A Temporal Planning System for Durative Actions of
PDDL2.1

Antonio Garrido' and Maria Fox? and Derek Long?

Abstract. Many planning domains have temporal features that can
be expressed as durations associated with actions. Unfortunately, the
conservative model of actions of most temporal planners is not ap-
propriate for some domains which require more expressive models.
Level 3 of PDDL2.1 introduces a model of durative actions which
includes local conditions and effects to be satisfied at different times
during the execution of the actions, thereby giving the planner free-
dom to plan concurrent actions. This paper presents atemporal plan-
ning system which combines the ideas of Graphplan and TGP to
plan with such actions. Although that system becomes more com-
plex, the experimental results demonstrate it remains feasible as a
way to deal with durative actions.

1 INTRODUCTION

Most temporal planners appeared in the recent literature, such as
parcPLAN, TGP or TP4 [3, 8, 5] have yielded some success when
dealing with temporality on actions. These planners have adopted the
same conservative model of actions of non-temporal planners, which
means that two actions cannot overlap in any way if they have con-
flicting preconditions or effects. This makes it possible to produce
reasonable plans in most typical planning domains, but there exist
some domains which require a richer model of actions in which bet-
ter quality plans can be found.

The new version of PDDL, called PDDL2.1 [4], provides a level
3 with a model of durative actions which subsumes the conserva-
tive model of actions. Level 3 alows actions to overlap even when
their preconditions or effects refer to the same propositions. This pa-
per presents a Tempora Planning SY Stem (from now on TPSYS)
to manage the model of durative actions proposed in level 3 of
PDDL2.1. TPSYS is based on a three-stage process, which com-
bines the ideas of Graphplan [1] and TGP [8] to deal with such
durative actions. Hence, the main contributions of this paper are:

e Ananalysis of how durative actions can be managed in a Graph-
plan-based approach.

e An explanation of how a compact temporal graph can be gener-
ated, without no — op actions and delete-edges.

e An extension of the mutua exclusion reasoning to manage
PDDL 2.1 durative actions, based on the work of TGP.

e A description of the plan extraction stage and the way it obtains
the plan of optimal duration (in terms of the makespan).

e Some experimental results showing the importance of the mutex
reasoning in richer models of actions, asindicated in [8].
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2 MOTIVATION

Unlike PDDL, PDDL 2.1 alows the modelling of temporal planning
domainsto achieve afuller exploitation of concurrency. Thisentailsa
more precise modelling of the state transitions undergone by different
propositions within the durative interval of the action. In particular,
the traditional preconditions of the starting point of the action do not
necessarily need to be maintained throughout the interval. There may
be preconditions of the final effect of the action that can be achieved
concurrently rather than maintained throughout the interval. Hence,
it becomes necessary to distinguish invariant from non-invariant con-
ditions depending on whether they cannot be affected during the in-
terval of execution. Moreover, there might be initial effects of the
starting point that can be exploited by concurrent actions. All these
distinctions give rise to quite sophisticated opportunities for concur-
rent actionsinaPDDL2.1 plan.

We motivate the modelling of the state transitions with
the following example of the classica logistics domain in
the conservative model of actions. Let us consider the action
fly(plane,origin,destination). This action requires the proposition
at(plane,origin) to be true before executing the action, and asserts
the propositions —at(plane,origin) and at(plane,destination) at the
end of the action. Thisimplies that the location of the plane is inac-
cessible until the end of the action, preventing concurrent actions (for
instance, those that require the plane not to be in the origin) from be-
ing executed in parallel with fly(plane,origin,destination). However,
as presented in [4], this may exclude many valid plans. In PDDL2.1
this can be avoided by asserting —at(plane,origin) asan initial effect.

In addition, if we want to know the fact of being flying during
the action fly, it would be enough by asserting the proposition fly-
ing(plane) as an initial effect and —flying(plane) as a fina effect.
But, in a conservative model of actions, the equivalent action for this
fly durative action would not represent the fact of being flying due
to the impossibility of including the proposition flying(plane) and
—flying(plane) as initial and fina effects, respectively. Therefore, it
is impossible to work with actions which require this proposition,
such as the possible action refuel-during-flight.

3 ACTION MODEL AND TERMINOLOGY

Durative actions present more conditions to be guaranteed for the
success of the action than traditional actions of PDDL. Durative ac-
tions do not only have effects that hold at the end of the actions but
also effects to be asserted immediately after the actions start.

Definition 1 (Components of a durative action) Let a be a dura-
tive action which starts at time s and ends at time e, being executed
through the interval [s..e]. The components of a are the following:



e Conditions. The three types of local conditions of a durative ac-
tion are: i) SCond,, the set of conditions to be guaranteed at the
start of the action; ii) Inv,, the set of invariant conditions to be
guaranteed over the execution of the action; and iii) ECond, , the
set of conditions to be guaranteed at the end of the action.

e Duration. The duration of the action is a positive value repre-
sented by D, € R*.

e Effects. The two types of effects of a durative action are: i)
SEffo = {SAdd. U SDel,}, with the positive and negative
effects respectively to be asserted at the start of the action; and ii)
EEff. = {EAdd., U EDel,}, with the positive and negative
effects respectively to be asserted at the end of the action.

Durative actions entail an important difficulty: there exist some
effects (SE f f.) which can be obtained before the action a ends.
Hence, it might be possible that an initiated action could not end be-
cause its end conditions (ECond,,) are not satisfied in the future. In
that case, all the start effects (and the actions which are dependent
on them) should be invalidated. We call these kind of actions condi-
tional actions because they are provisional until their end conditions
are guaranteed, and we define them as:

Definition 2 (Conditional action) Oneaction a isa conditional ac-
tionif (SEff, # 0) A (ECond, # 0) holds. This way, the set of
propositions SE f f, of a conditional action a only becomes valid
when all propositionsin ECond, are satisfied.

Conditional actions are motivated by observing that there are do-
mainsinwhich durative actions are required precisely for some effect
achieved through the duration of execution of an action (it isbounded
by that duration). Such initial effects cannot be exploited as end ef-
fects because they do not persist beyond the end of the action. For ex-
ample, in alogistics domain the planeisflying only during the action
fly, so the initia effect flying(plane) cannot be exploited beyond the
end of the fly action. Furthermore, the successful termination of adu-
rative action must be confirmed even if agoal is achieved before the
end of its durative interval. Thisis because durative actions promise
to terminate initiated actions in a stable state. If anything in the plan
prevents this stable termination then the plan must be considered in-
valid. Richer specifications might allow one to consider exogenous
events [8] and conditiong/effects which come to play at a specific
time point and must persist only over finitely bounded intervals [2],
but PDDL 2.1 does not support this yet.

Definition 3 (Conditional proposition) One proposition p is con-
ditional if all the actions {a;} which achieve p are conditional and
they have not ended their execution yet.

Intuitively, if p isonly achieved by conditional actions {a; }, p will
be conditional until at least one action a; ends successfully, which
implies both SCond,; and ECond,,; are satisfied. Once this hap-
pens, p isvalid (stopping being conditional).

Figure 1 shows the definition of the durative actions board and fly
inasimpledomain of logistics. According to Definition 1, the actions
have at start and over all conditions with the conditions to be satis-
fied just at the beginning of the action and during all its execution,
respectively. Analogously, the at start and at end effects have the ef-
fects to be asserted at the beginning and the end of the execution of
the action.

At first blush the extension of a Graphplan-based planner to deal
with durative actions of level 3 would seem quite easy. However, it
impliesimportant changesin the way the temporal graph is generated
and in the way the search for a plan is performed. All these new
requirements are presented in the next section.

(:durative-action board

:parameters (?p - person ?a - aircraft
. ?c - city) .
:duration (= ?duration (boarding-time ?c))

:condition (and (at start (at ?p ?c¢))
(at start (free ?a))
(over all (at ?a ?c)))
:effect (and (at start (not (at ?p ?c¢)))
(at start (not (free ?a)))
(at end (in ?p ?a))
(:durative-action fly
:parameters (?a - aircraft ?cl ?c2 - city)
:duration (= ?duration (fly-time ?cl ?c2))
:condition (and (at start (at ?a ?cl)))
:effect (and (at start (not (at ?a ?cl)))
(at end (at ?a ?c2))))

Figurel. Definition of board and fly in level 3 of PDDL2.1.

4 THE TEMPORAL PLANNING SYSTEM

In TPSYS, atemporal planning problem is specified as the 4-tuple
{Zs, A, Fs, Dimaz }, Where Z, and F, represent the initial and final
situation, respectively. A represents the set of durative actions in the
planning domain. Time is modelled by Rt and their chronological
order. D,,q. Stands for the maximum duration allowed by the user.
Although this bound is not defined in PDDL2.1 and it could be dif-
ficult to be decided, it allows the user a good way to constrain the
goals deadline and the makespan of the plan asin [2].

TPSYS is executed in three consecutive stages. After the first
stage, the second and the third stage are executed in an interleaved
way until aplanisfound or the duration exceeds Dyqz -

4.1 First stage: static mutex reasoning

Graphplan approaches define binary mutual exclusion relations
between actions and between propositions. As TGP, TPSYS
needs to cal cul ate action-action, proposition-action and proposition-
proposition mutex relationships. Since proposition-proposition mu-
tex appears as a consequence of action-action mutex, this stage only
calculates the action-action and proposition-action static mutex re-
lationships. These mutex relationships are static because they only
depend on the definition of the actions and they always hold. There-
fore, there is no reason to postpone their calculus to the next stages,
speeding up the second and third stages. The process of calculating
the mutex relationshipsis complicated by the semantics of PDDL2.1,
which embodies a more permissive mutua exclusion relation than
the languages of other temporal planners such as TGP. In particular,
the strong mutex of the conservative model of actions must be mod-
ified to allow durative actions to be applied in parallel even in cases
in which they refer to the same propositions.

There exist four action-action mutex situations. Situation 1 (at
start) represents the mutex in which actions cannot start at the same
time because start effects are contradictory or start effects and start
conditions are conflicting. Situation 2 (at end) represents the mutex
in which actions cannot end at the same time because end effects
are contradictory or end effects and end conditions are conflicting.
Situation 3 (at end-start) represents the mutex in which two actions
cannot end and start at the same time, i.e. the actions cannot mest,
because the end effects of one action are conflicting with the start
conditions or effects of the other action. This mutex (which does not
appear at TGP) might seem a stronger requirement than isreally re-
quired, but it takes account of the fact that simultaneity can never be
relied upon in the real world —it cannot be guaranteed that the ac-
tion requiring the at start condition will definitely happen after the
achievement of that condition at execution time. However, TPSYS



takes the correctness-preserving assumption of including an epsilon
(e > 0) between the action which ends and the action which starts to
avoid this mutex and to make easier the implementation of the algo-
rithm. Finally, situation 4 (during) represents the mutex in which one
action cannot start or end during the execution of the other because
the start or end effects of the former are conflicting with the invariant
conditions of the latter.

The proposition-action mutex relationships are also calculated in
the first stage. As demonstrated in [8], when actions have different
duration in a Graphplan-based approach, mutex between proposi-
tions and actions help deduce more inconsistencies between propo-
sitions when actions are executed in parallel.

Definition 4 (Static pa-mutex) One proposition p is statically mu-
texwith action a iff p € {SDel, U EDel, }.

4.2 Second stage: extension of thetemporal graph

The second stage performs the extension of the temporal graph. The
temporal graph consists of adirected, layered graph which alternates
temporal levels of propositions and actions, represented by By and
Ay respectively. The levels are chronologically ordered by their in-
stant of time, by means of a label ¢ which represents the instant of
time in which propositions are present and actions can start or end.

4.2.1 Reguirementsin the extension of the temporal graph

Although the idea of extending the temporal graph is conceptually
simple, it contains some subtle details due to the local conditions
and effects of durative actions. Each temporal level ¢ needs to be di-
vided into two parts, end-part and start-part, in which the following
action-action (A Ay mutex), proposition-action (P Ay mutex) and
proposition-proposition (P Fy;) mutex relationships are calculated.
We use the notation AAy,, PAp, and PPy to represent the mutex
relationships that hold at time ¢. These mutex relationships are tem-
porary and can disappear in time, in contrast with the notation A A
and P A that represent the static mutex relationships which always
hold. The actions which end (start) at action level Ay, are stored in
Altjend (Apstare)- Analogously, the propositions achieved as end
(start) effects are stored in Pryjepa (Ppijstart)-

On one hand, the mutex relationships to be calculated in the
end'part are AA[t]end—endv PA[t]end—end and PP[t]end—end- On
the other hand, the mutex relationships to be calculated in the
start-part are AApgstare—starts AAflend—starts PAfstart—stare
PPyjend—start A PPyjsiori—start- The reason for breaking down
these mutex relationships into end-part and start-part liesin keeping
their calculus simpler, as can be seen in the following definitions:

Definition 5 (AA}jend—ena) TWO actions a,b are end-end mu-
tex at time ¢ if one of the following holds: i) a,b are
AAcnd—end, II) EConda,ECondb are PP[t]end—endv or III) a,b
areAA[tfmin(Da,Db)]startfstart-

Definition 6 (P A[4jend—ena) L€t p be a proposition and a be an
action. For each action b; which achieves p at ¢, let Ty be the
condition under b; is mutex with the persistence of p at time ¢, i.e.
Tiry = [(p,bi are PA) V (p, ECondy,; are PPyjcnq—cnq)]. Propo-
sition p and action a are end-end mutex at time ¢ if the following
condition holds: A;[Y;; A (a,b; are AApend—cna)l-

Definition 7 (P Pyjend—end) L€t p,q be two propositions and
{a:}, {b; } be the sets of actions which achieve p and ¢ at time ¢,

respectively. Propositions p, ¢ are end-end mutex at time ¢ if both of
the following conditions hold: i) Vb; : p,b; are PApcng—ena, and
i) Va; : q,a; are PAjyjend—end-

Definition 8 (AA}yjstart—start) TWO actionsa, b are start-start mu-
tex at timet if one of the following holds: i) a,b are AAstart—start,
or ||) SCOnda, SCOndb are PP[t]StaT‘tfstaT‘t'

Definition 9 (AA}jend—start) TWO actions a (ending at ¢) and b
(starting at t) are end-start mutex at time ¢ if one of the follow-
ing holds: i) a,b are AAc,a—start, O il) ECondg, SCond, are
PP[t]endfend-

Definition 10 (P Ajyjstart—start) L€t p be a proposition and a be
an action. For each action b; which achieves p at ¢, let ¥, be
the condition under b; is mutex with the persistence of p at time ¢,
i.e. Uiy = [(p,bi are PA) V (p, SCondy,; are PPuyjsiari—start)]-
Proposition p and action a are start-start mutex at time ¢ if the fol-
lowing condition holds: A.[¥;; A (a,b; are AApsiari—start)]-

Definition 11 (P Pyjenq—start) L€t p bea proposition first achieved
at time ¢ by the set of actions {a; } which end at ¢. Analogously, let
g be another proposition first achieved at ¢ by the set of actions {b; }
which start at ¢. Propositions p, q are end-start mutex at time ¢ if the
following condition holds: Va;,b; : ai,b; are AAyjena—start-

Definition 12 (P Pyyjstar¢—start) L€ p, g be two propositions and
{a:}, {b;} be the sets of actions which achieve p and ¢ at time ¢,
respectively. Propositions p, ¢ are start-start mutex at time ¢ if both
of the following conditions hold: i) Vb; : p,b; are PAysart—start:
andii) Va; : q,a; are P Apjsiart—start-

Intuitively, AA[,; mutex relationships represent the impossibility
for two actions ending, starting or abutting together at the same time
t. P Ap,) mutex represents the impossibility for having a proposition
and one action starting or ending at time ¢. P F,;; mutex represents
the impossibility for having two propositions together at time¢. The
calculus of the mutex relationships provides very useful information
to improve the process of search by pruning invalid combinations of
actions, propositions and propositiong/actions.

An important point to take into account when dealing with dura-
tive actions in a Graphplan-based approach is the condition to finish
the extension of the temporal graph. In TGP, this condition holds
once all the propositions of the final situation are non pairwise mu-
tex. However, conditional actions assert at start effects which might
satisfy goalsin the fina situation before these actions end. Thisim-
plies that the temporal graph extension might end in alevel in which
itisimpossible to find afeasible plan because one of the propositions
in the final situation is still conditional. Therefore, it becomes nec-
essary to propagate some additional heuristic information about the
validity of the propositions achieved in the temporal graph. In this
case, the same dijunctive reasoning on propositions of Graphplan
can be applied on the instants of time at which the propositions stop
being conditional.

Definition 13 (End time of a conditional proposition) Let p be a
conditional proposition and {a; } the set of conditional actionswhich
achieve p. In the proposition level Py (at time t), the end time in
which p stops being conditional, max.. (the maximumend time con-
ditional) is calculated as min(«; ), where a; is defined as:

e max(maxes (SConda;) + Da;,maxeic(ECondy;),t), if p is
achieved in an end-part of the graph.

e max(maxet.(SCondq; )+ Da,,t),if pisachieved in a start-part
of the graph.



4.2.2 Algorithmfor the extension of the temporal graph

Figure 2 shows the algorithm for the temporal graph extension with
the modifications presented above. Starting at time ¢t = 0, the a-
gorithm generates new proposition and action levels (end-part and
start-part), calculating all the mutex relationships. No — op actions
and delete-edges are not stored in the graph. The extension continues
until the propositions in the final situation are achieved and they are
not conditional. If the maximum time allowed by the user D,,q. is
exhausted, the algorithm returns ' Failure' .

t=0
while (¢ < Duax) A (Fs isnot satisfied in Py)A
(Fs has not conditional propositions) do
forall < a;, s;,t > which can end at A[t]end do
A[t]end = A[t]end Ua;
P[t]end = P[t]end U EAddai
Generate start-part mutex
forall < b;,t,e; > which can start at Aj;js¢qr: dO
A[t]start = A[t]start U bj
P[t]sta.rt = P[t]sta.rt U SAdde
Generate end-part mutex
t = next level in the Temporal Graph

Figure2. Algorithm for the temporal graph extension.

Lemma 1 (Theextension of thetemporal graph iscomplete) If
the temporal graph extension ends at time ¢, the algorithm generates
all the necessary temporal levels (at which actions can end or start)
between time 0 and ¢.

Proof The proof is direct by definition of the algorithm. The al-
gorithm generates al the actions {b;} whose SCond,; hold in
each temporal level. Since each action level contains all the actions
present in the previous action levels —analogously for the proposi-
tion levels—, once one action b; appears this action will appear in all
the following levelsin which b; could end and start. d

4.3 Third stage: extraction of a plan

The third stage performs the extraction of an optimal plan, as an
acyclic flow of actions, through the tempora graph. Now, durative
actionsallow different waysto achieve propositions, not only by their
at end effects but also by their at start effects. Consequently, plan-
ning a durative action entails to satisfy the start, invariant and end
conditions. This breaks the traditional right to left directionality of
Graphplan or TGP as shown in the following example.

Let us suppose a point of time ¢ during the extraction of a plan at
which a proposition p must be satisfied. Let us suppose that action
a achieves p at t as a start effect (p € SAdd,). If a has end condi-
tions, they will have to be satisfied at timet' = t + D, forcing the
algorithm to move again to an already visited point of timet' > ¢.

Figure 3 shows the algorithm for the plan extraction. It uses two
structures, one queue GoalsToSatisfy formed by pairs < p,t >
with the goal proposition p to be satisfied at time ¢, and onelist Plan
formed by < ai, s;,e; > 3-tuples with the planned action a; ex-
ecuted in [s;..e;]. GoalsToSatisfy isinitialized with the proposi-
tions of thefinal situation to be satisfied at theinstant of time at which
the tempora graph extension has finished. Plan is initially empty.

While GoalsT oSatis fy isnot empty, the algorithm dequeues apair
< p,t > tobesatisfied. Note that now, p could be already satisfied at
time ¢ because actions are planned in different points of time and not
awaysin aright to left order. If p isnot already satisfied at timet in
Plan, actions that satisfy p at time ¢ are selected in a backtracking
point. All actions {a; } which are compatible with Plan must be con-
sidered for completeness. If action a; is not mutex with Plan, then
a; 1s planned updating the structures Plan and GoalsToSatisfy
with a; and its start, invariant and end conditions, respectively. Fi-
nally, if GoalsToSatisfy gets empty, the optimal plan is found.
Otherwise, the algorithm repeats the second and third stagesto search
aplanin alonger temporal level similarly to Graphplan.

GoalsToSatisfy = F, at the end time of second stage
Plan =10
while (GoalsToSatisfy # 0) do
Dequeue < p,t > from GoalsToSatisfy
if < p,t > isnot aready satisfied in Plan
Select < ai, si,e; > which satisfiesp at ¢t and
compeatible with Plan
Plan = Plan U < a;, s;,e; >
GoalsToSatisfy = GoalsToSatisfy U SCond,,
U Inve; U ECond,,

Figure 3. Algorithm for the plan extraction.

Lemma 2 (The extraction of a plan isa complete process)

Proof The proof is trivial due to the fact that the algorithm consid-
ers dl the possible actions (backtracking point) which satisfy each
proposition p from GoalsToSatis fy. |

Theorem 1 (Optimality of thealgorithm) The first plan the algo-
rithm extracts is the plan of optimal duration.

Proof By contradiction, let P; be the first plan (of duration ¢) the
algorithm extracts. We assume this plan is not optimal, so we deduce
that there exists aplan P’ (of duration ¢ < ¢) which has not been
found and is optimal. This implies one of the following cases: i) the
temporal level ¢’ has not been generated in the second stage, or ii) the
temporal level ' has been generated but the extraction stage has not
considered the plan P’,,. The first case is false by Lemma 1 which
claims the completeness of the temporal graph extension, and the
second case is aso false by Lemma 2 which claims the completeness
of the plan extraction stage. This contradicts theinitial choice of the
existence of P’,/, and therefore P; isthe plan of optimal duration. O

5 EXPERIMENTAL RESULTS

We have adapted some of the traditional domains of PDDL, such as
logistics, blocksworld, zeno-travel, etc., to the model of durative ac-
tions of PDDL2.1 to perform some experiments. Direct comparison
between TPSYS and some planners such as Sapa [2] or TP4 [5]
is difficult because they handle resources and even non-admissible
heuristics which cannot guarantee the optimal solution. However, we
want to do direct comparison in the immediate future. Therefore,
we compare TPSYS with TGP to demonstrate that the algorithm
presented here remains feasible in dealing with traditional temporal
planning problems. The tests were censored after 60 seconds. The



results of the tests obtained in a 64 Mb. memory Celeron 400 MHz.
can be seenin Table 1.

Theresults show that TPSY'S behaves well enough in all the prob-
lems. Although the model of durative actions entails more mutex re-
lations to calculate and a larger space of search, the performance of
TPSYS follows the same order of magnitude of TGP. The most im-
portant differences appear in the problems att-log3 and big-bull2, in
which TGP is clearly better than TPSYS. The reason relies on the
higher number of instantiations in time (higher branch factor) that
TPSYS hasto carry out.

[ Problem | TPSYS | TGP |
att-log0 0.42 0.02
att-logl 0.44 0.05
att-log2 0.47 0.06
att-log3 14.10 2.65
bulldozer-prob 0.88 0.55
big-bulll 0.58 0.80
big-bull2 14.31 2.15
gripper2 0.03 0.03
gripperd 0.17 0.13
gripperé 6.88 453

monkey1-test 0.20 0.17
monkey?2-test 0.63 0.75

tower2 0.02 0.03
towerd 0.28 0.45
toweré 2.52 3.60
zeno-travel1 0.01 0.01
zeno-travel 2 0.02 0.01
zeno-travel3 0.02 0.01

Table1l. Comparison of TPSYS and TGP (results are in seconds).

6 RELATED WORK AND DISCUSSION

The last decade has seen many attempts for dealing with temporal
planning. ZENO [7] uses a causal link framework with continuous
change but it is relatively slow. The parcPLAN approach [3] han-
dies arich set of temporal constraints, instantiating time pointsin a
similar way to TPSYS. TGP [8] introduces a complex mutual ex-
clusion reasoning which is very valuable in temporal environments.
The critical difference between TGP and TPSYS is based on sev-
era points. First, TPSYS calculates the static mutex relationships
in a preprocessing stage which allows to speed up the rest of stages.
Second, TGP uses a more compact temporal graph in which actions
and propositions are only annotated with thefirst level at which they
appear. This reduces vastly the space costs but it increases the com-
plexity of the search process, which may traverse cyclesin the plan-
ning graph. In opposition, TPSYS uses a much more informed tem-
poral graph which reduces the overhead during the search. Third, the
mutex reasoning is managed in TGP by means of inequalities and
sophisticated formulae, whereas TPSYS calculates the mutex rela-
tionships level by level in amore similar way to Graphplan. Finaly,
TPSYS uses aricher model of actions which implies: i) fewer con-
straints on the execution of the actions, ii) new requirements in the
planning algorithm, and iii) a significantly larger space of search.
Sapa [2] isametric temporal planner which uses amodel of actions
similar to PDDL2.1, but it does not perform mutex propagation as

our system. Sapa scales up quite well, but it uses non-admissible
heuristics which cannot guarantee the optimal plan. TP4 [5] uses ad-
missible heuristic search to handle actions with time and resources,
but it assumes a conservative model of actions.

7 CONCLUSIONSAND FUTURE WORK

Asfar as we know, the optimal temporal planning system described
in this paper represents one of the first attemptsto manage level 3 du-
rative actions of PDDL2.1 in a Graphplan-based approach. Briefly,
the main contributions of the paper have been the description of:

e The new components of level 3 durative actions based on [4] and
the mutual exclusion relationships they entail.

e The new requirements of the temporal graph extension and the
way in which the mutex relationships can be calculated.

e Themodifications needed during the plan extraction. We have pre-
sented how the plan is found through the temporal graph breaking
the traditional right to left directionality of Graphplan and TGP.

The algorithm still has some limitations. According to our ex-
periments, the algorithm does not scale up to large problems with
many actions and propositions due to the calculus of the mutual ex-
clusion relationships. Moreover, the performance of the second and
third stages degrades when the duration of the actions is wildly dif-
ferent, in particular when the greatest common divisor of the dura-
tions is 1. For this reason, the areas of future work are focused on
the inclusion of memoization [1] and some of the CSP techniques
presented in [6], which have been already tested on TGP and have
resulted very promising to dramatically improve the behaviour of the
plan extraction stage. We also want to extend TPSYS to handle ad-
ditional features of level 3 of PDDL2.1, such as numeric conditions
and effects and inequality relations on conditions.

Additionally, our immediate research consists of the analysis and
comparison of other temporal planning approaches such as the pre-
sented in the recent international planning competition celebrated in
AIPS 2002 using the new benchmark temporal planning domains.
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