
policy that satisfies this goal must take the world to a state where
pistrue. That meansif the agent followsits policy then no matter
what path it takes (due to the non-deterministic effect of actions),
all those paths lead to a state where p is true. From Proposition 1
this can be expressed in 7-CTL™* by A, <$p.

Now suppose the intention is that once p is reached p must re-
main true after that, then in that case the specification would be
A-<Op. It is not clear how these alternatives can be expressed
using the language in [3].

3. DoMaint p : The intended meaning of this goal isthat an agent
policy that satisfies this goal must take paths where p is true in
all states of the path. That means if the agent follows its policy
then no matter what path it takes (due to the non-deterministic
effect of actions), p is true in al the states of those paths. From
Proposition 1 this can be expressed in 7-CTL* by A, Op.

4. TryMaint p : From Proposition 1 the exact representation of
this, based on the characterization in [3], in 7-CTL* by A,Op.
This is same as the representation of DoMaint p. Thus, ac-
cording to [3] there is no distinction between TryMaint p and
DoMaint p, which is somewhat unintuitive.

It seems to us there is a more intuitive (but different) characteri-
zation of the notion of trying to maintain p, according to which if
the agent follows its policy then at every state reached while fol-
lowing this policy there is a path (which is possible by following
the agent’s policy but not necessarily guaranteed by the agent’s
policy) from that state where p is true al through the path. This
can be expressed in 7-CTL™ by A OE,Op.

Now suppose theintention is that the existence of the path be only
true at the initial state so then we can remove the A0 in the
beginning and E.. Op would suffice.

5. g1 Then g» : There are severa different intuitive meaning of
this based on whether or not g- is forced to be false before g1
is achieved. Besides, with respect to [3], the goal p; Then p2
is satisfied when p; and p2 are both true in the initial state. This
seems counterintuitive to us. We will discuss this in detail in the
full version of the paper.

6. g1 Fail g» : Theintended meaning of this god is to achieve g1
and when it becomes clear that g; is not achievable then gs is
achieved. Earlier we discussed various nuances of expressing this.
Only one of those can correspond to the semantics of [3].

7. 1t seemsthat the notion E -, and other temporal notions such as O
and < are not expressible using the formalism in [3].

8. The formalism in [3] does not alow nesting of many of the oper-
ators. There are no such restrictionsin 7-CTL ™.

There are many other issues of concern with respect to the for-
mulation in [3]. For example, intuitively, for al policy policy,
(s, R, Rpoticy) = DoMaint piff (s, R, Rpoticy) = TryMaint p
where p is a proposition formula. However, (s, R, Rpolicy)
DoMaint p Fail ¢ cannot imply that (s, R, Rpolicy)
TryMaint p Failg. Nevertheless, the paper [3] was the first one
(to the best of our knowledge) that talked about the issues that crop
up when expressing goals in a non-deterministic domain, and thus
is a pioneer in that respect. We hope we have given an aternative
appropriate framework to address the issues raised there.

5 Conclusion and futurework

In this paper we considered representing goals with temporal aspects
in presence of non-deterministic actions. We analyzed why temporal
logicssuch asLTL and CTL* were thought to be not adequate to ex-
press certain kind of goals. By our analysis we discovered the source
of confusion: the notion of path that istied to the branching time op-
erators A and E. We showed that by introducing additional branching
time operators A and E, where the path istied to the policy being
executed we can express the goals that were thought inexpressible
using temporal logicin [3].

We believe our approach is preferable to the approach in [3] where
a specialized language is introduced. This is because by using our
language we can still represent the goals that were traditionally rep-
resented (when actions were assumed to be deterministic) using tem-
pord logic, and also combine such goals with the kind of goals dis-
cussed in this paper. Use of a specialized language, asin [3], makes
this difficult if not impossible.

In terms of future work we need to consider some further general-
izations. For example, in certain cases we may need to distinguish
between paths solely due to actions that can be executed by an agent,
and paths solely due to exogenous actions. Or we may need to con-
sider paths that interleave agent’s actions and exogenous actionsin a
particular way such as aternating them. Each of these may necessi-
tate use of additional transition relations (such as R, corresponding
to agent’s actions, and R. corresponding to exogenous actions) and
additional branching time operators (such asE, A, Eq, and A,).

We also plan to further elaborate on the w-CTL™ specifications of the
various constructs of [3]. Finally, we also plan to consider alterna-
tive notions of maintainability [6] and explore its relation with the
formulations in this paper.
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