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Abstract

Current techniques for reasoning about search control knowl-
edge in Al planning, such as those used in TLPlan, TALPlan-
ner, or SHOP2, assume that search control knowledge is con-
ditioned upon and interpreted with respect to a fixed set of
goal states. Therefore, these techniques can deal with reach-
ability goals but do not apply to temporally extended goals,
such as goals of achieving a condition whenever a certain fact
becomes true. Temporally extended goals convey several in-
termediate reachability goals to be achieved at different point
of execution, sometimes with cyclic executions; that is, the
notion of goal state becomes dynamic. In this paper, we de-
scribe a method for reasoning about search control knowl-
edge in the presence of temporally extended goals. Given
such a goal, we generate an equivalefit® automaton—

an automaton recognising the language of the executions sat-
isfying the goal—and interpret control knowledge over this
automaton and the world state trajectories generated by a for-
ward search planner. This method is implemented and exper-
imented with as an extension of the TLPlan planner, which
incidentally becomes capable of handling cyclic goals.

Introduction
Motivation

One of the most powerful approaches to coping with state-
space explosion in planning is to provide the planner with
knowledge of how to plan in specific application domains.
Such search control knowledge can be acquired from hu-
man experts of the domain, much like models of primitive
actions are. Interestingly, there is hope that both action mod-
els and search control knowledge will ultimately be learnt,
removing the hurdle of relying on human experts to provide
them, see e.g. (Pasula, Zuttlemoyer, & Pack Kaelbling 2004;
Fern, Yoon, & Givan 2004) for recent works on these topics.
Over the last decade, a number of planners such as TLPIlan
(Bacchus & Kabanza 2000), TALPlanner (Kvarisir &
Magnusson 2003), and SHOP2 (NetLal. 2003), have suc-
cessfully exploited the idea of using domain-specific con-
trol knowledge to guide a planner’s search for a sequence
of actions leading to a goal state. For instance, the forward
search planner TLPlan provides a logic-based platform fa-
cilitating reasoning about search control knowledge in the
form of temporal logic properties that promising plan pre-
fixes must not violate. TLPlan prunes from the search any
path leading to a plan prefix which violates these properties.
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A key component of TLPlan's reasoning about search
control knowledge is th€OAL modality: GOAL(f) means
that the first-order formulaf is true of all goal states.
TALPlanner and SHOP2 have similar mechanisms to refer
to goal properties. Using theOAL modality and first-order
bounded quantification, one can specify generic search con-
trol knowledge which is applicable tmyproblem in a given
domain, without change. For instance, consider a health care
robot which assists ederly or disabled people by achieving
simple goals such as reminding them to do important tasks
(e.g. taking a pill), entertaining them, checking or transport-
ing objects for them (e.g. checking the stove’s temperature
or bringing coffee), escorting them, or searching (e.g. for
glasses or for the nurse) (Cestizal. 2003). In this domain,

a useful piece of search control knowledge might be: “if a
goal is to bring some object to some room, then once you
grasp this object, keep it until you are in that room”.

It is not possible to write control strategies that are both
efficient and generic without using t&OAL modality, as
such strategies need to be conditioned upon the goals. Yet,
an important limit of current approaches is that th@AL
modality is interpreted with respect to a fixed set of goal
states. This makes these approaches inapplicable to anything
but simple goals of reaching a desired state. Such goals are
called reachability goals.

The Problem

In this paper, we address the problem of extending the
search control framework to planning with temporally ex-
tended goals (Bacchus & Kabanza 1998; Dal Lago, Pistore,
& Traverso 2002). While reachability goals are properties of
the final state of a finite sequence, the temporally extended
goals we consider are general properties of potentially cyclic
execution sequences. Examples include maintaining a prop-
erty, achieving a goal periodically or within a number of
steps of the request being made, and achieving several goals
in sequence. In the health care robot domain for instance, we
may want to specify goals such as “walk Mrs Smith to the
bathroom, then get her a coffee, and if you meet the nurse
on the way, tell her that | need her”, or “get the house clean
every morning, and during each meal remind me to take my
pills”. Although planning for temporally extended goals and
planning for reachability goals are both PSPACE-complete
in the deterministic fully observable setting we consider (De
Giacomo & M. Y. Vardi 1999), in practice the former is often
computationally more demanding than the latter. Therefore,
good search control is crucial.



As itturns out, TLPlan uses the same formalism and tech- At another extreme, we could keep the language for speci-
nigue to describe and process temporally extended goals andfying search control knowledge, and even the control knowl-
search control knowledge. This should not cause confusion: edge itself, the same as in the reachability case, and analyse
while the formalism and technique are the same, temporally the temporal goal to dynamically generate, while planning,
extended goals and search control knowledge are fundamen-a series of reachability goals to be achieved in turn. The
tally different in nature. The first is a property of the plans GOAL modality would then be evaluated with respect of the
we want to generate, and the second is a property of the current reachability goal to be achieved. To guarantee com-
search (which incidentally in TLPlan, happens to be describ- pleteness, backtracking on the reachability goals generated
ing which plans the search should prune). In fact, TLPlan may be necessary. For instance, when analysing the tempo-
disables the use of search control when planning for tempo- rally extended goal “walk Mrs Smith to the bathroom, then
rally extended goals. The reason is, as we mentioned before, get her a coffee, and if you meet the nurse on the way, tell her
that when planning with such goals, there is no fixed set of that | need her”, one could first generate the goal of getting
goal states with respect to which tG®AL modality can be Mrs Smith to the bathroom, then the goal of getting her the
evaluated. Our purpose is to extend TLPlan’s mechanism milk, temporarily preempting such goals with that of talking
for reasoning about search control knowledge to make it op- to the nurse when she is met on the current plan prefix. This
erational even in the presence of temporally extended goals. option defers part of the search control decisions to the plan-
. ner, since it chooses the successive reachability goals. This
Assumptions makes the task of the domain modeller much easier, but may
For simplicity, we remain in the framework of deterministic  |ead to shortsighted search control strategies. In the above
actions and, consequently, of temporally extended goals ex- example, search control would not be able to exploit the fact
pressible in linear temporal logic (LTL). This is essentially  that it is best to take Mrs Smith to the east-side bathroom
the framework adopted by TLPlan with however one signif- which is nearer to the kitchen where the robot will need to
icant difference. TLPlan can only handle problems that can go later to get the coffee.
be solved by a finite, i.e. acyclic sequence of actions, while
in the general case, temporally extended goals may require
cyclic sequences. For instance, consider the goal “whenever
the kitchen is dirty, get it clean, and when you are finished
cleaning, get the next meal ready”. This requires a cyclic
plan of the form “do-for-ever: clean ; cook”, since after the
meal is cooked, the kitchen will be dirty again. Our approach
will handle this general case.

For simplicity, we also remain in the framework of LTL
to describe search control knowledge. In particular, we do

As a middle ground, we could consider allowing temporal
formulae inside th&OAL modality, and analyse the tempo-
rally extended goal to dynamically generate erdgquences
of reachability goals, with respect to which the modality
would be evaluated. That is, given such a sequdnce
GOAL(f) would be true iffT" modelsf in the LTL sense
of the term. Again backtracking on the generated sequences
would be necessary to ensure completeness. The main dif-
ference between this option and the first one is that search

not consider branching temporal logics such as CTL and colntrol deC|S|onsf t?]re nc.)t'nelctessarlly It|>ase:d 03 (aogeclt logi-
variants (Pistore & Traverso 2001; Dal Lago, Pistore, & cal sequences ot the original temporafly extended goal.

Traverso 2002; Baral & Zhao 2004), even though, as willbe- ~ While all three approaches have their benefits and short-
come apparent, CTL would be useful to reason about what comings, this paper focuses on the second. We describe a
definitely is or just possibly is a useful goal to work on. Han- method which analyses the temporally extended goal and
dling non-deterministic domains and more complex plan- generates, during planning, successive reachability goals

ning strategies is a topic for future work. which are passed onto the traditional search control process.
] Backtracking occurs when an alternative goal appears more
Overview of the Approach promising or when the current strategy does not result in a

Even under these assumptions, there are a number of waysplan. The method is based on the construction of what is
we could go about specifying and handling control knowl- known in the verification literature as ailBhi automaton
edge for planning under temporally extended goals. At one equivalent to the temporally extended goal (Wolper 1987).
extreme, we could allow th& OAL modality to apply to Such an automaton recognises the language of (cyclic) exe-
temporal formulae GOAL(f) would mean that the tempo-  cution sequences that satisfy the goal. It suggests a range of
ral formula f is derivable (in the LTL sense of the term) possibilities for interpreting th& OAL modality, including

from the temporally extended goglunder consideration. but not limited to the three described above. Our method is
One advantage of this approach is that the search control be-incorporated to the TLPlan planner and evaluated on a num-
comes highly expressive. It is possible to explicitly condi- ber of example domains.

tion search control upon correct logical consequences of the

temporally extended goal, and to prescribe farsighted strate-

gies that take into account the behavior to be achieved in of it that remains to be achieved. This affects the modelling style
its globality_ A drawback is that this approach requires per- for search control. In that case, theorem proving would need to be
forming LTL theorem proving for each formulae in the scope  performed at each node of the search space, and the computational

of the GOAL modality in turn, prior to invoking the plannér. cost would very likely outweigh the benefits of search control.
L 2 . . .
- Again, a variant exists wherg only needs to be true of a suf-
A variant of this is to evaluate th6OAL modality with re- fix of the given goal sequence, as the current partial plan has com-

spect, not to the original temporally extended goal, but to the part pleted the goals in the prefix.



Plan of the paper Formally, let D be the domain of discourse, which we

The rest of the paper is organised as follows. The first assume constant across all world and goal states, afchlet

section provides some background on LTL, temporally ex- sequence defined as above, with= (s;, G;). We say that

tended goals, search control knowledge, the formula pro- & formulaf is true ofl', notedl" |= f iff (T',0) = f where

gression technique at the core of the TLPlan planner, and truth is defined recursively as follows:

Bichi automata. In the next section, we explain how the o if f is an atomic formula(l’, i) |= f iff s; = f according

r?ach_abmty 906“3 are edth.aCtﬁ? frOT thﬁl-raLu;?matFn th to the standard interpretation rules for first-order logic

planning proceeds, and give the extende an algorithm. ‘ . .

We go on by presenting experimental results, and conclude ® (I'.@) = GOAL(f) iff for all g; € Gy, g; |= f according
to the standard interpretation rules for first-order logic

with remarks on related and future work.
o (I')i) =V fiff (I',i) = flz/d] forall d € D, where

Background flz/d] denotes the substitution dfs name forz in f.
Notations o (I')i) = ~fiff (T,4) & f
We start with some notations. Given a possibly infinite se- 4 (T,i) = f1 A fo iff (T,0) = f1 and(T, i) |= fo
quencel’, we letI';, ¢ = 0,1..., denote the element of . . .
indexi in ', andT'(i) the suffix([';,[;41,...) of I'. T';T o (i) FOfiff (Ti+1) = f
denotes the concatenation of the finite sequdricend the e (I',i) E f1U fy iff there existsj > i such tha{(T", j) =
sequencé'. The infinite sequences we will consider will of- foandforallk,i <k <j,(I'k) E f1

ten be cyclic, of the formm = ~;v(5);v(j); ... wherev is

o X . , In the followi h isaf I ining th
a finite sequence anidan index. That is, they consist of the n the following, wheref is a formula not containing the

finit d th i ted indef GOAL modality andl' is a sequence of world states rather
finite sequencey and then some suffix of repeated indef- 4,0 5 sequence of pairs, we will abusively use the notation
|n|t_ely. We will represent such cyclic sequences using the T = f, since in that case the particular sequence of sets
pair (7, 7). of goal states presented is irrelevant. We will make use of
First-Order Linear Temporal Logic the usual abbreviationg, —, 3, as well as of the tempo-

ral abbreviations)f = T U f (eventually f) meaning that
The language we use to express goals and search controlf will become true at some stage, anf = —O—f (al-
knowledge is a first-order version of linear temporal logic. ways f), meaning thatf will always ’be true from now on.
It starts with a first-order language containing collections of Wheref is any formula and is any atomic formula or any
constant, function, and predicate symbols, along with vari-  54,mic formula inside a goal modality, we will also use the
ables, quantifiers, propositional constamtand |, and the bounded quantifiersy[z : b(z)|f = V,x(b(;v) ~ f) and
usual connectives: and A. To these are added the unary Iz : b(2)]f = Jz(b(z) A f).
GOAL modality, the unary temporal modality (next) and
the binary temporal modality) (until). Compounding un- Temporally Extended Goals
der all those operators is unrestricted (in particular quanti-
fying into temporal contexts is allowed), except that U,
andGOAL may not occur inside the scope GOAL. In the
following, we assume that all variables are bound.

We represent temporally extended goals as LTL formulae
which do not involve theGOAL modality or quantifiers
(Bacchus & Kabanza 1998). These includes classical reach-

Whereas, in the TLPlan planner, LTL is interpreted over 2aPility goals of ending up in a state satisfyirfigas a spe-
cial case; they can be expressed{asf. Various useful

finite® sequences of world states and a fixed set of goal states . .
(Bacchus & Kabanza 2000), here we interpret the language YPeS of temporally extended goals include goals of tidy-
over possibly infinite sequencésof pairsT; = (s;, G;) ing up the environment to restore whatever propgriyas

consisting each of a current world statend a setof current ~ (fu€ at the start of the plan, i.ef, — OLIf, goals of non-
goal states?;. The idea is that at stagef the sequence we disturbance of some properfythat was true at the start of

are in world state; and are trying to reach one of the states the plan, i.e.f — [Jf, guards goals expressing that when-
in G;. The temporal modalities allow the expression of gen- €Ver condition: becomes true, properfymust be achieved,

eral properties of such sequences. Intuitively, an atemporal -€- 3(¢ — 0 f), and goals of achieving propertigs and
formula f means thaff holds now (that is, at the first stage /2 In Séquenced(fi A OO f). For instance,

I of the sequence)> f means thaf holds next (that isf, (in(robot, c1) A in(nurse, cl) — Otalkto(nurse))
which may itself contain other temporal operators, is true of U (Dwith(Smith) A OO(in(Smith, bathroom)
the suffixI'(1)). f1 U fo means thajf, will be true at some AOGhas(Smith. coffee))) )

future stage and that, will be true until then (that isfs is

true of some suffiX’(i) and f; must be true of the all the ~ means that the robot should find Mrs Smith and stay with her
suffixes starting befor€;). GOAL(f) means thaf is true while getting her to the bathroom and then arranging for her
in all the goal states&;; at the current stage, while an atem-  to get a cup of coffee, and that he should delivers a message
poral formula outside the scope GOAL refers to the world to the nurse if he meets her on corricedk on the way to
states; at the current stage. finding Mrs Smith.

$More precisely, an infinite sequence of world states consisting O(in(robot, r1) — Qin(robot, r2)) A
of a finite sequence and an idling final state. O(in(robot, r2) — {in(robot, rl))



means that the robot should continually move between room
rl and roomr2, e.g., to check that everything is alright in
those rooms.

We consider plans that are infinite, i.e., cyclic, sequences

Our syntax allows arbitrary use of tiAL modality in-
side the scope of temporal operators. So in principle, we
could condition current search control decisions upon goals.
However, this, or equivalently authorizing temporal modal-

of actions—a finite sequence can easily be accommodatedities inside the scope dEOAL, is something we concep-

using a specialvait action which does not change the world
state. Any such a planll, executed in world state,
induces an infinite sequence of world statéesuch that
Ty = sp andT;;; = resul(II;,T';). We say that a plan
achieves a temporally extended ggalvheneverl’ = f.
For instance, starting witky = {in(robot, r4)}, the second
goal above would be satisfied by the cyclic plan:

((move(rd, c2), move(c2,cl), move(cl, r2),
move(r2,cl), move(cl, rl), move(rl, cl)), 2)

The TLPlan planner (Bacchus & Kabanza 1998) is origi-
nally aimed for non-cyclic plans, that is, plans of the form
(v; wait, |y|) where|y| is the length ofy. If a goal, such as
the one above, can only be achieved by a cyclic plan, TLPlan
reports failure to find a plan.

Search Control Knowledge

While temporally extended goals belong to the problem de-
scription and are properties of the plans we want to generate,
search control knowledge belongs to the domain description
and indicates to the search process how to plan in the do-
main. We also represent search control knowledge as LTL
formulae, but this time involving th& OAL modality and
quantifiers. For instance,

OV[(z,y) : GOAL(in(z,y))]
holding(robot, x) — holding(robot, 2) Uin(robot, y)

means that whenever getting objecht locationy is part
of the current goal, the robot, if it happens to be holding
should hold on to it until he is at. Note the use of bounded
guantification here.

Here, as in the TLPlan planner (Bacchus & Kabanza
2000), the purpose of search control is to enable early prun-
ing of finite plan prefixes. A plan prefix can be pruned
as soon as it violates the control knowledge. For instance,
with the above piece of search control knowledge, we would
never expand a prefix in which the robot has released an
object before getting to its goal location. Search control
knowledge essentially consists of so-caléadetyproperties,
which are those expressing conditions that must be main-
tained, or in other words, conditions that are only violated by
a finite prefix. Technically, such conditions are conveyed by
formulae on the left-hand side of ah modality or formulae
in the scope of &1 modality. In contrastijvenesroperties
express conditions that must be eventually made true, or in
other words, conditions that can only be violated by a cyclic
sequence. Technically, they are conveyed by formulae on the
right-hand side of artJ modality or formulae in the scope
of a ¢ modality. While liveness properties are interesting
from the purpose of specifying temporally extended goals—
and we should indeed check that any cyclic plan we generate

tually want to avoid with the particular approach described
in this paper. Indeed, recall that we explore an approach
whereby search control knowledge for temporally extended
goals is simply implemented by means of interpreting tradi-
tional search control knowledge for reachability goals with
respect to a suitable sequence of reachability goals generated
by the planner.

We could easily restrict the language to both prevent the
expression of liveness properties (e.g., by using the well-
known ‘weak’ version ofU), and conditioning of present
decision on future goals (see e.g. (Slaney 2004) for both
syntactic and semantic restrictions). However, we refrain
doing so in order to stick to the general syntax adopted in
TLPIlan, and more importantly to keep the language open to
more sophisticated reasoning about search control along the
lines mentioned in the introduction of this paper.

Formula Progression

To use search control knowledge effectively, TLPlan must
be able to check plan prefixes on the fly and prune them
as soon as violation is detected. The key to achieve this
is an incremental technique called formplagression be-
cause it progresses or pushes the formula through the se-
qguencel" induced by the plan prefix. The idea behind
formula progression is to decompose an LTL formyla
into a requirement about the presédhtand which can be
checked straight away, and a requirement about the fu-
ture that will have to hold of the yet unavailable suffix.
That is, formula progression looks &t and f, and pro-
duces a new formula fpr@g;, f) such that(T',:) = f iff
(T',i+ 1) | fprog(Ty, f). If T'; violates the part off that
refers to the present then fprdgy, f) = L and the plan
prefix can be pruned, otherwise, the prefix will be extended
and the process will be repeated with ; and the new for-
mula fprodT;, f). In our framework, where world states
are paired with sets of goal stateslini.e.,T’; = (s;,G;),
fprog(T';, £) is defined as followé:

Algorithm 1 Progression
forog(I';, f)

Tiff s; = f elseL, for f atomic

fprog(T";, GOAL(f)) = Tiff g; | fforallg; € G; elseL
fprog(T';, vV f) = fprog(Aep flz/d])

fprog(T';, —f) = —fprog(T';, f)

forog(Ts, f1 A f2) = fprog(Ty, f1) A fprog(Ts, f2)
fprog(I';, O f) = f

fprog(T;, f1U f2) = fprog(T'y, f2) V

(fprog(I';, f1) A f1U f2)

fprog runs in linear time inf| x |G;|. Progression can
be seen as a delayed version of the LTL semantics, which is
useful when the elements of the sequehdaecome avail-

satisfy them—they are useless as far as control knowledge is able one at a time, in that it defers the evaluation of the part

concerned because they cannot be used for early pruning.

“Again, later on we abusively use simple world states as argu-
ment to fprog when it is clear thgtdoes not contaiGOAL.



of the formula that refers to the future to the point where the Figure 1 Simple Hichi automata examples
next element becomes available. However, since progres-

sion only applies to finite prefixes, it is only able to check 0

safety properties, such as those involved in search control {p} {p} @
knowledge. In particular, it is unable to detect violation of ip}
liveness properties involved in temporally extended goals, automaton forf = ¢Cp

as these can only be violated by an infinite sequence. Such
properties will progress td when satisfied, but will never
progress tal. For that reason, when dealing with tempo-
rally extended goals, we need an extra mechanism to check
that liveness properties are satisfied.

Biichi Automaton Equivalent to a Goal

A Biichi automaton equivalent to the temporally extended
goal (Wolper 1987) provides us with such a mechanism. A
Buchi automaton is a nondeterministic automaton over in-
finite words. The main difference with an automaton over
finite words is that accepting a word requires an accepting
state to be reached infinitely often, rather than just once.
Formally a Bichi automaton is a tupleB =
(%,Q, A, q,Qr), whereX is an alphabet)) is a set of au-
tomaton statesA : Q x ¥ — 2@ is a nondeterministic automaton fof(p — Og) AO(g — Op)
transition functiongy is the start state of the automaton, and
Qr the set of accepting states. A run Bfover an infinite
word w = wowys ... IS an infinite sequence of automaton
states(qo, ¢1, . - .) whereg;+1 = A(qg;,w;). The run is ac-
cepting if some accepting state occurs infinitely often in the
sequence, that is, if for somge Qp, there are infinitely
many:’s such thaty; = ¢. Wordw is accepted byB if there
exists an accepting run of d® overw, and the language )
recognised b)Bpis t%e set of words it accepts. 90 Qo = {qo} andQ;+1 = bprogI';, Q;) for all i. We have
Given a temporally extended goal as an LTL formula thatforalli @; =0iff fi = L.
f without GOAL modality and quantifiers, one can build The Buchi automaton additionally makes it possible to
a Blchi automaton recognising exactly the set of infinite Check that a plan satisfies the liveness properties required by
world state sequences that satigfy The transitions in this ~ the temporally extended goal. Intuitively, for these liveness
automaton are labelled with world states, i¥e= 2 where conditions to be satisfied, executing the plan must induce a
P is the set of atomic propositions pﬁ In the worst case, Seqqence of world states that Ie:agls_us to cycle through an ac-
the number of states in the automaton is exponential in the cepting state of the automaton infinitely often. Formally, the
length of f. It is often small however for many practical ~ cyclic plansll = (7, k) we will consider will induce a cyclic
cases as illustrated in Figure 1. The many methods to build Seéquence of world statds = (v, k), with || = ||, and
such automata differ by the size of the result and the time furthermore the finite sequence of active automaton states
needed to produce it, see e.g. (Fritz 2003). (Qo, - - -, Q|x|) Obtained by Bichi progression throughin
Formula progression can be seen as simulating parallel B Will be such thatQ || = Q. A plan1l with these proper-
runs in the Bichi automaton. A useful image for a single ties satisfies the goal iff 1) n@; is empty, and 2) there exists
run is that of the ‘active’ state of the automaton being up- a3 € {k,...,[7| — 1} such that); N Qr # 0. The first
dated when the next world state is processed; if no transition condition ensures that the safety properties are not violated,
is possible at some point, no state becomes active, and theand the second that the liveness properties are satisfied.
run is non-accepting. Now since the automaton is nonde-  Whereas the Bchi automaton is more powerful than for-
terministic, imagine that several states are active at a time mula progression, each have their preferred usage in our
as a result of taking all transitions than can be taken at any planner. For processing search control knowledge, which is
given step. Each progression step can be viewed as updatinga large collection of safety formulae, the linear-time formula
the set of active states of the automaton when a new world progression procedure given in algorithm 1 is best suited.
state is processed, and progression tamounts to having For full processing of temporally extended goals, which are
no state left active. Formally, we can defineigcBi automa- rather short in comparison and additionally include liveness
ton version of progression, bprog, which looks at the current properties, it is worth investing time in building thaiéhi
world statel’; and at the set of currently active automaton automaton. This only needs to be done once, at the start of
states(); and returns a new set of active automaton states, the planning episode. One can then resortiicH progres-
i.e. bprodl';, Q;) = Uzeq,A(g,T;). Let f be a tempo- sion and checking for accepting cycles as described above.
rally extended goal, an®® a Bichi automaton equivalentto  TLPlan (Bacchus & Kabanza 1998) never needs to resort to

f. Let furthermorefy, f1, . ..) be the sequence of formulae
obtained by successive progressiong dfirough the world
state sequencE, i.e. fy = f and f;11 = fprog(T;, f;)
for all ¢, and let(Qo,@,...) be the sequence of active
states obtained by ighi progression through in B, i.e.,



the Blchi automaton because it only handles the subset of paths. We backtrack on the choice of the current strategy
temporally extended goals that admit finite plans. For such when it fails to lead to a plan.
plans, a variant of formula progression can check for satis-  For instance, consider the automaton for the cyclic goal
faction of liveness properties. Below, we describe a method O(p — 0¢)AO(¢ — Op) in Figure 1. Suppose that the only
which also relies on the iBhi automaton to generate suc- active state is the non-accepting state on the right-hand side.
cessive reachability goals with respect to which G@AL There are two transitions that are part of an acyclic path from
modality is interpreted. These are taken as input by formula that state to an accepting state: those labelled {jthand
progression when processing search control knowledge. {p, q}, respectively. Suppose that we selég}, this means
that search control knowledge is evaluated with respect to
Method the set of current goal stat€s, = {s; | s; = ¢ A —p}.
Intuition As long as the current world state does not contgimve

. _ S . . stick to the current strategy. If the planner produces a world
Given a description of the domain (including the available state that containg but notp, our current strategy has suc-

actions and search control knowledge), an initial world state, ceeded and we take the transition to the bottom left-hand

and daftempfpr_etllly extended gfoal,t_our [?Iannerhser?rches Ifor- side accepting state. That state becomes our new strategy
ward for a finité sequence of actions rom WNICh a CYClIC — giata if on the other hand the planner had produced a world

plan satisfying the goal can be formed. In doing SO, it USES a4 that contains bohandg, we would opportunistically
Buichi progression to prune sequence prefixes which violate have taken the transition to the top accepting state. Natu-

the safety requirements of the goal. It also uses formula pro- rally, when reaching an accepting state, things are not over

gression to prune prefixes violating the control knowledge. o "5 the planner must still generate the other part of the
In the latter, search control decisions are conditioned upon a cycle

current reachability goal, via theOAL modality. We now
explain how we use the ighi automaton to dynamically Algorithm
generate, while planning, the successive reachability goals.
We view the states of theiBhi automaton as represent-
ing intermediate stages of satisfaction of the temporally ex-
tended goal, and the labels of the transitions as conditions
to be reached to move from one stage to another. At any
step of the search, our current search corgt@ltegyis rep-
resented by a transitidroriginating at an active state of the
Buchi automaton. The label of that transition is our current
reachability goal. We will often refer to that transition as the
strategy’s transition and to its origin state as the strategy’s
state. Because, in the automaton, the plan we are seeking
must induce a cyclic run that includes an accepting state, our
idea is to to guide the search towards such accepting states.

The most direct way to achieve this, is to prefer strategies ¢ ked N h hoosina b
that are part of aacyclicpath to an accepting state. That is, to prefer marked transitions when choosing between sirate-
gies. Initially, the setiosed of closed nodes of the search

there should be a path to an accepting state starting with the . e . -

strategy’s transition, and that path should not go through the 'S €MPY (line 4). The initial strategy (lines 5-6) consists of

same state twice. a transitiont, chosen among the setRRNS(B, qp) of all
When the planner generates the next action and the new tranrslltlgns available at thE initial staggin B. he deof

current world state, we update our strategy by choosing be- 1€ unCt'.c’n&ARChH ta f.s as parameteLst eﬁmhop—

tween the transitions available at the newly active automaton erallt]?r deslcnptlch]ns, theighi Iautoma;_torB,_ the ﬁearc con-

states, with the following preferences. Since when a strategy © ’ or:mu af, the currﬁnt P dan p{]e by (|n|t|ad ybemr[])ty),

is selected, its label is used as the reachability goal to con- @Nd the current search node, characterised by the current

trol search, we are hoping for the planner to produce a new World states; (initially so), the current formulg/; obtained

world state satisfying this goal. If this happens, we prefer DY Progression of the search control formula (initiafty

taking the strategy’s transition in theilBhi automaton and "€ SetQ; of currently active automaton states obtained by

selecting a new strategy originating at the the target state Buchi _progLessmn (initially{ go }), _aF‘P' lthe traﬂs't'olmi rep-

of that transition, again preferring strategies that are part of ][gsentlng t e.gurrent strategy (|n|t|fat}_1). The plan pre-

an acyclic path. Otherwise, as long as the world state pro- [XeS we consider are sequences of triplets Q;, a;) con-

duced by the planner matches the label of a transition back SiSting of the current world state, the currently active au-

to the strategy’s state, we prefer sticking to the current strat- tomaton states (this is often ce}lled the plan context (Pistore

egy, thereby giving more time to the planner to achieve the & Traverso 2001)), and the action to be performed.

current goal. Otherwise we opportunistically choose a new After closmg th? current node (line 9), the first task of the

strategy by selecting a transition originating at a new ac- SEARCH function is to check whether the current plan pre-

tive state, again preferring strategies that are part of acyclic fiX ¢an form a cyclic plan achieving the goal (lines 10-13).
79 P g g P y For this, it calls the function €cLic PLAN, which takes the

®A triple: origin state, label, target state. Bichi automatonB and the current plan prefix as parame-

We now describe the details of our algorithm. In doing so,
we use the macro 0 0OSEto denote a backtracking choice
point. We assume that this choice takes into account the
preferences we mentioned before.

Our planning procedure is shown in Algorithm 2. The
function RLAN takes as parameters a gedf planning oper-
ator descriptions, a search control formgilan initial world
statesq, and a temporally extended gagllt returns a cyclic
plan achievingy or FAILURE to do so. Its main task is to ini-
tialise the data structures required by the search. In particu-
lar, it builds the Bichi automatorB for the goalg (line 2),
and marks transitions i that are part of some acyclic path
to an accepting state (lines 3). This marking will be used



Algorithm 2 Planning Procedure

1.
2
3.
4.
5
6
7

function PLAN (A4, f, so, 9)

B «— BUILDAUTOMATON(g)

B «— MARKACcYcCLIC(B)

closed «— )

go — INITIAL (B)

to «— CHOOSEa transition in RANS(B, qo)
return SEARCH(Aa B, f7 ()7 50, f7 {q0}7 to)

8. function SEARCH(A, B, f, P;, s, fi, Qi, ti)

29. function CycLICPLAN (B, ((s0, Qo,a0), - - -, (Sn, Qn,an)))

closed «— closed U {(si, fi, Qi, ti)}
(cyclic, accepting, plan) < CYCLICPLAN(B, P;)
if cyclic then
if accepting then return plan
else return FAILURE
fi+1 < PROGRES$ORMULA(s;, fi, LABEL(B,t;))
if fix1 = L then return FAILURE
Qi+1 — PROGRESAUTOMATON(s;, B, Q;)
if Q;+1 = () then return FAILURE
update «— UPDATE(B, Qi+1,1;)
if update = () then return FAILURE
else t;+1 «— CHOOSEa strategy inupdate
if t7;+1 7& t; then fi+1 — f
successors <« EXPAND(s;, AU {wait})
if successors = () then return FAILURE
(as, si+1) < CHOOSEa successor fromuccessors
if (S¢+1, fit1, Qit1, t7;+1) € closed then
return FAILURE
Pip1 < Py (si, Qi, ai)

return SEARCH(A, B, f, Piy1, Si+1, fi+1, Qit+1,ti+1)

fork=0ton—1
If (Sk = 5") A (Qk = Qn) AN (ak = an) then
forj=kton—1

if 3¢ € Q; such that SBACCEPTING B, q) then
return (true, true, ((ao, . ..,an—1),k))

return (true, false, ((ao,...,an—1),k))
return (false, false, ((),0))

ters, and returns two booleangclic andaccepting as well
as a cyclic plan.cyclic is true when a cyclic plan can be

fix does not violate the safety requirements of the plan, i.e.
the new set),;;, of active states of the Bhi automaton

B must not be empty (lines 16-17). This is checked by the
function FROGRES®AUTOMATON which takes as parame-
ters the current world state, the automatonB, and the
current state of active stat€s and computes theighi pro-
gression®;+1 = bprogs;, Q;) in B.

The next step is to update the strategy (lines 18-21). The
function UPDATE takes as parameters th@dhi automaton
B, the new set of active automaton stadgs 1, and the cur-
rent strategy;. It returns the strategies available at a state
in Q;11. We assume that these are ordered in decreasing or-
der of preference. As mentioned earlier, in our experiments,
we have adopted the following preferences. Any strategy
whose origin state is the target statetgfif any, should be
ranked before strategies originating at any other state. Strat-
egyt; should be ordered next. Furthermore, subject to those
constraints, marked strategies should rank before unmarked
ones. Many other orderings and complementary preferences
may make sense. When the newly selected strategy differs
from the current one, we reset the search control (line 21).
The reason is that we are using search control for reachabil-
ity goals, and that the strategy change will result in guiding
the planner towards a new reachability goal.

Finally, the current prefix is expanded (lines 22-28). The
function EXPAND computes the setuccessors pairs con-
sisting of an actiom,; applicable in the current world state
together with the resulting world state,; = resul{a;, s;).

(line 22). ExpAND explicitly considers the action of wait-
ing without changing the world state, which is necessary to
handle goals achievable by non-cyclic plans. One of the suc-
cessors is chosen (lines 23-24). Provided that the resulting
node has not already been closed (line 25-26), the plan pre-
fix is expanded (line 27), and the search recurses with the
new prefix and the new node (line 28).

Completeness

The algorithm is ‘complete’ in the following sense. If there
exists a sequence of strategiés . . .) forming an accepting
run of the Bichi automaton and a sequence of world states
(so0, .- .) such that the sequende = ((so, Go),...) E f,

formed from the current plan prefix, i.e., when the last ele- where f is the search control knowledge agy is the set

ment of the plan prefix is identical to the th& element, for

somek (lines 30-31).accepting is true when the plan leads
to an accepting cycle in theiBhi automaton, that is, when
some active s&p; in the loop § > k) includes an accepting

of goal states satisfying’'s label, then the algorithm will
return a plan satisfying the temporally extended goal. This
is because we potentially generate all such sequences, and
these cover all possible runs of the automaton, including ac-

state (lines 32-35). If the current plan prefix is cyclic and cepting ones. In particular, if the search control formula is
accepting, then the search returns the corresponding cyclic f = T, the planner will find a plan satisfying the goal if

plan (lines 10-12). If it is cyclic but not accepting, then it
is a dead-end anelILURE is returned (line 13). Otherwise,
the search needs to expand the current prefix further.

This expansion can only take place if the prefix does not
violate the control knowledge (lines 14-15). The function
PROGRES$ORMULA takes as parameters the current world
states;, the current search control formufg and the label
l; of the current strategy’s transitiar, and checks thaf;
successfully progresses throubh= (s;, G;) whereG,; =
{s | s E l;}. Thatis, it computes;; = fprog(T;, f;)
and checks thaf;;; # L. Itis also required that the pre-

one exists because we will not prune any solution from the
search space. A slightly more useful completeness result
would only assume the existence of the sequdi&e. . .)

as a premise, instead of insisting that this sequence corre-
sponds to a sequence of strategies extracted from the au-
tomaton. While such strategies have the nice property of
representing successive reachability goals that the planner
needs to achieve in order to satisfy the temporally extended
goal, we have no guarantee that the control knowledge will
not progress tal with all of them while not progressing to

L with some other totally unmotivated goal sequence.



Figure 2 Health Care Domain Floor Map

Domains
The blocks world domain we consider is the version with 4

rl (ward) r2 (ward) r3 (bathroom) |r4 (kitchen) .
. operators (stack, unstack, pickup, putdown) and TLPlan’s
02 Smith | 57 03 .
ol o6 od standard search control knowledge which conveys, as a
05 function of the goal, most ways of avoiding building bad
towers.
di1 d12 d23 d24 L .
¢1 (corridor) ¢2 (corridon) The health care robot domain is isomorphic to the robot
room domain introduced in (Bacchus & Kabanza 1998),
nurse robot L . .
where a robot moves within the floor plan shown in Fig-

ure 2, carrying objects from room to room. The atomic
propositions indicate the location of the robot and the ob-
jects, whether the robot is holding an object, and the posi-

With any approach relying on search control (and this tions (closed/open) of the doors. The planning operators are
is true of the original TLPlan algorithm), it is difficult to moving, opening or closing a door, and grasping or releasing
present more useful completeness results because the searchn object. The control knowledge, taken as is from the do-
control written by the domain modeller could well prevent  main specification for the classic mode, specifies (1) to keep
finding any plan. The approach investigated in this pa- door opened unless the goal states otherwise, (2) not to grasp
per exacerbates this somewhat, since it uses search controbbjects unless they need to move or be held, (3) not to release
knowledge designed for reachability goals to solve problems objects until their destination is reached. The health care do-
with temporally extended goals. There is tension between main can be simulated by having objects play person roles
the requirements of the temporally extended goals, and the (Mrs Smith, nurse) and having rooms with special functions
requirement that search control knowledge for reachability (e.g., kitchen or bathroom). Since the domain is determin-
goals prune as much of the search space as possible. Therastic, people can only move when accompanied (held) by
is no guarantee that these requirements be compatible. the robot. For instance, we can simulatéth(Smith) by

We offer the experimental results in the next section as holding(Smith), has(Smith, Coffee) by in(Smith, r4), and
evidence that our approach, despite this tension, is useful talkto(nurse) by closed(d11).
in practice. For these experiments, we took domains from
the TLPIlan suite and did not alter the original search control Reachability Goals
knowledge at all. We took genuine examples of temporally From the initial state in Figure 2, we set the goal to be:
extended goals we wanted to plan for, and in most cases the ¢in(o1,r2). This corresponds to the reachability goal
algorithm found a sensible plan in under a second. Without in(ol,r2) and to the top Bchi automaton in Figure 1. In
search control knowledge, the same algorithm and where ap- comprehensive mode, the planner generates the following
plicable the original TLPlan algorithm were unable to find a plan in 0.04 sec:
plan in reasonable time for any but the smallest problems.

((move(c2,cl), move(cl,rl), grasp(ol),
move(rl, cl), move(cl, r2), release(ol), wait), 6)

Experimental Results The classic mode obtains the same plan in the same time,
We incorporated the above algorithm to the Scheme imple- using the same control knowledge. This shows that our ap-
mentation of TLPlan. TLPlan has two modes. Tdassic proach leads to little or no overhead with reachability goals.
mode handles reachability goals with search control knowl- As expected, control knowledge leads to dramatic gains: the
edge, and theemporalmode handles non-cyclic temporally  temporal mode, which has no control knowledge, was only
extended goals without search control knowledge. Our ex- able to generate a 2448 steps plan after 5.88 sec. When vary-
tension adds eomprehensiveode which handles both gen-  ing the size (number of rooms and objects) of the problem,
eral temporally extended goals and search control knowl- the comprehensive and classic modes yield similar perfor-
edge. We performed experiments in the health care robot mances in all cases. These outweigh those of the tempo-
and blocks world domains, using MIT Scheme version 7.7 ral mode by an amount increasing with the problem size
running on a Pentium 4, 2GHZ, 512MB RAM processor. All  and ranging between one to two orders of magnitude for the
time performance results reported below are in CPU seconds above configuration with 1 to 10 objects.
(sec). The LTL to Bichi automaton translation relies on a li- Similar observations were made in the Blocks World do-
brary mapping typical formulas to correspondingdBi au- main. To illustrate, with the initial configuration
tomata, and causes negligible overhead. The experiments
aim at demonstrating (1) the feasibility of the comprehensive ilear(g) A clear(e) A clear (c) A clear(a) A ontable(f)

X A ontable(e) A ontable(b) A ontable(a) A on(g,d)

mode, that is, the usability in the temporally extended goals Aon(d, f) A on(c, b) A handempt
context of search control knowledge designed for reachabil- ’ ’ Pty
ity goals, (2) its increased expressivity even compared to the and the goabn(d, a) A on(c,e) Aon(e, ) A on(f,b) we ob-
temporal mode, i.e. in handling cyclic goals, and (3) its ef- tain a plan in 0.16 sec both in the classic and comprehensive
ficiency, that is, where such comparisons make sense, themode; the plan contains only the actions needed to ac-
performance gain compared to the temporal mode, and the complish the task. This goal is beyond the capability of the
overhead compared to the classic mode. temporally extended mode without search control.



Sequential Goals Without search control (i.e., with search control sefltp
Because there are few interactions among subgoals in the the comprehensive mode runs out of memory even in a sim-
health care robot domain, it is much faster to plan for a se- Pler problem where no objects are present. As the presence
quence of deliveries of separate objects than for the union of In the plan ofclose andopen actions illustrate, our heuristic
these deliveries formulated as a single reachability goal. For for switching between strategies in théi@i automaton is
example, it only takes 0.11 sec to the comprehensive mode suboptimal. What is happening here is that a transition la-

to return a plan for the sequential goal: pelled with() ends up being selected in the automaton. This,
in turn, means that the control knowledge will progress to
O(in(ol,r2) A OO (in(02,rd) A O(Qin(04,r2))))) (becauseGOAL modalities will evaluate tal), resulting in

useless actions being allowed.

In a nutshell, based on these results from the blocks world
and health care robot domains, our approach seems very
promising. We generally obtain plans for reasonably com-
plex goals in a matter of seconds, yet with an implemen-

O(in(ol,r2) Ain(02,r4) Ain(o4,r2)) tation in Scheme. Our approach of using search control
knowledge originally designed for reachability goals worked
Experiments with a range of delivery problems from the well. Because the search control knowledge was quite con-
above initial configuration showed similar performances. servative, there was never any conflict between this knowl-
Therefore, it seems that not only temporally extended goals edge and the goal.
allow additional expressivity of practical use (one often

(the temporal mode, faced with the same problem, runs out
of memory after 163 sec). In contrast, it took both the com-
prehensive and classic modes 0.19 sec, that is nearly twice
as long, to generate a plan for the reachability goal:

wants to specify in which order tasks need to be accom- Conclusion, Future and Related Work
plished), but also can be more efficient in domains with few |, this paper, we have argued that search control knowledge
subgoal interactions. is an important component of the planning domain descrip-

In the blc_)cks world, which has much richer subgoal inter- 5 To work, every planning system already needs to be
actions, it is no longer the (_:ase_that subgoal sequences arégiven some knowledge of the domain, e.g. that of precondi-
easier to treat than the conjunction of the subgoals. In fact, tions and effects of primitive actions, and we consider it as
sequenced subgoals are not even equivalent to their conjunc-pa¢ral and indeed useful to also provide rules of thumb on
tion. For instance, the gogl(on(a, b) A ©Qon(c, a)) yields how to choose between those actions. Current planning sys-
the same (optimal) plan as the gdglon(a, b) A on(c,a)) tems condition search control decisions on properties of a
in the same 0.06 sec, but no less. Furthermore, the goal gesired final state and can therefore only use search control
O(on(c,a) A OQon(a, b)) is not equivalent, since the plan, i conjunction with reachability goals. We have described
which is returned in 0.07 sec, is unable to preserve the first 5na of the many possible approaches to the use of search
subgoal when achieving the second. control in conjunction with temporally extended goals.

. . This approach consists in interpreting search control with
Reactive and Cyclic Goals respect to successive reachability goals which are chosen
We experimented with more complex goals combining from the labels of the transitions of ailBhi automaton
nestedU and[J modalities. For instance, it takes 0.93 sec for the temporally extended goal. One of its strengths is
for the comprehensive mode to generate a plan for our goal that search control knowledge originally written for sim-
example: ple reachability goals can be reused without change. Its
main weakness is that such search control knowledge fails to
take into account important aspects of temporally extended
goals, such as the interaction between sequential reachabil-
ity goals, and the interaction between reachability goals and
The temporal mode, without search control, runs out of Safety properties. _ _
memory after 192 sec of computation. ~ This paper is by no means the final answer to the dif-

We also experimented with cyclic plans in the compre- ficult problem of specifying and exploiting search control
hensive mode. Recall that those plans cannot be generatedknowledge for temporally extended goals. There is potential
at all in temporal mode. For instance, consider the same ini- for improving the simple method described here by investi-
tial configuration as in the figure except that the robot starts gating better heuristics for the selection of the reachability

(in(robot, c1) A in(nurse, c1) — Otalkto(nurse))
U (OQwith(Smith) A OO (in(Smith, bathroom)
ANOQhas(Smith, coffee)))

in r1, and the goal: goals. An important aspect of future work is to experiment
with alternative ways of evaluating tHt@OAL modality, in-

O(in(robot, r1) — Qin(robot, r3))A cluding but not limited to those mentioned in the introduc-

O(in(robot, r3) — Qin(robot, rl)) tion of this paper. In particular, we would like to investigate

the possibility of allowing CTL operators around tG&AL
modality. The Richi automaton for the LTL goal would then
be the Kripke structure with respect to which to search con-
((close(d11), open(d11), move(rl, c1), move(cl, c2), trol goals are evaluated. This would enable more complex

move(c2,r3), close(d23), open(d23), move(r3, c2), conditioning of search control decisions, e.g., on the possi-
move(c2, cl), move(cl, rl)),0) bility that one reachability goal becomes our current reach-

The corresponding Bchi automaton is shown in Figure 1.
The following plan is returned in 0.31 sec.



ability goal before another does. From then, another nat-
ural extension is to consider nondeterministic domains, for
which CTL is needed in all aspects of search control.

Perhaps the most important item on our future work
agenda is the design of a search control specification lan-
guage which explicitly refers to temporally extended goals,
while enabling a modular specification much as in the reach-
ability case. The language of the Gapps compiler (Kaelbling
1988) can be seen as a primitive form of what we could aim
at. Gapps considers symbolic reduction rules that map prim-
itive goals such aép(x) anddp(x) or composite goals (dis-
junction, conjunctions) to subgoals or actions. In our case,
we need to consider more complex composite goals allow-
ing the interleaving of temporal modalities.

Another aspect of future work is determining whether
special forms or generalisations ofiéhi automata could
help reducing the complexity of search. For instance, a
deterministic automaton would reduce the branching fac-
tor for our algorithm. While deterministic ighi automata
are strictly weaker than non-deterministiéiéhi automata,
it would be possible to build a deterministicautomaton
with more complex acceptance conditions (e.g. a Rabin au-
tomaton) (Safra 1988). The worst-case complexity of doing
so being explonential in the number of states, we need to in-
vestigate the tradeoff in using those or one of the many other
generalisations of Bchi automata proposed in the literature
as an alternative to our current approach.

Our work is largely orthogonal to previous planning re-
search. While approaches for planning with temporally ex-
tended goals resort to similar mechanisms to those we use
here (progression, variants of the&ighi automaton) (Bac-
chus & Kabanza 1998; Kabanza, Barbeau, & St-Dennis
1997; Dal Lago, Pistore, & Traverso 2002), and while the
latter two also handle cyclic goals, they are not concerned at
all with search control. In particular, TLPlan is unable to ex-
ploit search control when dealing with temporally extended
goals and is restricted to acyclic plans.

Similar remarks apply to recent work on compiling LTL
formulae into the classical planning framework (Rintanen
2000; Cresswell & Coddington 2004). The aim is to enable
classical planners to solve problems involving either tempo-
rally extended goals, or search control knowledge. The com-
pilation in (Rintanen 2000) for instance, results in classical
planners effectively exploiting generic search control. How-
ever, the scheme is only adequate for reachability goals be-
cause th&OAL modality is still interpreted with respect to
a final goal state. Our method could be applied in the frame-
work of this compilation scheme to lift classical planners to
handling search control for temporally extended goals. The
compilation in (Cresswell & Coddington 2004), consists in
letting the planning operators track the state of an automaton
representing all reachable progressions of the temporally ex-
tended goal. This automaton, which is known as the ‘local
automaton’ in the verification literature (Wolper 1987), does
not deal with liveness properties. The approach is clearly
aimed at (acyclic) temporally extended goals rather than
search control. In particular the translation does not cope
with guantification and with th& OAL modality which are
essential components of search control.
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