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Abstract

In this paper we show that despite a past claim goals
such as ‘try your best to makep true’ in presence
of non-deterministic actions can be expressed in the
framework of branching time temporal logic. We
analyze theA andE operators in CTL∗ and point
out why it was thought that the above mentioned
goal can not be expressed using CTL∗. We then
introduce the operatorsAπ andEπ (and present a
temporal logicπ-CTL∗) which take into account
the policy being followed by the agent and show
that using these operators we can indeed specify the
above mentioned goal.

1 Introduction and motivation
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Figure 1: A navigation domain

In recent years it has been proposed[Bacchus and Kabanza,
1998; Niyogi and Sarkar, 2000; Pistore and Traverso, 2001;
Baral et al., 2001] that temporal logic be used to specify
goals that go beyond only putting conditions on the final
state. Most of these papers – except[Pistore and Traverso,
2001], only consider the case when actions are determinis-
tic. In [Dal Lagoet al., 2002] it is argued that in presence

of non-deterministic actions1 certain kind of goals can not be
expressed using temporal logic and an alternative language to
specify goals is crafted. In this paper we counter this claim
and show that some of the goals discussed there can indeed
be expressed using temporal logic if we define the operators
appropriately.

To motivate the difficulties associated with goal specification
in presence of non-deterministic actions we start with the fol-
lowing example from[Dal Lagoet al., 2002].
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Figure 2: Transition between the locations

1Non-determinism plays an important role in modeling domains
such as a space shuttle in which much of the environment cannot be
sensed remotely or cannot be tested at all until acted upon.



Consider the navigation domain in Figure 1 above. In this do-
main we have a robot who is in the store room. The robot has
actions of going west, north, south or east from the different
rooms and most of its actions have intended effects as shown
in the transition diagram in Figure 2 except that: (i) When it
is in the STORE and it goes EAST it may either end up in
the LAB or in the room NE. (ii) When it is in the room SW
and it goes east it may either end up in DEP or remain in SW.
This is because there is a door between SW and DEP which
the robot can not sense and this door is sometimes open and
sometimes closed.
Now suppose the goal of the robot (which is initially in
STORE) is to try (its best) to get to DEP but avoid LAB which
is a dangerous place.How do we specify this goal, which we
will refer to as goala?
Before discussing the specification of this goal, let us first
discuss what kind of a ‘plan’ will achieve this goal. There are
only two ways to get to DEP: (i) going south from NE and
(ii) going east from SW. To go south from NE the robot first
has to get to NE. To go to NE from STORE (where the robot
is initially) without going north from DEP (which does not
make sense as the ultimate goal is to get to DEP) the only way
is to go east from STORE. But this action is non-deterministic
and may take the robot to LAB which the robot is required to
avoid. Thus option (i) is ruled out. Now the only option left is
is (ii). Following that a valid plan would be to go south from
the initial position STORE to SW and then go east from SW.
But since going east from SW is a non-deterministic action,
there is no guarantee that the robot will reach DEP. But if the
robot keeps continually trying to go east from SW then we
can say that the robot is trying (its best) to get to DEP. Lets
refer to this attempt asplan a. On the other hand a robot
which continually goes south from STORE and north from
SW is definitely not trying to get to DEP. Lets refer to this
attempt asplan b.
A suitable representation of the above mentioned goal and a
suitable definition of when a plan achieves a goal should be
such that plana above would be a plan that achieves goala
while planb does not.
Lets us now try to express this goal using temporal logics.
A straightforward attempt to encode this in linear temporal
logic with future operators (LTL)[Manna and Pnueli, 1992;
Emerson, 1990] leads us to the specification(2¬LAB ∧
32DEP ), where2 is the operator meaning ‘always in the
future’ and3 is operator meaning ‘eventually in the future’.
This specification is too strong as plana is not a plan with
respect to this goal. That is because plana can not guarantee
that the robot will eventually get to DEP.
Now let us try to express this goal in the branching time tem-
poral logic CTL*, where we have the operatorsA (meaning
‘for all paths’) andE (meaning ‘there exists a path’) at our dis-
posal. Obviously, the representationA(2¬LAB∧32DEP )
is not appropriate as it requires all paths to have the property
that eventually the robot would be at DEP. Similar to the LTL
goal specification earlier, this specification is too strong as
plan a is not a plan with respect to this goal. Now let us con-
sider the specificationE(2¬LAB ∧ 32DEP ). This speci-
fication is not appropriate either. It is weak in the sense that

it just asks the robot to have an available path to DEP and in
that sense planb would be a valid plan with respect to this
goal. As we discussed earlier this is not intended.
In [Dal Lagoet al., 2002] the authors present the above ex-
amples to argue that temporal logics can not represent such
goals. They present an alternative specialized language with
semantics defined in a completely new manner (as compared
to characterization of standard temporal operators) to specify
such goals.
Our goal in this paper is to stay within the framework of tem-
poral logic and figure out a way to express these goals us-
ing temporal logic such that it is easy to combine temporally
expressed goals from earlier work[Bacchus and Kabanza,
1998; Niyogi and Sarkar, 2000; Baralet al., 2001] with the
kind of goals that we discuss in this paper.The approach in
[Dal Lagoet al., 2002] of using a specialized language makes
such combination difficult if not impossible.
The main cornerstone of our approach is to clarify the no-
tionsA andE, which means ‘for all paths’, and ‘for at least
one path’ respectively. The issue is what does ‘path’ mean
here. (a) Is it a valid sequence of actions that is executable by
the agent? (b) Is it a valid sequence of actions regardless of
whether they are agent’s actions or exogenous actions? (c) Is
it a valid sequence of actions as dictated by the agent’s plan?
We will show that all these lead to different kind ofA andE
operators and we need all of them to express different goals.
The lack of this distinction was the reason why[Dal Lagoet
al., 2002] claimed that the goala is not expressible in tempo-
ral logic.
The rest of the paper is organized as follows. In Section 2 we
present the existing notions of specifying goals using tempo-
ral logic and what are plans with respect to such goals. In
Section 3 we discuss the notions that are necessary to express
goals such as goala in presence of non-deterministic effects.
In Section 4 we relate our proposal with some of the con-
structs in[Dal Lagoet al., 2002] and finally we conclude in
Section 5.

2 Goal specification using temporal
operators: past work

In this section we discuss the existing formulations[Bacchus
and Kabanza, 1996; 1998; Niyogi and Sarkar, 2000; Baral
et al., 2001] of specifying goals using linear and branching
time temporal logics, and discuss what are plans with respect
to such goals. We start with goal specification using linear
temporal logic.

2.1 Goal representation using LTL
Syntactically, LTL formulas are made up of propositions,
propositional connectives∨, ∧, and¬, and future temporal
connectives©, 2, 3 and U. We now formally define the
truth value of temporal formulas with respect to trajectories.

Definition 1 Letσ given bys0, s1, . . . , sk, sk+1, . . . be a tra-
jectory,p denote a propositional formula, andf andfis de-
note LTL formulas.

• (sj , σ) |= p iff p is true insj .



• (sj , σ) |= ¬f iff (sj , σ) 6|= f .

• (sj , σ) |= f1 ∨ f2 iff (sj , σ) |= f1 or (sj , σ) |= f2.

• (sj , σ) |= f1 ∧ f2 iff (sj , σ) |= f1 and(sj , σ) |= f2.

• (sj , σ) |= ©f iff (sj+1, σ) |= f

• (sj , σ) |= 2f iff (sk, σ) |= f , for all k ≥ j.

• (sj , σ) |= 3f iff (sk, σ) |= f , for somek ≥ j.

• (sj , σ) |= f1 U f2 iff there existsk ≥ j such that
(sk, σ) |= f2 and for alli, j ≤ i < k, (si, σ) |= f1.

Often[Bacchus and Kabanza, 1996; 1998; Baralet al., 2001]
planning with respect to LTL goals are formalized with the as-
sumption that there is complete information about the initial
state, and the actions are deterministic. In that case plans are
finite sequences of actions. But since truth of LTL formulas
are defined with respect to a reference state and a trajectory
made up of an infinite sequence of states, to define the cor-
rectness of a plan (consisting of a finite sequence of actions)
with respect to an initial state and an LTL goal, we need to
identify a trajectory that corresponds to the initial state and
the plan. This is defined as follows:
Let s be a state designated as the initial state, leta1, . . . , an

be a sequence of deterministic actions whose effects are de-
scribed by a domain description, andΦ be transition func-
tion that defines transition between states due to actions. The
trajectory corresponding tos anda1, . . . , an is the sequence
s0, s1, . . . , that satisfies the following conditions:s = s0,
si+1 = Φ(ai+1, si), for 0 ≤ i ≤ n − 1, andsj+1 = sj , for
j ≥ n. We then say that the sequence of actionsa1, . . . , an

is a plan from the initial states for the goalf , if (s, σ) |= f ,
whereσ is the trajectory corresponding tos anda1, . . . , an.
The role of LTL in specifying planning goals has been well
studied and examples of that can be found in[Bacchus and
Kabanza, 1996; 1998; Niyogi and Sarkar, 2000; Baralet al.,
2001].

2.2 Goal representation using branching time
temporal logic

The use of a branching temporal logic in specifying plan-
ning goals that can not be specified using LTLs is relatively
recent[Niyogi and Sarkar, 2000; Baralet al., 2001; Pistore
and Traverso, 2001]. The necessity of branching time opera-
tors arises when we want to specify conditions on other paths
starting from the states in the main path that the agent’s plan
suggests. For example, a robot going from positionA to po-
sitionB may be required to take a path so that from any point
in the path there is a charging station within two steps. Note
that these two steps do not have to be in the path of the robot.
This goal can not be expressed using LTLs and we need to use
a branching time logic such as CTL∗. We now give the syn-
tax and semantics for CTL∗ [Emerson and J.Srinivasan, 1989;
Emerson, 1990].

There are two kinds of formulas in CTL∗: state formulas
and path formulas. Normally state formulas are properties of
states while path formulas are properties of paths. The syn-
tax of state and path formulas is as follows. Let〈p〉 denote
an atomic proposition,〈sf〉 denote state formulas, and〈pf〉
denote path formulas.

〈sf〉 ::= 〈p〉 | 〈sf〉 ∧ 〈sf〉 | 〈sf〉 ∨ 〈sf〉 | ¬〈sf〉 |
E〈pf〉 | A〈pf〉

〈pf〉 ::= 〈sf〉 | 〈pf〉 ∨ 〈pf〉 | ¬〈pf〉 | 〈pf〉 ∧ 〈pf〉 |
〈pf〉 U 〈pf〉 | © 〈pf〉 | 3〈pf〉 | 2〈pf〉

Recall that the symbolsA andE are the branching time oper-
ators meaning ‘for all paths’ and ‘there exists a path’ respec-
tively. As the qualification ‘branching time’ suggests, speci-
fication in the branching time logic CTL∗ are evaluated with
respect to the branching structure of the time. The term ‘path’
in the meaning ofA andE refers to a path in the branching
structure of time. The branching structure is specified by a
transition relationR between states of the world. Intuitively,
R(s1, s2) means that the state of the world can change from
s1 to s2 in one step. Given a transition relationR and a state
s, a path inR starting froms is a sequence of statess0, s1, . . .
such thats0 = s, andR(si, si+1) is true.
In [Niyogi and Sarkar, 2000; Baralet al., 2001] R(s1, s2) is
tied to actions as follows. When planning in an environment
where our agent is the only one that can make changes to the
world,R(s1, s2) is true if there exists an agent’s actiona such
thats2 = Φ(s1, a). If there are external agents other than our
agent thenR(s1, s2) is true if there exists an action (by some
agent)a such thats2 = Φ(s1, a). We now give the formal
semantics of CTL∗.

Formal semantics: Semantics of CTL∗ formulas are de-
fined depending on whether they are state formulas or path
formulas. The truth of state formulas are defined with respect
to a pair(sj , R), wheresj is a state andR is the transition
relation. In the followingp denotes a propositional formula
sfis are state formulas andpfis are path formulas.

• (sj , R) |= p iff p is true insj .

• (sj , R) |= ¬sf iff (sj , R) 6|= sf .

• (sj , R) |= sf1 ∧ sf2 iff (sj , R) |= sf1 and(sj , R) |=
sf2.

• (sj , R) |= sf1∨sf2 iff (sj , R) |= sf1 or (sj , R) |= sf2.

• (sj , R) |= E pf iff there exists a pathσ in R starting
from sj such that(sj , R, σ) |= pf .

• (sj , R) |= A pf iff for all pathsσ in R starting fromsj

we have that(sj , R, σ) |= pf .

The truth of path formulas are defined with respect to a triplet
(s,R, σ) whereσ given by the sequence of statess0, s1, . . . ,
is a path,R is a transition relation ands is a state inσ.

• (sj , R, σ) |= sf iff (sj , R) |= sf .

• The truth of path formulas of the formpf1 U pf2, ¬pf ,
pf1 ∧ pf2, pf1 ∨ pf2, ©pf , 2pf , and3pf is defined
very similar to the definition of truth of LTL formulas,
andR does not play a role in it.

We say a sequence of actionsa1, . . . , an is a plan with re-
spect to the initial states0 and a goalG if (s0, R, σ) |= G,
whereσ is the trajectory corresponding tos0 anda1, . . . , an.
(Note that a trajectory corresponding tos0 anda1, . . . , an is
a path.) Although state formulas are also path formulas, since
the evaluation of state formulas do not take into account the
trajectory suggested by a prospective plan, often the overall



goal of a planning problem is better expressed as a path for-
mula which is not a state formula.
Now we can represent the goal of getting to B such that from
any where in the path we can get to a state wherep holds in
at most two steps by the following path formula (which is not
a state formula) in CTL∗: (p ∨ E© p ∨ E© E© p) U at B

Additional examples of the use of branching temporal logics
CTL and CTL∗ to specify goals are given in[Bacchus and
Kabanza, 1996; 1998; Niyogi and Sarkar, 2000; Baralet al.,
2001; Pistore and Traverso, 2001].

3 Dealing with non-deterministic actions and
policies

In this section we show how to expand on the notions in
the previous section so as to be able to specify goals such
as goala from 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 apolicy which is a map-
ping from states to actions. This is necessary because in pres-
ence of non-deterministic actions an agent can not be sure
during planing time what state it would be in after execut-
ing an action or a sequence of actions. Thus often there may
not exist a conformant plan consisting of sequence of actions,
while there may exist a policy that will achieve a goal.
Now let us reconsider our attempts to specify goala (which is
to to try to reach DEP but avoiding LAB) using CTL∗. Earlier
we argued thatE(2¬LAB ∧32DEP ) is not an appropriate
specification as it just requires the robot to have an available
path to DEP and in that sense planb (where the robot goes
south from STORE and north from SW) would be a valid plan
with respect to this goal which is not intended. The problem
here is the way we characterize exist path expressed byE.
The ‘exist path’ condition as formally defined in the previous
section does not take into account the policy the agent is fol-
lowing. In this particular example, it does not really matter if
there exists a path if that path is not in tune with the agent’s
policy; what matters is that the path that exists be in tune
with the policy. To express this we introduce the operatorsEπ

which means that there exists a path in tune with the policy
π. Now if we express our goal asEπ(2¬LAB ∧ 32DEP )
plan b will no longer be a valid plan with respect to this goal
while plana will be. We now formally define the syntax and
semantics of this extended branching time logic, which we
will refer to asπ-CTL∗.

3.1 Syntax ofπ-CTL ∗

The syntax of state and path formulas inπ-CTL∗ is as fol-
lows. Let〈p〉 denote an atomic proposition,〈sf〉 denote state
formulas, and〈pf〉 denote path formulas.

〈sf〉 ::= 〈p〉 | 〈sf〉 ∧ 〈sf〉 | 〈sf〉 ∨ 〈sf〉 | ¬〈sf〉 |
E〈pf〉 | A〈pf〉 | Eπ〈pf〉 | Aπ〈pf〉

〈pf〉 ::= 〈sf〉 | 〈pf〉 ∨ 〈pf〉 | ¬〈pf〉 | 〈pf〉 ∧ 〈pf〉 |
〈pf〉 U 〈pf〉 | © 〈pf〉 | 3〈pf〉 | 2〈pf〉

The new symbolsAπ andEπ are the branching time operators
meaning ‘for all paths that agree with the policy that is being
executed’ and ‘there exists a path that agrees with the policy

that is being executed’ respectively. Since we now allow ac-
tions to be non-deterministic the transition functionΦ is now
a mapping from states and actions to aset of states. Now we
need to consider two transition relationsR andRπ, the first
used for defining paths forA andE and the second used in
defining paths forAπ andEπ.
Recall thatR(s, s′) means that the state of the world can
change froms to s′ in one step. This could be due to an
agent’s action, or an exogenous action. ThusR(s, s′) is true
if there exists an actiona such thats′ ∈ Φ(a, s). Rπ(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’s policyπ.
ThusRπ(s, s′) is true if s′ ∈ Φ(π(s), s). We now give the
formal semantics ofπ-CTL∗.

3.2 Formal semantics ofπ-CTL ∗:
Recall that in CTL∗ truth of state formulas is defined with re-
spect to a pair(sj , R), wheresj is a state,R is the transition
relation. Here, the truth of state formulas is defined with re-
spect to the triplet(sj , R,Rπ), wheresj and,R are as before,
andRπ is the transition relation with respect to the policyπ.
In the following p denotes a propositional formulasfis are
state formulas andpfis are path formulas.

• (sj , R, Rπ) |= p iff p is true insj .

• (sj , R, Rπ) |= ¬sf iff (sj , R, Rπ) 6|= sf .

• (sj , R, Rπ) |= sf1 ∧ sf2 iff (sj , R, Rπ) |= sf1 and
(sj , R, Rπ) |= sf2.

• (sj , R, Rπ) |= sf1 ∨ sf2 iff (sj , R, Rπ) |= sf1 or
(sj , R, Rπ) |= sf2.

• (sj , R, Rπ) |= E pf iff there exists a pathσ in R starting
from sj such that(sj , R, Rπ, σ) |= pf .

• (sj , R, Rπ) |= A pf iff for all pathsσ in R starting from
sj we have that(sj , R, Rπ, σ) |= pf .

• (sj , R, Rπ) |= Eπ pf iff there exists a pathσ in Rπ

starting fromsj such that(sj , R, Rπ, σ) |= pf .

• (sj , R, Rπ) |= Aπ pf iff for all pathsσ in Rπ starting
from sj we have that(sj , R,Rπ, σ) |= pf .

The truth of path formulas are now defined with respect to the
quadruplet(sj , R, Rπ, σ), wheresj , R, andRπ are as before
andσ given by the sequence of statess0, s1, . . . , is a path.

• (sj , R, Rπ, σ) |= sf iff (sj , R, Rπ) |= sf .

• (sj , R, Rπ, σ) |= ¬pf iff (sj , R,Rπ, σ) 6|= pf

• (sj , R, Rπ, σ) |= pf1∧pf2 iff (sj , R,Rπ, σ) |= pf1 and
(sj , R, Rπ, σ) |= pf2.

• (sj , R, Rπ, σ) |= pf1 ∨ pf2 iff (sj , R, Rπ, σ) |= pf1 or
(sj , R, Rπ, σ) |= pf2.

• (sj , R, Rπ, σ) |= ©pf iff (sj+1, R, Rπ, σ) |= pf .

• (sj , R, Rπ, σ) |= 2pf iff (sk, R, Rπ, σ) |= pf , for all
k ≥ j.

• (sj , R, Rπ, σ) |= 3pf iff (sk, R, Rπ, σ) |= pf , for
somek ≥ j.

• (sj , R, Rπ, σ) |= pf1 U pf2 iff there existsk ≥ j such
that (sk, R,Rπ, σ) |= pf2, and for all i, j ≤ i < k,
(si, R, Rπ, σ) |= pf1.



3.3 Plans/policies forπ-CTL ∗ goals:
Now we need to define when a mappingπ from states to ac-
tions is a plan with respect to aπ-CTL∗ goal G, an initial
states0, and a transition functionΦ from states and actions
to sets of states. We denote this by(s0, π,Φ) |= G. For this
we need to define the set of trajectories that the world may go
through when we start froms0 and followπ. Note that when
actions are deterministic there is exactly one such trajectory.
This is not the case when actions could be non-deterministic.

Definition 2 Given an initial states0, a policy π, and a
transition functionΦ, σπ,s0,Φ is the set of all trajectories
s0, s1, s2, s3 . . . such thatsi+1 ∈ Φ(π(si), si).

Definition 3 Given an initial states0, a policyπ, a goalG
and a transition functionΦ, we sayπ is a plan with respect
to G, s0 andΦ (denoted by(s0, π, Φ) |= G) if for all σ ∈
σπ,s0,Φ we have that(s0, R, Rπ, σ) |= G.

Unlike before, now that we are dealing with policies (instead
of sequences of actions) representing the overall goal as a
state formula is no longer less preferable.

3.4 The example from Section 1
Let us consider the example from Section 1 and analyze if
G1 = Eπ(2¬LAB ∧ 32DEP ) is an appropriate represen-
tation of goala and show that plana is indeed a plan that
achieves goala while planb does not.
Let us denote the states{STORE}, {SW}, and{DEP} by
s0, s1 ands2 respectively. Letπ1 denote plana where we
haveπ1(s0) = south, π1(s1) = east, andπ1(s2) = no op,
whereno op is an action that does not affect any state. Now
σπ1,s0,Φ is the infinite set of trajectoriess0, (s1)n, s2, s2, . . .,
wheren ≥ 1 (andn is a natural number) plus the trajectory
s0, s1, s1, . . ..
Now let us explore if for all σ in σπ1,s0,Φ we have
(s0, R, Rπ1 , σ) |= G1. By following the definitions:
(s0, R, Rπ1 , σ) |= G1 iff (s0, R, Rπ1) |= G1 iff
there exists pathσ′ in Rπ1 starting from s0 such that
(s0, R, Rπ1 , σ

′) |= 2¬LAB ∧32DEP

The last entailment is indeed true but it illustrates a flaw in
our representation ofgoal a, as we are only looking for a
path starting froms0. What is intended is that such path exist
from all states in the trajectory.
Thus, the appropriate representation of goala which reflects
this aspect isG2 = 2Eπ(2¬LAB ∧ 32DEP ). We now
have the following result.

Proposition 1 (s0, π1, Φ) |= G2.

Note that (s0, π1, Φ) |= G2 iff for all σ in σπ1,s0,Φ we
have (s0, R, Rπ1 , σ) |= G2. Now even if we takeσ as
s0, s1, s1, . . ., it is still the case that(s0, R, Rπ1 , σ) |= G2,
as for allj, (sj , R, Rπ1 , σ) |= G1 iff (sj , R,Rπ1) |= G1, and
indeed(sj , R, Rπ1) |= G1 is true as there always exists a path
σ′ in Rπ1 starting from anysj such that(sj , R, Rπ1 , σ

′) |=
2¬LAB ∧32DEP .
Now let us considerπ2 (which denotes planb) where we have
π2(s0) = south, π2(s1) = north.

Proposition 2 (s0, π2, Φ) 6|= G2.

Proof: σπ2,s0,Φ is the set consisting of the single tra-
jectory σ1 = s0, s1, s0, s1, . . .. Now it is easy to see
that (s0, R, Rπ1 , σ1) 6|= G2 as (s0, R,Rπ1 , σ1) 6|= G1 as
(s0, R, Rπ1) 6|= G1 as there does not exist a pathσ′ in Rπ2

starting froms0 such that(s0, R, Rπ2 , σ
′) |= 2¬LAB ∧

32DEP .

4 Relation with Dal Lago et al.’s formulation
In this section we consider some of the constructs from
[Dal Lagoet al., 2002] and show how they can be expressed
using π-CTL∗. Their goal language is defined as follows
wherep denotes propositional formulas andg denotes ex-
tended goals.
p ::= > | ⊥ | ¬p | p ∨ p | p ∧ p
g ::= p | g And g | g Then g | g Fail g | Repeat g |

DoReach p | TryReach p |DoMaint p |
TryMaint p

We now explain some of the important and novel constructs
above and show how they can be expressed inπ-CTL∗. (In
the sequel we will give the formal characterization of the
above language and do a formal comparison.)

1. TryReach p : The intended meaning of this goal is
that an agent policy that satisfies this goal must do its
best to reachp. 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 wherep is true.

This can be expressed inπ-CTL∗ by 2Eπ3p.

If the intention is that oncep is reachedp must remain
true after that, then in that case the specification would
be2Eπ32p.

Also, if the intention is that the existence of the path be
only true at the initial states0 then we can remove the
2 in the beginning and eitherEπ3p or Eπ32p would
suffice.

The above alternatives point to a drawback of the re-
stricted and specialized syntax of[Dal Lago et al.,
2002], using which one can only represent one of the
above specifications; not all of them.

Finally, for the reasons discussed earlier in the paper re-
placingEπ simply byE is not adequate.

2. TryMaint p : The intended meaning of this goal is
that an agent policy that satisfies this goal must do its
best to maintainp. 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 wherep is true all through
the path.

This can be expressed inπ-CTL∗ by 2Eπ2p.

If the intention is that the existence of the path be only
true at the initial states0 then we can remove the2 in the



beginning andEπ2p would suffice. Note thatE2p is not
adequate as it just says that there exists a path wherep
is maintained. This path could be due to actions not dic-
tated by the policy being followed, and if that is the case
the policy being followed is not really trying to maintain
p.

3. DoReach p : The intended meaning of this goal is
that an agent policy that satisfies this goal must take the
world to a state wherep is true. That means if the agent
follows its policy then no matter what path it takes (due
to the non-deterministic effect of actions), all those paths
lead to a state wherep is true.

This can be expressed inπ-CTL∗ by Aπ3p.

If the intention is that oncep is reachedp must remain
true after that, then in that case the specification would
be Aπ32p. Note that bothA3p and A32p are too
strong as they require that all paths (including paths not
dictated by the policy being executed) lead to a state
wherep is true.

4. DoMaint p : The intended meaning of this goal is that
an agent policy that satisfies this goal must take paths
wherep 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 all the states of those paths.

This can be expressed inπ-CTL∗ by Aπ2p. Here also,
A2p is too strong a specification.

5. Repeat g : The intended meaning of this goal is to
repeatedly achieveg. A simple representation of this in
π-CTL∗ (and also in LTL) is23g.

6. g1 Fail g2 : The intended meaning of this goals is
to achieveg1 and when it becomes clear thatg1 is not
achievable theng2 is achieved. Let us consider a spe-
cific case of this:TryReach p Fail DoReach p. This
can be expressed inπ-CTL∗ by 2(¬Eπ3p ⇒ Aπ3q).

5 Conclusion and future work
In this paper we considered representing goals with tempo-
ral aspects in presence of non-deterministic actions. We an-
alyzed why temporal logics such as LTL and CTL∗ were
thought to be not adequate to express certain kind of goals.
By our analysis we discovered the source of confusion: the
notion ofpath that is tied to the branching time operatorsA
andE. We showed that by introducing additional branching
time operatorsAπ andEπ where the path is tied to the policy
being executed we can express the goals that were thought
inexpressible using temporal logic in[Dal Lagoet al., 2002].
We believe our approach is preferable to the approach in
[Dal Lagoet al., 2002] where a specialized language is intro-
duced. This is because by using our language we can still rep-
resent the goals that were traditionally represented (when ac-
tions were assumed to be deterministic) using temporal logic,
and also combine such goals with the kind of goals discussed
in this paper. Use of a specialized language, as in[Dal Lago
et al., 2002], makes this difficult if not impossible.
In terms of future work we need to consider some further

generalizations. 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 consider paths that interleave
agent’s actions and exogenous actions in a particular way
such as alternating them. Each of these may necessitate use
of additional transition relations (such asRa corresponding to
agent’s actions, andRe corresponding to exogenous actions)
and additional branching time operators (such asEe, Ae, Ea,
andEe).
We also plan to further elaborate on theπ-CTL∗ specifica-
tions of the various constructs of[Dal Lagoet al., 2002]. Fi-
nally, we also plan to consider alternative notions of main-
tainability [Nakamuraet al., 2000] and explore its relation
with the formulations in this paper.
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