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Abstract. Dealing with temporality on actions presents an important
challenge to AI planning. Unlike Graphplan-based planners which alter-
nate levels of propositions and actions in a regular way, introducing
temporality on actions unbalance this symmetry. This paper presents
TPSYS, a Temporal Planning SYStem, which arises as an attempt to
combine the ideas of Graphplan and TGP to solve temporal planning
problems more efficiently. TPSYS is based on a three-stage process. The
first stage, a preprocessing stage, facilitates the management of con-
straints on duration of actions. The second stage expands a temporal
graph and obtains the set of temporal levels at which propositions and
actions appear. The third stage, the plan extraction, obtains the plan
of minimal duration by finding a flow of actions through the temporal
graph. The experiments show the utility of our system for dealing with
temporal planning problems.
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1 Introduction

In many real world planning problems, time plays a crucial role. In these prob-
lems it is necessary to discard the assumption that actions have the same dura-
tion. For instance, it is clear that in a logistics domain the operator f1y plane
may be longer than load plane, and the action f1y plane(London, Moscow) may
be longer than fly plane(London,Paris). Hence, dealing with temporal plan-
ning problems requires to handle a set of more complex constraints since the
difficulty does not only lie in the process of action selection [11], but also in
the process of selecting the right execution times for actions. In addition, the
criterion for optimization changes because in temporal contexts the interest lies
in obtaining a plan of minimal duration rather than a plan of minimal num-
ber of actions. Therefore, finding the plan which minimizes the global duration
becomes an important issue in temporal planning.

Dealing with temporality on planning has also been tackled by introduc-
ing independent scheduling techniques in charge of doing all the reasoning on



time and resources. Under this approach of two separated processes, the planner
obtains a plan, which is validated afterwards by the scheduler. In case the sched-
uler determines this plan is unfeasible, the planner must obtain a new plan and
the same procedure is repeated again. Obviously, this approach entails a large
overhead in the overall process. For that reason, a few attempts at integrating
planning and scheduling are being carried out [5]. TPSYS follows the guidelines
of these latter approaches by achieving a total integration of time and actions
in the same framework.

This paper aims to solve the above drawbacks. It builds on the work of Smith
and Weld (the Temporal Graphplan algorithm, TGP, presented in [12]) and ex-
amines the general question of including temporality on actions in a Graphplan-
based approach [1] by guaranteeing the plan of minimal duration. We present a
Temporal Planning SYStem (TPSYS) which consists of three stages: a prepro-
cessing stage, a temporal graph expansion stage and a plan extraction stage.
The main features of TPSYS are:

— It is able to handle overlapping actions of different duration and guarantees
the optimal plan, i.e. the plan of minimal duration.

— It defines a new classification of mutual exclusion relations: static mutexes
which are time independent and dynamic mutexes which are time dependent
and transitory.

— It expands a relaxed temporal graph (from now on TG) without maintaining
no — op actions nor delete-edges. The T'G is incrementally expanded through
temporal levels defined by the instants of time at which propositions appear.

— It performs a plan extraction (from now on PFE) stage by selecting the ap-
propriate actions in the T'G to achieve the problem goals and guaranteeing
the plan of minimal duration. Consequently, the algorithm can also solve
problems of the type ‘obtain a plan of duration shorter than Dpax .

2 Related Work

Despite the great effort to introduce temporal constraints and resources in plan-
ning, none of the existing works have been largely used. Presumably, the reason
is they do not exhibit a good performance when dealing with temporal problems
due to the complexity these problems entail. If we focus on the last decade, one
of the first temporal planners was O-Plan [2] which integrates both planning
and scheduling processes into a single framework. Then, other planners such
as ZENO [10] or IxTeT [6] appeared in the literature. Although IxTeT does not
manage disjunctive constraints, it deals with resource availability and tempo-
ral constraints by using a TCN (Temporal Constraint Network [3]) to represent
constraints on time points. An alternative system for integrating planning and
scheduling is performed in HSTS (Heuristic Scheduling Testbed System [9]) which
defines an integrated framework to solve planning and scheduling tasks in specific
domains of spatial missions. This system uses multi-level heuristic techniques to
manage resources under the constraints imposed by the action schedule. The



parcPLAN approach [4] manages multiple capacity resources with actions which
may overlap, instantiating time points in a similar way to our approach. parc-
PLAN behaves efficiently if there are enough resources but with stricter resource
limitations it becomes more inefficient. Koehler deals with planning under re-
source constraints by means of time producer/consumer actions but without
incorporating an explicit model of time in [8].

TGP [12] introduces a complex mutual exclusion reasoning to handle actions
of differing duration in a Graphplan context. TPSYS combines features of both
Graphplan and TGP and introduces new aspects to improve performance. While
TGP aims to demonstrate that its mutual exclusion reasoning remains valuable in
a temporal setting, TPSYS aims to guarantee the optimal plan for any temporal
planning problem.

The reasoning on conditional mutex (involving time mutex) between actions,
propositions and between actions and propositions is managed in TGP by means
of inequalities which get complex in some problems. In fact, the application of
conditional mutexes imposes a set of sophisticated formulae (even with binary
disjunctions) which may imply an intractable reasoning on large problems [12].
On the contrary, the reasoning process in TPSYS is simplified thanks to the
incorporation of several improvements:

— Static mutex relations between actions and between actions and propositions
are calculated in a preprocessing stage because they only depend on the
definition of the actions. This allows us to speed up the process of calculating
the dynamic mutex relations between propositions while generating the TG,
obtaining better execution times than TGP.

— TPSYS uses a multi-level temporal planning graph as Graphplan where each
level represents an instant of time. Both TPSYS and TGP build a relaxed
graph by ignoring no — op actions and delete-edges which allows an ex-
tremely fast graph expansion! [7]. While in TGP actions and propositions
are only annotated with the first level at which they appear in the planning
graph, TPSYS annotates all different instances of actions and propositions
produced along time. The compact encoding of TGP reduces vastly the space
costs but it increases the complexity of the search process, which may tra-
verse cycles in the planning graph. However, the PE in TPSYS is straight-
forward because it merely consists of obtaining the plan as an acyclic flow of
actions throughout the TG. The experiments show that using a much more
informed TG vastly reduces the overhead during the PE, thus obtaining
better global execution times than TGP.

In addition to the temporally goals which TGP is able to manage, TPSYS
can also manage propositions of the initial situation which hold at other times
than ¢t = 0.

! The TG expansion represents a small percentage of the execution time in TPSYS.
In general, hundreds of temporal levels can be generated in few seconds for many
classical domains.



3 Our Temporal Planning SYStem

In TPSYS, a temporal planning problem is specified as a 4-tuple {Zs, A, Fs, Dinax }
where Z; and F; represent the initial and final situation respectively, A repre-
sents the set of actions, and D, stands for the maximal duration of the plan
required by the user. Time is modelled by R* and their chronological order. Each
action is assigned a nondisjunctive positive duration, which may be different. A
temporal proposition is represented by <p,t> where p denotes the proposition
and t € RT represents the time at which p is produced. Hence, Z, and F; are
formed by two set of temporal propositions {<pi,ti> t;i < Dpax}. It must
be noticed that propositions in Zs (F;) can be placed (required) at any time t;
through the execution of the plan.

TPSYS follows three consecutive stages, as shown in Fig. 1. After the first
stage, the second and the third stage are executed in an interleaved way until a
plan is found or the duration of the plan exceeds Dy ax.

First Stage Second Stage <

A 4

v
Failure Success

Fig. 1. Flow chart of the three stages of TPSYS

In this section, we will make use of the action domain defined in Table 1 to
show the behaviour of our system. Table 1 presents a description of the actions
(with duration) of the well-known Briefcase domain. In order to simplify the
domain only three actions are defined, those which are necessary to transport a
book (B1) from home (H) to university (U) by using a briefcase (BC).

3.1 First Stage: Preprocessing

At this preprocessing stage, TPSYS calculates the static mutual exclusions which
will facilitate the computation of dynamic mutex relations during the second
stage. A mutex relationship between actions is defined as follows [1]: two actions



| Action ||Duration| Precs. | Effects |

at(B1,H) | in(B1,BC)
1d(B1,BC,H) 5 at(BC,H) | ~at(B1,H)
free(BC) | -free(BC)
at(BC,U)
mv (BC,H,U) 5 at (BC,H) —at (BC.H)
. at(B1,U)
uld(B1,BC,0)| 2 ;f:((it ?;) free(BC)
**7 | =in(B1, BC)

Table 1. Simplified Briefcase domain: only three actions are defined to achieve the
goal at (B1,U)

a and b are mutex if a deletes a precondition of b, or a and b have conflict-
ing effects, in whose case they cannot be executed in parallel. Mutex between
propositions appears as a consequence of mutex between actions. Thus, two
propositions p and q are mutex if all actions for obtaining p are mutex with all
actions for obtaining q.

Let a and b be two actions, and let Sy, Sy € {precs(a), add — effs(a),
del — effs(a), precs(b), add — effs(b), del — effs(b)},/S; # S2. We define
the function coincidences(S1, S2) as a boolean function which holds iff 3p /p €
S1A p€ Ss. According to this, we introduce the following definitions:

Definition 1. Static mutex between actions. Actions a and b are statically
mutex if they cannot be executed in parallel. Although this relationship is equiv-
alent to Graphplan’s interference, we break it down into two different types of
mutex relationships. Hence, if two statically mutex actions are given at the same
instant of time, these actions will have to be executed in one of the following
ways:

a) Consecutive actions in any order, iff

coincidences(add — effs(a), del — effs(b))V

coincidences(add — effs(b), del — effs(a)).

Clearly, if a and b have conflicting effects, the correct execution order is ‘a
after b’ or b after a’. In Table 1, actions 1d(B1,BC,H) and uld(B1,BC,U) can
be executed in any order because their only interdependency is the conflicting
effect in(B1,BC).

b) Consecutive actions in an after order, iff

coincidences(del — effs(a), precs(b))A

—coincidences(precs(a), del — effs(b)).

Clearly, if a deletes a precondition of b but b does not delete any precondition

of a, the correct execution order is ‘a after b’ In Table 1, action mv(BC,H,U)
must be executed after 1d(B1,BC,H) because of the proposition at(BC, H).



Definition 2. Static ap-mutex (static action/proposition mutex). One
action a s statically ap-mutex with a proposition p iff p € del — effs(a). For
instance, 1d(B1,BC,H) is ap-mutex with at(B1,H) and free(BC) in Table 1.

3.2 Second Stage: Temporal Graph Expansion

We adopt the same conservative model of action as in TGP, in which i) all pre-
conditions must hold at the start of the execution of the action, ii) preconditions
not deleted by the action itself must hold during the entire execution of the ac-
tion, iii) effects are undefined during the execution and only guaranteed to hold
at the end of the action, and additionally, iv) actions can start their execution
as soon as all their preconditions hold.

Definition 3. Temporal graph (TG). A TG is a directed, layered graph
with two kind of nodes (proposition and action nodes) and two kinds of edges
(precondition-edges and add-edges). The TG alternates proposition and action
levels like Graphplan. Each level is labelled with a number representing the in-
stant of time at which propositions are present and actions start their execution.
Levels are ordered by their instant of time. This way, the algorithm can easily
move from a level t to the next level t' > t during the TG expansion, and to
the previous level t < t during the plan extraction. The TG is expanded by a
forward-chaining process which simply adds the add-effects of actions (delete-
effects are ignored) at the proper level according to the duration of actions.

Definition 4. Instance of an action. We define an instance of an action a as
the triple <a,s,e> where a denotes the action and s,e € Rt represent the time
when the instance starts and ends executing, respectively (e = s + duration(a)).

Definition 5. Proposition level. A proposition level Py is formed by the set
of temporal propositions {<pi,ti>t; < t} present at time t which verify
<pi,ti>€ I,V I<aj,si,e;>/pi € add — effs(a;), e; = ti. It must be noticed
that ‘<’ between t; and t is used to denote p; persists in time. Consequently, if
a proposition is present at Py, it will appear at all Py such that t' > t.

Definition 6. Dynamic mutexr between temporal propositions at P.
Let {<a;,s;,ti>} and {<bj,s;j,t;>} be two sets of instances of actions which
achieve <p,t;>,<q,t;> € Py respectively (i.e., p € add — effs(a;) and q €
add — effs(b;)). Temporal propositions <p,ti> and <q,t;> are dynamically
muter at Py iff i) Vo, /o € {<a;,si,ti>}, 6 € {<bj,sj,t;>}, a and 3 over-
lap and ii) a; and by are statically mutex. Otherwise, temporal propositions are
nondynamically mutex at Py Loosely speaking, two propositions are dynamically
mutex at Py if they cannot be simultaneously available at time t. Obviously, a
dynamic mutexr may expire as new levels are expanded further in the TG, and
the involved statically mutex actions are ordered in sequence.

Definition 7. Action level. An action level Ay is formed by the set of in-
stances of actions {<a;j,t,e;>} which start their execution at time t because
V<p,ti>,<q,t;>€ Py,,/p,q € precs(a;), <p,ti>,<q,t;> are nondynami-
cally mutex at Pp.



Proposition 1. Let Py (t < Dmax) be the earliest proposition level at which
all temporal propositions in Fs are pairwise nondynamically mutex. Under this
assumption, no correct plan can be found before time t (i.e., the duration of a
correct plan will never be shorter than t).

Proof. According to Definition 6 the proof is simple: if each pair of goal propo-
sitions are not simultaneously available until time ¢, the minimal duration as
possible of a plan will be ¢. Notice, however, that this statement does not guar-
antee that the minimal duration of a correct plan is always ¢t because delete-
effects have been ignored during the T'G expansion and, consequently, some goal
propositions might have been deleted.

The second stage of TPSYS expands the TG (see Fig. 2) by alternating
proposition and action levels through a fast forward-chaining process. The TG
expansion differs from Graphplan in the following points:

— No — op actions are never generated because propositions persist in time
through proposition levels.

— FEach instance of an action <a,s,e> in A[s] does not add its add-effects into
Pgyq) but in Pj. Thus, different proposition levels are now generated from
a given action level.

— The only mutual exclusion relationship checked during the T'G expansion is
the dynamic mutex relationship between temporal propositions.

Starting at P (we will suppose there exists at least one temporal proposition
in Z, which belongs to Py), the algorithm moves incrementally in time (from
one level to the next) throughout the TG generating new action and proposi-
tion levels. At each action level Ap, the algorithm generates the entire set of
instances of actions which start their execution because their preconditions are
nondynamically mutex at P;. After generating each instance of an action, the
propositions in add-effects are added into the proper proposition level. The TG
expansion terminates once all temporal propositions in the final situation are
present in P and none are pairwise dynamically mutex (i.e. F; is satisfied in
Pyy). Moreover, if t > Dyay the algorithm outputs ‘ Failure’ because no feasible
plan can be found earlier than Dy, ax.

The resulting TG for the domain defined in Table 1 is shown in Fig. 3. Ac-
tion uld(B1,BC,U) cannot start at Aps) because its preconditions in(B1,BC)
and at(BC,U) are dynamically mutex at Pp5) and they cannot be simultane-
ously available until Pj;q). Goal proposition at(B1,U) is achieved at P19 and,
therefore, the TG expansion terminates at that level.

3.3 Third Stage: Plan Extraction

The third stage is a backward search process throughout the T'G to extract a fea-
sible plan. The algorithm uses two data structures PlannedActs and GoalsToSatisfy
which are indexed by a level. PlannedActs, which is initialized empty, stores the
instances of actions planned at each action level. GoalsToSatisfy stores the



Algorithm TG expansion
V <pi,ti> € Is do initialize P
t=20
while (¢ < Dmax) A (Fs is not satisfied in Py)) do
YV a =<a;,t,e;> which starts at A[t] do
A[t] = A[t] Ua
P[ei] = P[ei]U add — effs(ai)
t = next level in the TG
endwhile

Fig. 2. Algorithm for the TG expansion

at(B1,H)

at(BC,H)
1d(B1,BC,H)

free(BC)

dm L% | |

\

Plo; A1 Pis1 Al Prop Ao Pz

t=0 t=5 t=10 t=12

Fig. 3. Temporal Graph for the Briefcase problem defined in Table 1



temporal propositions to be satisfied at each proposition level, and it is initial-
ized by inserting all the temporal propositions in F;.

Assuming the PE process starts from the proposition level P (that is, the
search starts from time ¢ in the TG), where all temporal goals in F are nondy-
namically mutex, the algorithm proceeds in the following way:

1. If t = 0 and GoalsToSatisfy[t]  Z,, then fail (backtrack) —this is the base
case for the recursive process.

2. If GoalsToSatisfy[t] = ¢ then move backwards in time (¢ =previous level

in the TG) and go to step 1 to satisfy the goals at ¢.

. Extract a temporal proposition <p,t> from GoalsToSatisfy([¢].

4. Select an instance of an action? o =<a; , s4 ,ei>,/p €add —effs(a;),e; <t
(backtracking point to guarantee completeness). In order to guarantee the
correctness of the plan, « is discarded if at least one of the following condi-
tions holds:

— 38 =<bj,s;,e;>€ PlannedActs,a and § overlap and a; and b; are
statically mutex.

— J<q,e;>€ GoalsToSatisfy “a; is statically ap-mutex with q (i.e. «
deletes q).

w

If « is discarded, another instance of an action is selected by backtracking
to step 4. Otherwise, p is satisfied and the structures PlannedActs[s;] and
GoalsToSatisfy[s;| are updated with « and precs(a;) respectively. Then,
the algorithm goes to step 2 to satisfy another (sub)goal.

Since delete-effects have been ignored during the T'G expansion, it may be not
possible to achieve the problem goals from the proposition level Pj. Thus, if the
PE process does not find a feasible plan from the proposition level P, TPSYS
backs to the second stage to continue extending more levels before executing the
third stage again (see Fig. 1).

Proposition 2. TPSYS is complete and optimal.

Informally, we can show TPSYS is complete and optimal. In TPSYS, all
levels at which propositions and actions may appear are generated during the
TG expansion. It is clear that, if a solution plan exists for the problem, this plan
will be found in the T'G' comprised from P to one of the generated proposition
levels and it cannot be present in a proposition level which does not appear
in the TG. Additionally, when the PE process searches for a correct plan, all
instances of actions which achieve the (sub)goals are considered. Therefore, if a
solution exists, TPSYS finds it.

On the other hand, let us suppose the PE process finds a correct plan of
duration ¢ (represented by P;) which is not optimal. In that case, there would
exist an optimal correct plan Py, (of duration ¢’ < t) not found by the PE process.
Since Py, is a correct plan, all the temporal goals in F, would be nondynamically

2 In TPSYS, all instances of actions o are executed as late as possible, unless this leads
to an unfeasible plan.



mutex at proposition level P and, therefore, the TG expansion would have
terminated at that level. After terminating the T'G expansion at proposition
level Py, the PE process would have found the plan P,,, and the proposition
level Py would have never been studied.

3.4 Application Example

Here, we study a simple application example to illustrate the behaviour of our
system. This abstract example shows how the proposition and action levels of
the TG are generated. The description of the actions and their static mutex are
shown in Table 2. 7, = {<p,0>,<q, 10>}, so proposition q is not available until
time 10. Fs; = {<s,50>,<t,50>,<u,50>} which implies all the goals must be
satisfied no later than 50 (Dpax = 50).

|Action||Duration|Precs.|Effects|Static muter

a 10 o el r

b 5 r s c
[ 20 P -s,t b,d
d 15 r -p,u a,c

Table 2. Domain of the actions in the application example

An outline with the basic information of the TG is shown in Table 3. In
this table, we can see the proposition and action levels generated. Although
proposition levels have been generated until P5q), the algorithm terminates the
TG expansion at P35 because all temporal goals in Fs are nondynamically
mutex at that level. During the PE stage, the algorithm selects the instances
of actions which obtain these goals, then the preconditions of these actions and
so on. The plan obtained by TPSYS is shown in Fig. 4. The optimal duration
of the plan is 35 and therefore, if the user constrains the maximal duration to
Diax < 35, the algorithm will output ‘Failure’ because no plan exists.

4 Some Experimental Results

To date, our work has been mainly focused on the validation of our system, rather
than on code optimization. Based on our experience, TPSYS seems quite promis-
ing to deal with temporal planning problems. Although comparison between our
approach and other planning systems is quite difficult because they are based
on different algorithms, we made a comparison between TPSYS and TGP. The
experiments were performed in a 64 Mb. memory Celeron 400 MHz. We solved
each problem (some simple, typical benchmarks used in AIPS 1998 competition



|Temp0ral level t|| Py | A |

0 P c
10 p,q a,c
20 p.q,r,t |a,b,c,d
25 p,q,r,s,t |a,b,c,d
30 p.9,r,s,t |a,b,c,d
35 p,4,r,s,t,u -
40 p,9,r,s,t,u -
45 p,9,r,s,t,u -
50 p,4,r,s,t,u -

Table 3. Outline of the TG generated by the algorithm

=]

oy A
S
\ 4

Fig. 4. Optimal plan found by TPSYS for the application example

and some examples provided by TGP?) with TPSYS and TGP. We can see the re-
sults in Table 4 and how the performance of TPSYS is better than TGP in these
problems (even in all the examples provided by TGP). Moreover, TPSYS was
able to solve problems which TGP was unable, such as sussman-anomaly and
briefcase-2b-1c (which must transport two books with only one container).

As in parcPLAN [4], the main drawback of TPSYS appears in problems with
limited resources, such as briefcase-2b-1c. In this case it is necessary to plan
additional actions to release the used resources and to make them available
again. In these problems, the goals are nondynamically mutex at a proposition
level P, but a valid plan is not found at time ¢. Unfortunately, dynamic mutex
relationships are not always enough to determine a proper proposition level from
which a feasible plan can be found.

3 The source code of TGP and the examples it provides have been obtained at
ftp://ftp.cs.washington.edu/pub/ai/tgp.tgz



|Pr0blem ||TPSYS|TGP|

tower2 4 40
tower3 8 241
gripper2 4 40
sussman-anomaly|] 339 -

att-log0 39 40
att-logl 45 | 200
briefcase-2b-2c 5 251
briefcase-2b-1c 998 -

tgp-AB-p 4 50
tgp-AB-q 4 60
tgp-AB-pq 5 90
tgp-AC-r 4 80
tgp-AC-pr 5 80
tgp-ABDE-r 4 70

Table 4. Results of comparison between TPSYS and TGP (times are in milliseconds)

5 Conclusions and Future Work

In this paper we have presented TPSYS, a system for dealing with temporal
planning problems. TPSYS arises as a combination of the ideas of Graphplan and
TGP to solve temporal planning problems, finding optimal plans and avoiding
the complex reasoning performed in TGP.

TPSYS contributes on a classification into static and dynamic mutual ex-
clusion relations. This allows to perform a preprocessing stage which calculates
static mutexes between actions and between actions and propositions to speed
up the following stages. The second stage expands a TG with features of both
Graphplan and TGP planning graphs. The third stage guarantees that the first
found plan has the minimal duration. Our experiences and the obtained results
show the appropriateness of TPSYS for temporal planning problems.

As commented above, TGP presents a mutual exclusion reasoning very valu-
able for dealing with actions and propositions on a Graphplan-based approach,
but unfortunately this complex process may make large problems become in-
tractable. In fact, in our tests TGP was unable to solve a simple problem on the
Briefcase domain with two books to transport and only one briefcase (which
TPSYS was able to solve). Unfortunately, performance of TPSYS degrades in
problems with limited resources.

The presented work constitutes a first step towards an integrated system
for planning and scheduling. Such a system will be able to manage temporal
constraints on actions and to reason on shared resource utilization. Additionally,
the system will apply several optimization criteria to obtain the plan of minimal
duration or the plan of minimal cost.

Another objective of our current research is the inclusion of resource ab-
straction as proposed by Srivastava in [13]. Under this proposal, the TG will



be generated assuming abstract resources, which are always available, avoiding
instantiation over particular resources and consequently reducing the size of the
TG. A special module for reasoning about resources will be included into the
PFE stage to select the specific resource for each action to be planned.
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