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Abstract

In this paper we show that despite a past claim goals
such as ‘try your best to maketrue’ in presence

of non-deterministic actions can be expressed in the
framework of branching time temporal logic. We
analyze theA andE operators in CTE and point

out why it was thought that the above mentioned
goal can not be expressed using CTLWe then
introduce the operatord,, andE, (and present a
temporal logicr-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.

Introduction and motivation
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Figure 1: A navigation domain
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of non-deterministic actioAgertain 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 froniDal Lagoet al., 2004.
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In recent years it has been propogBacchus 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 — excipistore and Traverso, !Non-determinism plays an important role in modeling domains
2001, only consider the case when actions are determinissuch as a space shuttle in which much of the environment cannot be
tic. In [Dal Lagoet al, 2007 it is argued that in presence sensed remotely or cannot be tested at all until acted upon.

Figure 2: Transition between the locations



Consider the navigation domain in Figure 1 above. In this doit just asks the robot to have an available path to DEP and in
main we have a robot who is in the store room. The robot hathat sense plab would be a valid plan with respect to this
actions of going west, north, south or east from the differengoal. As we discussed earlier this is not intended.

rooms and most of its actions have intended effects as showq [pal Lagoet al, 2009 the authors present the above ex-

in the transition diagram in Figure 2 except that: (i) When itamples to argue that temporal logics can not represent such
is in the STORE and it goes EAST it may either end up ingoals. They present an alternative specialized language with
the LAB or in the room NE. (ii) When it is in the room SW semantics defined in a completely new manner (as compared

and it goes east it may either end up in DEP or remain in SWeg characterization of standard temporal operators) to specify
This is because there is a door between SW and DEP whic§ch goals.

the robot can not sense and this door is sometimes open apgj, goal in this paper is to stay within the framework of tem-

sometimes closed. A _ poral logic and figure out a way to express these goals us-
Now suppose the goal of the robot (which is initially in jhg temporal logic such that it is easy to combine temporally
STORE) is to try (its best) to get to DEP but avoid LAB which expressed goals from earlier wofBacchus and Kabanza,

is a dangerous placélow do we specify this goal, which we 1998: Niyogi and Sarkar, 2000; Barait al, 2001 with the

will refer to as goala? kind of goals that we discuss in this pap@he approach in
Before discussing the specification of this goal, let us firs{Dal Lagoet al., 2009 of using a specialized language makes
discuss what kind of a ‘plan’ will achieve this goal. There aresuch combination difficult if not impossible.

only two ways to get to DEP: (i) going south from NE and The main cornerstone of our approach is to clarify the no-
(ii) going east from SW. To go south from NE the robot first tions A and E, which means ‘for all paths’, and ‘for at least
has to get to NE. To go to NE from STORE (where the robotone path’ respectively. The issue is what does ‘path’ mean
is initially) without going north from DEP (which does not here. (a) Is it a valid sequence of actions that is executable by
make sense as the ultimate goal is to getto DEP) the only wajhe agent? (b) Is it a valid sequence of actions regardless of
Isto go east from STORE. But th|S.a.Ct|On IS non-.determ|n|st|ovvhether they are agent’s actions or exogenous actions? (C) Is
and may take the robot to LAB which the robot is required tojt 5 valid sequence of actions as dictated by the agent’s plan?
avoid. Thus option (i) is ruled out. Now the only option leftis \we will show that all these lead to different kind AfandE

is (ii). Following that a valid plan would be to go south from gperators and we need all of them to express different goals.
the initial position STORE to SW and then go east from SW.The |ack of this distinction was the reason wibal Lagoet

But since going east from SW is a non-deterministic actiong|. 2004 claimed that the goa is not expressible in tempo-
there is no guarantee that the robot will reach DEP. But if thg| |ogic.

robot keeps continually trying to go east from SW then we
can say that the robot is trying (its best) to get to DEP. Let
refer to this attempt aplana. On the other hand a robot
which continually goes south from STORE and north from

gt\:grf ?gf'rllgil% not trying to get to DEP. Lets refer to this goals such as goal in presence of non-deterministic effects.
ptap ) In Section 4 we relate our proposal with some of the con-

A suitable representation of the above mentioned goal and &rycts in[Dal Lagoet al, 2004 and finally we conclude in
suitable definition of when a plan achieves a goal should b&ection 5.

such that plara above would be a plan that achieves gaal

while planb does not, _ _ 2 Goal specification using temporal
Lets us now try to express this goal using temporal logics. operators: past work

A straightforward attempt to encode this in linear temporal
logic with future operators (LTLJManna and Pnueli, 1992; In this section we discuss the existing formulatibBacchus
Emerson, 1990leads us to the specificatiofd—-LAB A and Kabanza, 1996; 1998; Niyogi and Sarkar, 2000; Baral
©ODEP), whereO is the operator meaning ‘always in the et al, 2001 of specifying goals using linear and branching
future’ and< is operator meaning ‘eventually in the future’. time temporal logics, and discuss what are plans with respect
This specification is too strong as planis not a plan with  to such goals. We start with goal specification using linear
respect to this goal. That is because péapan not guarantee temporal logic.

that the robot will eventually get to DEP. ) )

Now let us try to express this goal in the branching time tem-2'1 Goal representation using LTL

poral logic CTL*, where we have the operatgkymeaning  Syntactically, LTL formulas are made up of propositions,
‘for all paths’) andE (meaning ‘there exists a path’) at our dis- propositional connectiveg, A, and—-, and future temporal
posal. Obviously, the representatib(—~LABACODEP) connectiveg)), O, & andU. We now formally define the

is not appropriate as it requires all paths to have the propertiruth value of temporal formulas with respect to trajectories.
G et oo o oo o avan SDEITEN L et Ghenbyn oy s 1. beata
plana is not a plan with respect to this goal. Now let us con- e IE/Tﬁ formulas prop » arf fi

sider the specificatioB(O—-LAB A OODEP). This speci- '
fication is not appropriate either. It is weak in the sense that e (s;,0) = piff pistrue ins;.

The rest of the paper is organized as follows. In Section 2 we
spresent 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
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e (sj,0) E Ofiff (sj41,0) = f Recall that the symbols andE are the branching time oper-

o (s;,0) =0fiff (sg,0) = f,forallk > j. ators meaning ‘for all paths’ and ‘there exists a path’ respec-
; . tively. As the qualification ‘branching time’ suggests, speci-

> j.
* (s5,0) = OFiff (Sk’,(f) =7 for.somek: _,] fication in the branching time logic CFlLare evaluated with
e (sj;0) = fi U f iff there existsk > j such that  respect to the branching structure of the time. The term ‘path’

(sk,0) |= f2 andforalli, j <i <k, (si,0) = f1. in the meaning ofA andE refers to a path in the branching
Often[Bacchus and Kabanza, 1996; 1998; Batal., 2001 structure of time. The branching structure is specified by a
planning with respect to LTL goals are formalized with the as-transition relationk? between states of the world. Intuitively,
sumption that there is complete information about the initialR(s1, s2) means that the state of the world can change from
state, and the actions are deterministic. In that case plans ase to so in one step. Given a transition relatidghand a state
finite sequences of actions. But since truth of LTL formulass, a path inR starting froms is a sequence of stateg, s, . . .
are defined with respect to a reference state and a trajectosuch thatsy = s, andR(s;, s;+1) is true.

made up of an infinite sequence of states, to define the cofn [Niyogi and Sarkar, 2000; Barat al., 2007 R(s1,s5) is
rectness of a plan (consisting of a finite sequence of actiongjed to actions as follows. When plannlng in an environment
with respect to an initial state and an LTL goal, we need tayhere our agent is the only one that can make changes to the
identify a trajectory that corresponds to the initial state andyorld, R(s1, s2) is true if there exists an agent’s acti@such

the plan. This is defined as follows: thats, = ®(sy, a). If there are external agents other than our
Let s be a state designated as the initial stateqlet..,a,  agenttherR(sy, s2) is true if there exists an action (by some
be a sequence of deterministic actions whose effects are dagent)a such thats, = ®(s;1,a). We now give the formal
scribed by a domain description, addbe transition func- semantics of CTL

tion that defines transition between states due to actions. T
trajectory corresponding toanday, .. ., a, is the sequence
8o, S1, - - -, that satisfies the following conditions: = s,
Si+1 = (p((li+1,8i), foro0 <i<n-1, andst = S, for

j > n. We then say that the sequence of actions .., a,

is a plan from the initial state for the goalf, if (s,0) | f,
whereo is the trajectory corresponding tandas, . . ., a,,.

The role of LTL in specifying planning goals has been well ® (s;, R) |= piff pis trueins;.
S a1 camols o falCabo OB 40T (1) - (1.1 o]
2001. ' o ’ ’ ’ R) | sfi Nsfaiff (sj,R) | sfiand(s;, R) =

2.2 Goal representation using branching time R) = sf1Vsfaiff (s;,R) = sfior(s;, R) = sfa.

temporal IOgIC. o o (sj,R) = E pf iff there exists a patlr in R starting
The use of a branching temporal logic in specifying plan-  from <. such thal(s;, R, o) k= pf.
ning goals that can not be specified using LTLs is relatively J ’

recent[Niyogi and Sarkar, 2000; Baral al, 2001; Pistore * (sj, R) = A pfiff for all paths in R starting froms;
and Traverso, 2001 The necessity of branching time opera- ~ We have thats;, o) |= pf.

tors arises when we want to specify conditions on other path$he truth of path formulas are defined with respect to a triplet
starting from the states in the main path that the agent’s pla(lg R, o) whereo given by the sequence of states s, . . .,
suggests. Fobr exampled a f0t|>(0t QOIH%”O”;] IOOfS”?lth po- isa pathR is a transition relation anslis a state inv.
sition B may be required to take a path so that from any point )

in the path there is a charging station within two steps. Note * (sj, R,0) f= sfiff (55, R) = s

that these two steps do not have to be in the path of the robot. e The truth of path formulas of the formf; U pfa, —pf,
This goal can not be expressed using LTLs and we needtouse pfi A pfa, pfi V pfz, Opf, Opf, andOpf is defined
a branching time logic such as CTLWe now give the syn- very similar to the definition of truth of LTL formulas,
tax and semantics for CFLIEmerson and J.Srinivasan, 1989; andR does not play a role in it.

Emerson, 1990 We say a sequence of actioas, ..., a, is a plan with re-
There are two kinds of formulas in CTL state formulas spect to the initial state, and a goalG if (so, R,0) = G,

and path formulas. Normally state formulas are properties ofvheres is the trajectory corresponding tg anday, .. . , a,,.
states while path formulas are properties of paths. The syr(Note that a trajectory correspondingdpanday, ..., a, is

tax of state and path formulas is as follows. g} denote a path.) Although state formulas are also path formulas, since
an atomic proposition(sf) denote state formulas, arigf)  the evaluation of state formulas do not take into account the
denote path formulas. trajectory suggested by a prospective plan, often the overall

r]1eormal 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(s;, R), wheres; is a state andR is the transition
relation. In the followingp denotes a propositional formula
sf;s are state formulas and;s are path formulas.

S5,
Ja.

(s
(s
(s



goal of a planning problem is better expressed as a path fothat is being executed’ respectively. Since we now allow ac-
mula which is not a state formula. tions to be non-deterministic the transition functibdris now

Now we can represent the goal of getting to B such that fronft Mapping from states and actions teed of statesNow we
any where in the path we can get to a state whehelds in need to consider two transition relatioRsand R, the first
at most two steps by the following path formula (which is notused for defining paths fok andE and the second used in
a state formula) in CTt: (p VEQp VEQEQp)Uat_B  defining paths foA, andE.

Additional examples of the use of branching temporal logicsRecal thatR(s,s')/ means that the state of the world can
CTL and CTL* to specify goals are given ifBacchus and change froms to s’ in one step. This could be due to an

Kabanza, 1996; 1998; Niyogi and Sarkar, 2000; Batail, ~ 2gent’s action, or an exogenous action. THS, s') is true
2001 Pistore and Traverso, 2401 if there exists an actioa such that’ € ®(a, s). R, (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 policy.
3 Dealing with non-deterministic actions and  thys R, (s, ) is true if s' € ®((s),s). We now give the

policies formal semantics of-CTL*.

In this section we show how to expand on the notions in3. 2 Formal semantics ofr-CTL *:

the praelwc;us sgcﬂc;n Sci a§|_ to tbet ab!{ﬁ to specify goe}ls SUGecall that in CTE truth of state formulas is defined with re-
as goaa 1rom Section ~. 10 start With In Presence ot Nt ghact 16 5 paifs;, R), wheres; is a state R is the transition

deterministic actions, we need to expand the notion of a play|4tion. Here, the truth of state formulas is defined with re-
from a simple sequence of actions tpalicy which is a map- spect to the triplets;, R, R,.), wheres; and, R are as before,

ping frofm Statgs to a(_:ti_on_é' his _is necessary because inbpres-andR is the transition relation with respect to the policy

ence of non-deterministic actions an agent can not be sur, g . o :
. L : . A the following p denotes a propositional formulg;s are

during planing time what state it would be in after execut- gp brop i

. . : state formulas angf;s are path formulas.
ing an action or a sequence of actions. Thus often there may o P

not exist a conformant plan consisting of sequence of actions, ® (i, B, Bx) = piff pis true ins;.

while there may exist a policy that will achieve a goal. e (sj,R,Ry) =—sfiff (s;,R,Ry) b~=sf.

Now let us reconsider our attempts to specify gagivhich is o (s;,R,R:) = sfi Nsfeiff (sj,R,R;) = sf1 and
to to try to reach DEP but avoiding LAB) using CTLEarlier (sj,R,Rx) = sfo.

we argued thaE(O-LAB A OODEP) is not an appropriate "R.R v iff (s:.R.R or
specification as it just requires the robot to have an available * E?_’R’ ng '58;2‘)_01 stz (5, B Bn) 1= Sy
path to DEP and in that sense plar{where the robot goes T i 4h . hi .
south from STORE and north from SW) would be avalid plan ¢ (85: £ Bx) = Epf iff there exists a pathr in 1 starting

with respect to this goal which is not intended. The problem oM s; such thas;, R, Rr, o) |= pf.

here is the way we characterize exist path expresseB.by e (s;, R, R,) = A pf iff for all pathsc in R starting from
The ‘exist path’ condition as formally defined in the previous ~ s; we have thafs;, R, R, o) = pf.

section does not take into account the policy the agentis fol- o (s;, R, R,) = E, pf iff there exists a patlr in R,
lowing. In this particular example, it does not really matter if starting froms; such that(s;, R, R, o) |= pf.

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 ]Efc;;ni’ 13\’;2} r'; véﬂthpajzslﬁ Egr }?” ?f)‘th;; f'n R starting
J VRl s LUy .

with the policy. To express this we introduce the operafgrs . )
which means that there exists a path in tune with the policy he truth of path formulas are now defined with respect to the
7. Now if we express our goal &, (0~LAB A CODEP)  quadruple(s;, R, R, o), wheres;, R, and R are as before
planb will no longer be a valid plan with respect to this goal @hdo given by the sequence of statgss,, .. ., is a path.

while plana will be. We now formally define the syntax and e (s;, R, R,,0) = sfiff (s;, R, Rx) |= sf.

semantics of this extended branching time logic, which we (5;, R, Rp,0) = —pf iff (s;, R, Ry, ) - pf

will refer to asm-CTL*. o (5. R, Rov0) = pfs Apfo ift (5, R, R, 0) = pfy and

3.1 Syntax ofr-CTL* (sj; R, Rr,0) |= pfo. |

The syntax of state and path formulas#rCTL* is as fol- ® (55, Rr,0) Epfi Vpfaiff (sj, R, Ry, 0) = pfior

lows. Let(p) denote an atomic propositiofy f) denote state (sj, R, Rr,0) = pfa. .

formulas, andpf) denote path formulas. * (s, R, Rr,0) = Opf iff (sj41, R, Rr,0) = pf.

(58) 5= () | (s) A (o) | (5 v (s£) | ~(s) | " Ly B Ano) EORIE (o B B0} It TOTE
E(f) | Alpf) | Ex(pf) | Ax(pf) - .

(pf) = (sf) [ f) vV f) | =@f) | (f) A (pf) | o (sj, R, Rr,0) = Opf iff (si, R, Rr,0) = pf, for
(/) U (pf) 1O ) | f) [ Or) somek = j.

The new symbol4., andE, are the branching time operators ~ ® (5;, &, Rx,0) = pf1 U pfa iff there existsk > j such
meaning ‘for all paths that agree with the policy that is being ~ that (sx, R, Rx,0) |= pfs, and for alli, j < i < k,
executed’ and ‘there exists a path that agrees with the policy (i &2, R, 0) = pfi.



3.3 Plans/policies forr-CTL * goals:

Now we need to define when a mappindrom states to ac- Proof: or, s,.¢ is the set consisting of the single tra-
tions is a plan with respect to &CTL* goal G, an initial ~ JECIOrY o1 = S0, 51,50,51,.... NOw it is easy to see
stateso, and a transition functiod® from states and actions that (so, R, Rx,,01) [~ G2 as(so, R, Ry, 01) = Gy as
to sets of states. We denote this (3, 7, ®) = G. For this (S0, B, Rr,) [~ G1 as there does not exist a pathin R,
we need to define the set of trajectories that the world may g8tarting froms, such that(so, R, Rr,,0") = O-LAB A
through when we start from, and followr. Note that when CHDEP.

actions are deterministic there is exactly one such trajectory.

This is not the case when actions could be non-deterministied  Relation with Dal Lago et al.'s formulation

Definition 2 Given an initial statesy, a policy 7, and a In this section we consider some of the constructs from
transition function®, o, ,, & is the set of all trajectories [Dal Lagoet al, 2003 and show how they can be expressed
S0, 81, 82, 83 . .. such thats; 11 € ®(w(s;), s;). using 7-CTL*. Their goal language is defined as follows
Definition 3 Given an initial stateso, a policy r, a goalG wherep denotes propositional formulas agddenotes ex-

and a transition functio®, we sayr is a plan with respect tended goals.
to G, so and® (denoted by(so, 7, ®) = G)ifforall o € » = T|L|=-p[pVp|pAp

0r.s0.0 We have thatso, R, R, 0) = G. g = p|lgAndg|gTheng|gFailg| Repeatg |
I'k b h deall ith policies (i d DoReach p | TryReach p | DoMaint p |
Unlike before, now that we are dealing with policies (instea TryMaint p

of sequences of actions) representing the overall goal as

state formula is no longer less preferable \ﬁ/e now explain some of the important and novel constructs

above and show how they can be expressed-@TL*. (In
3.4 The example from Section 1 the sequel we will give the formal characterization of the

Let us consider the example from Section 1 and analyze igbove language and do a formal comparison.)

G: = E;(0-LAB A ©ODEP) is an appropriate represen- 1. TryReach p : The intended meaning of this goal is

tation of goala and show that plaa is indeed a plan that that an agent policy that satisfies this goal must do its
achieves goah while planb does not. best to reachkp. That means if the agent follows its
Let us denote the statéSTORE}, {SW}, and{DEP} by policy then at every state reached while following this
s0, s1 and s, respectively. Letr; denote plara where we policy there is a path (which is possible by following
haver, (so) = south, m1(s1) = east, andry (s2) = no_op, the agent’s policy but not necessarily guaranteed by the
whereno_op is an action that does not affect any state. Now  agent’s policy) from that state to a state whetie true.

Oy, 50,0 1S the infinite set of trajectories), (s1)", s2, 52, . . ., This can be expressedinCTL* by DE, Op.

wheren > 1 (andn is a natural number) plus the trajectory , o ) )

80, 81,51, - .- If the intention is that once is reacheg must remain

. . true after that, then in that case the specification would
Now let us explore if for allo in o. s, We have

(s, R, Rx,,0) = G;. By following the definitions: beDE, ODp.

(s0, R, Ry, ,0) = G iff (s0, R, Ry,) = Gy iff Also, if the intention is that the existence of the path be
there exists pathy’ in R,, starting from sy such that only true at the initial state, then we can remove the
(so, Ry Rn,,0') =0-LAB ANOODEP a in the beginning and eithdt,. Op or E,>Op would

The last entailment is indeed true but it illustrates a flaw in  Suffice.

our representation ofoal_a, as we are only looking for a The above alternatives point to a drawback of the re-
path starting frons,. What is intended is that such path exist stricted and specialized syntax ébal Lago et al,
from all states in the trajectory. 2004, using which one can only represent one of the
Thus, the appropriate representation of gaavhich reflects above specifications; not all of them.

this aspect ig7, = DE,(0-LAB A CODEP). We now Finally, for the reasons discussed earlier in the paper re-
have the following result. placingE, simply byE is not adequate.

Proposition 1 (so, 71, ®) = Ga. 2. TryMaint p : The intended meaning of this goal is
Note that(sg,71,®) = G iff for all o in on, 4.0 We that an aggnt _policy that satisfi_es this goal must dp its
have (s, R, R,,,0) = Go. Now even if we takes as best to maintairp. That means if the agent follows its
50, 51,51, . ., it is still the case thatso, R, Rx,,0) | G, policy then at every state reached while following this
asforallj, (s;, R, Ry,,0) = Gy iff (s;, R, R,,) F G1, and policy there is a path (which is possible by following
indeed(s;, R, R.,) |= G is true as there always exists a path the agent’s policy but not necessarily guaranteed by the
o’ in R, starting from anys; such that(s;, R, R.,,0') = agent’s policy) from that state whepes true all through
O-LAB ANCODEP. the path.

Now let us considet, (which denotes plai) where we have This can be expressedrCTL* by OE . Op.

m2(s0) = south, ma(s1) = north. If the intention is that the existence of the path be only

Proposition 2 (s, 2, ®) & Ga. true at the initial state, then we can remove thein the



beginning andt . Op would suffice. Note thafOpisnot  generalizations. For example, in certain cases we may need

adequate as it just says that there exists a path whereto distinguish between paths solely due to actions that can

is maintained. This path could be due to actions not diche executed by an agent, and paths solely due to exogenous

tated by the policy being followed, and if that is the caseactions. Or we may need to consider paths that interleave

the policy being followed is not really trying to maintain agent’s actions and exogenous actions in a particular way

p. such as alternating them. Each of these may necessitate use
3. DoReach p : The intended meaning of this goal is of additional transition relations (such &s corresponding to

that an agent policy that satisfies this goal must take th@9€nt's actions, anét, corresponding to exogenous actions)
world to a state wherg is true. That means if the agent @nd additional branching time operators (sucteasA., E.,

follows its policy then no matter what path it takes (due @NdEe)- 3

to the non-deterministic effect of actions), all those paths/Ve also plan to further elaborate on theCTL* specifica-
lead to a state wherpeis true. tions of the various constructs fbal Lagoet al, 2003. Fi-

; : X nally, we also plan to consider alternative notions of main-
This c_an be. exPressedmCTL by A= p. _ tainability [Nakamuraet al, 200qQ and explore its relation

If the intention is that once is reacheg must remain  with the formulations in this paper.

true after that, then in that case the specification would

be A, COp. Note that bothACp and ACOp are o0 References
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5. Repeat g : The intended meaning of this goal is to ~ P- Trave’rso. Planning with a language for extended goals.
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to achievegl and when it becomes clear t@t is not de Bakker, W. P. de Roever, and G. Roezenberg, editors,
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In terms of future work we need to consider some further
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