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Abstract

PDDL 2.1 is the community standard for specifications of
temporal planning problems, involving actions that have a
duration and can overlap in time. Recent work has shown
that some modelling features, such as intermediate and con-
ditional effects, can be expressed in PDDL 2.1 by means of
specific encodings. At the core of these encodings is a con-
struction that requires two events to happen simultaneously.
However, in practice, almost none of the state-space heuristic
search planners known in the literature are capable of finding
plans exhibiting this required simultaneity, suggesting that
the search approach they use is actually incomplete with re-
gards to the official PDDL 2.1 semantics. In this paper, we ex-
plore this issue both theoretically and experimentally. On the
theoretical side, we define two different notions of required
simultaneity, and we isolate which features of the semantics
of PDDL 2.1 allow for such behaviors and how to possibly
change the semantics to forbid each of them. In particular,
we prove that the crucial detail is how the over-all condi-
tions interact with the mutex relation. From these observa-
tions we isolate the reason why most search-based planners
cannot find plans with required simultaneity, and provide an
updated search strategy that recovers semantic completeness
at the cost of a larger branching factor which, however, can
be suitably pruned thanks to an application of our results. On
the experimental side, we compare the proposed search strate-
gies, showing that our pruning criterion allows us to recover
semantic completeness without significant overhead.

1 Introduction

Automated planning is a field of artificial intelligence whose
purpose is to build autonomous agents capable of achieving
their goals by reasoning how to act on their environment. In
the subfield of temporal planning, actions have a duration
and can possibly overlap in time. One of the most com-
mon languages used to model temporal planning domains
and problems is PDDL 2.1 (Fox and Long 2003), which ex-
tends the STRIPS tradition of its predecessor (Ghallab et al.
1998) to the temporal paradigm (and to numeric planning,
which we do not consider here).

Recent work (Gigante, Micheli, and Scala 2022) has in-
vestigated how some modeling features could be supported
by PDDL 2.1 by means of suitable encodings. Such features
include intermediate conditions and effects (ICE), i.e., the
ability of testing conditions or applying effects in the middle

of the execution of an action, and conditional effects, i.e., the
support for actions whose effects depend on some function
of the current state. While ICE is not natively supported in
PDDL 2.1 at all, conditional effects are, but are not univer-
sally supported by planners and search procedures. The en-
codings found to support these features depend crucially on
some particular constructions that enforce some endpoints
of specific actions to happen simultaneously.

However, when trying to evaluate how such encodings
would perform in practice, we discovered that these si-
multaneity constructions are not uniformly supported by
the temporal planners most known in literature, includ-
ing heuristic search planners (such as OPTIC (Benton,
Coles, and Coles 2012), TAMER (Valentini, Micheli, and
Cimatti 2020), NextFLAP and TFLAP (Sapena, Onaindia,
and Marzal 2024)), constraint-based planners (ARIES (Bit-
Monnot 2023)), sat-based planners (ITSAT (Rankooh and
Ghassem-Sani 2015)) and based on satisfiability modulo
theories (Patty (Cardellini and Giunchiglia 2025)). The
tested planners either claim no solutions exist for the tested
problems, or do not terminate, or exhibit stability bugs. This
finding leads to the conclusion that the search strategies used
by these planners are accidentally incomplete with respect to
the official PDDL 2.1 semantics.

In this paper, we explore the issue both theoretically and
experimentally. On the theoretical side, we introduce and
study the notion of required simultaneity, that is, the situa-
tion where simultaneous events in a plan cannot be executed
sequentially instead. We identify the two distinct notions of
causal and temporal simultaneity, representing distinct ways
of forcing simultaneity in a planning problem. Notably, it
turns out the tested planners support the latter but not the
former. Asking which features of the PDDL 2.1 semantics
allow for such behaviors, we find the crucial detail revolves
around how the over-all conditions of actions interact with
the mutex relation. By suitably extending the latter, we intro-
duce two semantic restrictions that allow one to forbid each
of the two kinds of simultaneity.

Then, we turn to an algorithmic point of view. We model
the observed behavior of the tested planners by describing
an abstract search procedure which exhibits the same bias
against causal simultaneity, explaining the reason of the ob-
served incompleteness. Then, we observe that an easy fix
exists which, however, would cause the search branching



factor to grow exponentially. Nevertheless, thanks to the
semantic results mentioned above, we can define a pruning
criterion that considers the simultaneity of events only when
strictly necessary, significantly reducing the branching fac-
tor, while maintaining semantic completeness.

Experimentally, we ask how much overhead we need to
pay to recover semantic completeness. We evaluate an im-
plementation of the incomplete baseline with the two com-
plete search strategies on a number of standard and novel
benchmarks. The results show the pruned strategy basically
performs as well as the baseline, introducing almost no over-
head, on most benchmarks. This shows our solution may al-
low the tested planners to be improved to recover semantic
completeness with almost no cost.

The paper is structured as follows. After introducing basic
notions and background in Section 2, we introduce the no-
tion of required simultaneity in Section 3. Then, Section 4
explains the connection between simultaneity, over-all con-
ditions and the mutex relation, providing semantic restric-
tions that allow one to forbid each of the two types of si-
multaneity. Section 5 describes the incomplete search strat-
egy that captures the behavior observed in the tested plan-
ners, and the improved strategies that recover completeness,
which are experimentally evaluated in Section 6. Section 7
concludes with final remarks and pointers to future work.

2 Preliminaries

We start by introducing temporal planning problems as de-
fined in the PDDL 2.1 specification (Fox and Long 2003)
(without numeric variables). Given a set P of propositions,
let Bp be the set of Boolean formulas over P.

Definition 1 (Snap action). A snap (instantaneous) action is

a tuple h = (pre(h),eff T(h), eff ~ (h)), where:

1. pre(h) € Bp is the precondition;

2. eff " (h),eff = (h) C P are the two disjoint sets of positive
and negative effects of h, respectively.

We write eff (h) for eff T (h) U eff~ (h).

Definition 2 (Durative action). A durative action a € A is

a tuple {ar,a,pre* (a), [Lq, Uy]), where:

1. ar and a are the start and end snap actions, respectively;

2. pre**(a) € Bp is the over-all condition;

3. Ly € Qs and U, € QxoU{oo} are the duration bounds.

Definition 3 (Temporal planning problem). A temporal

planning problem is a tuple P = (P, A, I, G), where:

1. P is a set of propositions;

2. Ais a set of durative actions;

3. I C P is the initial state;

4. G € Bp is the goal condition.

In our presentation, states are subsets s of P which list
the true atoms and excludes the false ones (closed-world as-
sumption). Conditions are Boolean formulas over P. The
execution starts at the initial state I, and actions in A spec-

ify how a state changes when an action is applied and which
conditions must be true for the action to be applicable in the

first place. The snap actions at the start/end events of a du-
rative action, which can be seen as a pair of instantaneous
classical planning actions linked together. The duration of
an action, i.e., the distance in time between its snap actions,
has to belong to the interval [L,,U,]. Moreover, the over-
all condition (pre*”(a)) of an action tells what has to hold
during the open interval of the execution of the action.

What follows is an exposition of the official PDDL 2.1
semantics faithful to those employed also by Gigante et
al. (2022) and Gigante, Micheli, and Scala (2022). A col-
lection of action tuples from A, together with a starting time
and a duration, is called a plan.

Definition 4 (Plan). Let P = (P, A,I,G) be a temporal
planning problem. A plan for P is a set m = {my,..., 7}
of tuples m; = (a;, t;,d;), where:

1. a; € Ais adurative action;

2. t; € Qx> is its start time;

3. d; € Qg is its duration.

In a valid plan, also called a solution plan, a state must be
reached which satisfies the goal condition G. To formally
define this concept we need some machinery. Intuitively,
an induced parallel plan represents a plan as the ordered
sequence of all the sets of snap actions that happen together.

Definition 5 (Induced parallel plan). Let 7 be a plan for a
temporal planning problem P = (P, I, A, G). The induced
parallel plan for 7 is the sequence 7% = (by,...,bs) of
pairs by = (t;,S;), where t; € Qt with t; < t;y1 for all
1 <i <k, and S; is a set of snap actions from A, such that
h € S; if and only if either:

1. h = ay for some a € A such that (t;,a,d) € 7; or

2. h = ay for some a € A such that (t,a,t; —t) € w for
somet > 0;

In order for a plan to be realistic and non-contradictory,
we need to exclude that two snap actions affecting the same
variables can happen at the same time. This is expressed by
a mutual exclusion (mutex) relation between snap actions.

Definition 6 (Mutex snap actions). Two snap actions h and
z are mutually exclusive (mutex) if either:

1. pre(h) mentions any proposition mentioned by eff (z);
2. pre(z) mentions any proposition mentioned by eff (h);
3. eff T (h)Neff(2) # @; or

4. eff T(2) Neff~(h) # @.

Note that Definition 6 does not involve the propositions
mentioned by the over-all condition of the actions. This is
because over-all conditions are enforced on the open interval
of the action execution, so the propositions they mention are
not read and written to at the same time.

Given a set of propositions s C P, called a state, and a
condition ¢ € Bp, we write s = ¢ if s satisfies ¢ under
the classical semantics of Boolean formulas. Given a state
s C P and a set S of non-mutex snap actions, we define the
application of S to s, written S(s), as:

S(s) =(s\ U eff(h)) U U eff ™ (h)

hes hes



In the following we define a valid plan, i.e., a solution for
a temporal planning problem. The definition is standard but
we split it into two parts, which will come useful later.

Definition 7 (Causally valid plans). Ler P = (P, A, I,G)
and 7 = {{a1,t1,d1),  ,{(an,tn,dn)} be a temporal
planning problem and a plan for P. Consider the induced
plan 7% = ((t1,51),--+ , (t!., Sm)) of m. Then, T is a
causally valid plan for P if the following statements hold:

1. there are no simultaneous mutex snap actions, i.e., there
areno h,z € S;, with h # z, for some 1 < i < m such
that h and z are mutex;

2. executed snap actions are applicable and reach the goal,
ie., ifso = I and s; = S;(si—1) for 1 <i <m, we have:
(@) si = Nnes, pre(h);
(b) sm = G,
3. over-all conditions are respected, i.e., for all a € A, if
1 < i< j < mare such that a- € S; and a4 € S;

with no other snap action of a in the middle, then for each
i <k < j we have that ), = pre* (a).

4. actions do not self-overlap, i.e., there areno1 < ¢,7 < n,
with i # j, such that a = a; = aj and t; <t; < t; 4 d;.

Definition 8 (Valid plans). Ler P = (P,A,I,G) and
m = {{a1,t1,d1), -+ ,{Gn, tn,dn)} be a temporal planning
problem and a plan for P. We say m is valid if it is causally
valid and the duration bounds of the actions are respected,
ie, foralll <i<nwehave L,, <d; <U,,.

The semantics defined above assumes a dense time model.
In this case, Gigante et al. (2022) proved that, to keep the
plan-existence problem decidable, actions must be forbidden
to overlap with other executions of themselves, so this is the
assumption we make here (Item 4 of Definition 7). Finally,
in the terminology of Gigante et al. (2022), we assume the
>(0-separation semantics, that is, we only require mutually
exclusive snap actions to be separated by a non-zero amount
of time (Item 1 of Definition 7). The results of this paper
apply specifically to >0-separation semantics. If, instead, a
minimum required € > 0 distance is given (e-separation se-
mantics), then simultaneity is uncontroversial and quite sim-
ple to achieve by either employing clip actions (Fox, Long,
and Halsey 2004) or container actions (Smith 2003).

3 Required Simultaneity

Recent work (Gigante, Micheli, and Scala 2022) has shown
that some modeling features, such as intermediate condi-
tions and effects (ICE) and conditional effects, can be simu-
lated in PDDL 2.1 by ad-hoc encodings, at which core is a
construction used to require two snap actions to happen at
the same time. Here, we focus on the concept of simultaneity
that arise from these constructions, which was only treated
as auxiliary in previous works.

To reason about simultaneity we first need some terminol-
ogy and notation. In what follows, we need to consider each
different occurrence of a snap action as a different entity,
independently from its timestamp.

Definition 9 (Item). An item of a plan 7 is a specific occur-
rence of a snap action appearing in 7%, considered differ-
ent from each other occurrence. We denote as M () the set
of all its items.

Two plans can be considered to have the same set of items,
if the same snap actions appear with the same multiplicity.
A plan 7 induces two pieces of information about its items.

Definition 10 (Schedule). The schedule of a plan 7 is a
function o : M(m) — Q mapping items to their timestamp
inm"d ie, if (t,S) € 74 with h € S, then o.(h) = t.

Definition 11 (Causal order). Given two items h and z of a
plan m, we write h <, z when o,(h) < 0,(2).

Note that < is a strict partial order, because two simulta-
neous items are not comparable. To linearize a plan, we sep-
arate simultaneous items compatibly with the original causal
order of the plan.

Definition 12 (Linearization). Given a plan 7, a lineariza-
tion of 7 is a plan 7' such that:

1. the set of items is the same, i.e., M (n) = M(x’); and

2. the causal order <, of 7' is a strict total order compati-
ble with <.

Intuitively, if a plan contains some simultaneous items but
it cannot be linearized without breaking plan validity, the
simultaneity is not incidental, but required.

Definition 13 (Required simultaneity). Let P be a temporal
planning problem and let 7 be a valid plan for P. Then:

1. 7 requires simultaneity if there is no linearization of m
that is a valid plan for P.

In particular, we have two cases:

2. 7 requires causal simultaneity of S if there is no lineariza-
tion of T that is even a causally valid plan for P.

3. m requires temporal simultaneity of .S if it requires simul-
taneity but not causally, i.e., linearizations of 7 that are
causally valid plans exist but none of them is a valid plan.

We say ‘P requires (causal/temporal) simultaneity if there ex-
ist valid plans that require (causal/temporal) simultaneity.

One way to obtain plans and problems that require simul-
taneity is the constructions employed by Gigante, Micheli,
and Scala (2022). A slightly simplified version of these con-
structions is shown in Figure 1. The left side shows how to
make the start of two actions happen at the same time. The
key idea is to have the over-all condition of action a be sup-
ported by the effects of the start of action b, and vice versa.
In this way, ar cannot happen before b because the over-
all condition of a would not be satisfied, and similarly, b
cannot happen before ai-. The only solution is for the two
snap actions to happen at the same time. Note that this holds
without mentioning the duration bounds of a and b, so this
construction requires causal simultaneity. The construction
to link the end of two actions is specular (center), while the
one to link the end of a and the start of b (right) is a bit more
involved. It requires a third auxiliary action, whose over-
all condition constrains a4 and bi- to happen together. This
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Figure 1: Construction of planning problems requiring the simultaneity of {ar, b } (left), {a, b4} (center), and {a~, br-} (right). Question
marks denote conditions, exclamation marks denote effects, dashed lines denote over-all conditions. All the mentioned propositions are

assumed to be fresh and false at the initial state.
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Figure 2: A construction obtaining plans with required femporal
simultaneity of {ar,br} and {a~,b-}. The proposition p is as-
sumed to be fresh and false at the initial state.

third construction is the most general and can be used to re-
quire the simultaneity of any pair of snap actions, not only
an end/start pair as in the figure.

A different method to require simultaneity is shown in
Figure 2. In this construction the action a is constrained
to be executing entirely inside b, but the duration bounds
are crucial to enforce simultaneity of the actions extrema.
Indeed, any plan where a is executed inside b would be
causally valid, but not valid in general, therefore this con-
struction requires temporal simultaneity.

When trying to evaluate how the encodings of ICE men-
tioned above would perform in practice, we observed that
the constructions of Figure 1 are not present in any of the
standard planning benchmarks and are not supported by
most known temporal planners. In particular, we tested
OPTIC, TAMER, ARIES, NextFLAP, TFLAP, ITSAT and
Patty: all the planners either incorrectly report the problems
as unsolvable or diverge in at least one of the constructions.
Hence, the search strategy employed by such planners can
be considered semantically incomplete with regards to the
official PDDL 2.1 semantics. In contrast, most of the tested
planners (i.e., OPTIC, TAMER, ARIES and Patty) do work
correctly over the construction in Figure 2, suggesting they
support temporal simultaneity, but not causal simultaneity.

It is worth to note that some constructions requiring si-
multaneity have been observed by Cushing (2012), who
pointed at them as evidence of a flaw in the PDDL 2.1 se-
mantics, reasoning about the fact that exact simultaneous ex-
ecution is not possible in the physical world.

We take a neutral stance on this debate. If required si-
multaneity is considered a useful feature (for example to
simulate ICE), then the results in Section 5 explain the in-
completeness of most planners and provide a way to recover
completeness without slowing down the search too much.
If, instead, simultaneity is considered harmful, then the re-
sults in Section 4 point at the specific feature of PDDL 2.1
semantics that makes it possible and provide a syntactic nec-
essary condition for a problem to require simultaneity, pos-
sibly helping the debugging of planning domains.

4 Simultaneity and Over-all Conditions

A simple observation worth mentioning now is that over-
all conditions are crucial to require any form of simultane-
ity. This is because simultaneous snap actions must be non-
mutex, i.e., their conditions and effects cannot talk about
each other, so over-all conditions are the only tool available
to constrain any ordering relationship between them.

4.1 Forbidding temporal simultaneity

A crucial detail is the fact that over-all conditions are not
involved in the definition of the mutex relation. We prove
here that if this was not the case, requiring femporal simul-
taneity would be impossible, although causal simultaneity
would still be an option.

Definition 14 (Eager mutex relation). Let b be an action of
a temporal planning problem P, and let h be a snap ac-
tion of a different action. If eff (h) mentions any proposition
mentioned by pre*” (b) we say that:

1. h is eagerly mutex with by, written h T b-; and
2. by is eagerly mutex with h, written b4 C h.

Definition 15 (Eager plan validity). Given a temporal plan-
ning problem P, a (causally) valid plan 7 for P is (causally)
eagerly valid if it contains no simultaneous eagerly mutex
snap actions.

Definition 16 (Eager semantics). The eager semantics of
PDDL 2.1 only allows eagerly valid plans.



We can already observe that the construction in Figure 2
does not work if we restrict ourselves to eagerly valid plans,
because b is eagerly mutex with ar, i.e., it writes to propo-
sition p which is mentioned by pre*” (a). A detail that will
be important later is that the eager mutex relation is asym-
metric: in Figure 2, b is eagerly mutex with ar, but not vice
versa. The constructions in Figure 1 on the left and center
would not work either, for the same reason as above, but
the one on the right works well even when focusing only on
eagerly valid plans, since a and b do not talk about each
other at all. Therefore the eager mutex relation only forbids
the requirement of temporal simultaneity. To prove that, we
need a first lemma.

Lemma 1. Given an eagerly valid plan 7 for a temporal
planning problem P, if one causally valid linearization 7’
exists, then every linearization of 7 is causally valid.

Proof. Let m be an eagerly valid plan for P and suppose
there exists a causally valid linearization 7’ of 7. Then, con-
sider any other linearization 7"’ of 7. Observe that 7’/ may
differ from 7’ in two ways:

1. ox/(h) # op(h) for some item h but the causal order is
unchanged, i.e., h <, ziff h <, z for any item h and
z; in this case it is straightforward to check that since 7’
is causally valid, so is 7/, by checking that Items 1 to 4
of Definition 7 stay satisfied;

2. the causal order is different, i.e., we have h and z such
that h <,/ z but z <.~ h; however, 7" is still a lineariza-
tion of 7, so h and z can only possibly be some items that
are simultaneous in 7; since 7 is eagerly valid, h and z
are not eagerly mutex with one another; from this obser-
vation, it follows that since 7’ is causally valid, so is 7",
which can again be easily shown by checking that Items 1
to 4 of Definition 7 stay satisfied. O

In the statement of Lemma 1, note that 7’ does not have
any simultaneous item by definition, so eager (causal) valid-
ity and standard (causal) validity coincide.

Theorem 1. In the eager semantics, a temporal planning
problem cannot require temporal simultaneity.

Proof. Let P be a temporal planning problem and let 7 be
eagerly valid plan for P. Suppose there exists a linearization
of 7 that is causally valid but not valid. Then, we show that
there exists a linearization of 7 that is valid.

Because a causally valid linearization is assumed to ex-
ist, Lemma 1 shows that every linearization of 7 is causally
valid. Among these, we show that we can find a rigid lin-
earization, i.e., a linearization of 7w where the durations of
all actions are unchanged, but actions have only been rigidly
moved back or forth. By this property, Definition 8 will be
satisfied as well, proving that we found a valid plan.

To start, let us define & > 0 as the minimum distance
between non-simultaneous items in 7, i.e., the minimum of
' —t among all ¢’ > ¢ such that some (t, S), (t', S') € w'nd.
Furthermore, let ¢ = g.

Since one causally valid linearization of 7 is supposed
to exist, thanks to Lemma 1 we can start from a spe-
cific linearization ' of 7 chosen appropriately such that

|0 (h) —ox(h)| < eforall items h. Such a linearization 7’
of 7 is guaranteed to exist: if an item % is not simultaneous
with any other in 7, we set o (h) = o,(h). Otherwise, it
is always possible to change o, (h) to decrease the differ-
ence with o, (h) while maintaining the relative order with
all the other items, thanks to the density of time and the >0-
separation semantics.

Now, let a be an action whose duration differs between
7’ and m, and let h and z be its starting and ending items,
respectively. Let us also denote the duration of a in the two
plans as d.(a) = 0.(2) — ox(h) and d/(a) = o/ (2) —
o (h). We can suppose w.lo.g. that the duration decreased
(the other case being specular), so d,/(a) < dr(a), ie.,
ox(h) > ox(h) or o4 (2) < ox(z), or both. For the
way we chose 7’ above, we know o,/ (h) — o(h) < €
and o.(2) — o (2) < € 50 dr(a) — dn(a) < 2¢ = 4.
Hence, we can now define a plan 7"/ equal to 7’ except that
On(2) = 07/ (2) + (dr(a) —dqs (@), i.e., we increase again
the duration of a by adding the necessary length at the end.
Since this increase is less than §, for any other item w, if
2z <r w, then z <, w as well. Therefore 7"’ is a lineariza-
tion of 7, which is causally valid for Lemma 1. Furthermore,
the number of actions whose duration differs in 7’ with re-
gards to 7 has decreased. By iterating this procedure we find
arigid linearization of 7, which is a valid plan for P. O

4.2 Forbidding causal simultaneity

Since Theorem 1 tells us which semantic condition may
be applied to avoid temporal simultaneity, one may wonder
whether a similar condition may be defined to avoid causal
simultaneity. Looking at Figure 1, we can identify two dif-
ferent scenarios. The first scenario is exemplified by the con-
structions on the left and center of Figure 1. There, we have
snap actions which are reciprocally eagerly mutex, in con-
trast to Figure 2 where only one snap action was eagerly
mutex with the other but not vice versa. We formalize and
generalize this intuition as follows.

Definition 17 (Cyclically mutex sets). Given a set of non-
mutex snap actions S for a temporal planning problem P,
we say that S is cyclically mutex if the eager mutex relation
Sforms a cycle through all the elements of S.

Note that the eager mutex relation is antireflexive so a sin-
gleton set is never cyclically mutex.

The second scenario is exemplified by the construction on
the right of Figure 1, where a and b are forced to happen at
the same time not because they talk about each other, but be-
cause happening together is the only way to avoid violating
the over-all condition of the c action. The crucial observa-
tion here is that, to avoid causal simultaneity in this case, one
may forbid to execute together two snap actions that affect
the same overall condition of another action. This intuition
is formalized as follows.

Definition 18 (Externally mutex sets). Let S be a non-
singleton set of snap actions for a temporal planning prob-
lem P. We say S is externally mutex if there is an action ¢
not involved in S such that eff (h) mentions some proposition
mentioned in pre*” (¢) forall h € S.
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Figure 3: Construction of a plan requiring temporal simultaneity
which is not independently valid, as discussed in Theorem 3.

Forbidding both cyclically mutex and externally mutex
sets of simultaneous snap actions is what we need to avoid
causal simultaneity.

Definition 19 (Independent set). A set S of snap actions for
a temporal planning problem P is independent if none of its
subsets are either cyclically or externally mutex.

Definition 20 (Independent plan validity). Given a tempo-
ral planning problem P, a (causally) valid plan m for P is
(causally) independently valid if it contains no independent
sets of simultaneous snap actions.

Definition 21 (Independent semantics). The independent se-
mantics of PDDL 2.1 only allows independently valid plans.

We can prove now that the independent semantics forbids
causal simultaneity as intended.

Theorem 2. In the independent semantics, a temporal plan-
ning problem cannot require causal simultaneity.

Proof. Let P be a temporal planning problem and let 7 be
an independently valid plan for P. Then, we must prove that
there exists a causally valid linearization of 7.

We define such a linearization 7’ as follows. With 74 =
({t1,51),. .., {tn, Sn)), let some S; be non-singleton. Since
m is independently valid, S; is independent, i.e., none of its
subsets are either externally or cyclically mutex. Then, by
the acyclicity there is a total order between the elements of
S; compatible with the eager mutex relation, i.e., there is a
linearization 7’ such that o/ (h) < o (z) implies h C z.

We now show that 7’ is indeed causally valid, by checking
each condition for causal validity from Definition 7.

1. there are no simultaneous mutex snap actions because in-
dependent validity requires standard validity, which ex-
cludes simultaneous mutex snap actions;

2. since any set S = {hy,..., h,} of simultaneous snap ac-
tions in 7 must not be mutex, applying them together or
sequentially in any order lead to the same state, i.e., for
each state s, S(s) = hyn(...(h1(8))); therefore the same
final goal state is reached by 7 and 7’.

3. the satisfaction of the over-all conditions is verified by
two observations. For any (¢,S) € 7"¢ with a non-
singleton S

(a) for any state s, any subset S’ C S, and any running ac-
tion a not involved in S’, since S(s) = pre* (a) and S’
is not externally mutex, no pair of elements of S’ men-
tion together any propositions mentioned in pre*”(a);

therefore, applying the snap actions in .S” in any order
keeps satisfying pre*” (a);

(b) for any state s, any subset S’ C S, any running action
a involved in S’, and any pair h, z € S’ we have either:

i. h C z because z = a- and i mentions a proposi-
tion mentioned in pre*’ (a); by construction we have
o (h) < op(2), and since S’(s) = pre*(a), h can
only affect pre” (a) by contributing to its satisfaction,
so executing h before z does not violate pre*” (a);

ii. h C z because h = a- and z mentions a proposi-
tion mentioned in pre*” (a); by construction we have
ox(h) < ox/(2), so a ends before the execution of z,
whose effects are therefore unrelated to pre*” (a);

iii. h and 2z do not mention each other’s over-all condition,
and they are non-mutex because they were simultane-
ous, therefore they can be executed in any order with-
out violating the over-all condition of a;

4. when two extrema of two instances of the same action

happen at the same time, the action is considered to be
self-overlapping, which is forbidden; therefore, if two
snap actions are simultaneous in 7 they must be of dif-
ferent actions, so applying them sequentially in any order
does not risk to create any self-overlap. O

Note that the plan in Figure 2 is independently valid, be-
cause no external action is involved and the eager mutex re-
lation does not form a cycle between ar- and b- (nor be-
tween their opposite endpoints). Therefore, the independent
semantics only forbids causal simultaneity, and can accept
plans requiring temporal simultaneity. However, we can-
not say that the independent semantics supports temporal si-
multaneity either, because some of such plans may not be
independently valid. That is because the eager mutex rela-
tion is state-independent, but if we look at some particular
state reached during the execution of a plan, some cyclically
mutex set of snap actions may still be causally valid when
applied sequentially to that state, as shown in the following.

Theorem 3. There are plans requiring temporal simultane-
ity which are not independently valid.

Proof. Consider the plan depicted in Figure 3, which is a
variant of Figure 2 where ar now mentions the over-all con-
dition of b. In this example, a and b- are each eagerly
mutex with one another, so the set {a-, b} is not indepen-
dent, and the plan is not independently valid. However, if
we assumed that ¢ is true at the initial state as marked in the
figure (or, in general, before these actions are executed), the
effect of ar is redundant. Therefore, there is still no causal
reason why a;- should not be scheduled after b, so a causal
linearization of the plan exists, i.e., the plan requires tempo-
ral simultaneity. O

Theorem 3 shows that a semantic definition precisely
separating plans requiring temporal and causal simultane-
ity requires state-dependent definitions, unlike the eager and
cyclic mutex relations defined here. Exploring this semantic
path is left as future work.



5 Search Strategies

In this section, we go back to the observation that most
of the tested planners are not capable of finding plans that
require causal simultaneity (e.g., the constructions in Fig-
ure 1), while some of them appear to work well with tempo-
ral simultaneity (e.g., the construction in Figure 2). Here, we
define an abstract search strategy that exhibits the same be-
havior, i.e., it is semantically incomplete by systematically
missing plans requiring causal simultaneity. This search
strategy therefore models the heuristic search algorithms im-
plemented by most of the tested planners. We propose an ex-
tended search strategy that is semantically complete for the
full semantics of PDDL 2.1, including causal simultaneity.
We observe that, implemented naively, the complete search
strategy would be too slow, having a too large branching fac-
tor, so we propose a pruning strategy that shrinks the branch-
ing factor again while keeping full semantic completeness.

Algorithm 1 shows the skeleton of an almost standard
search-based semi-decision procedure for the plan existence
problem. For simplicity, we do not consider the use of
search heuristics, and the presented procedure may not ter-
minate when no valid plans exist for a problem (a sound-
and-complete instantiation of this algorithm can be found in
(Panjkovic, Micheli, and Cimatti 2022)). These simplifica-
tions do not affect anything of what follows, though.

The procedure initializes a queue of to-be-visited states
starting from the initial one, and pops one state at a time
from the queue. When a state satisfying the goal is found,
the sequence S = (Si,...,Sy,) of sets of snap actions that
led to that state is given to a constraint satisfaction procedure
which obtains a plan 7 by scheduling the snap actions under
the following constraints:

1. the order in the sequence: o, (h;) < o.(h;) fori < j;

<
2. the mutex relation: o (h;) # o, (h;) if h;, h; are mutex;
h;

3. the duration bounds: L, < o,(h;) — o(h;) < U, if

hi = a} and hj = a+.

The scheduling step can commonly be performed using a
simple temporal network (Dechter, Meiri, and Pearl 1991).

If the current state is not a goal state, it is expanded to find
its successors. This is the point where the different search
strategies that we consider here differ. The loop at Algo-
rithm 1 ranges over all the relevant subsets of non-mutex
snap actions of the problem (i.e., the set R), which are col-
lected once at Algorithm 1. The definition of relevant sub-
set changes depending on the strategy we are applying, as
defined below. Note that the selection of subsets of snap
actions instead of single ones is crucial for what follows.

Once a subset S has been selected, it is tested for applica-
bility on the current state s.

Definition 22 (Applicability). A subset S of snap actions is
applicable to a state s if the following hold:

1. all preconditions hold in s, i.e., s |= pre(h) forall h € S;
2. no action already running is started again;

3. the over-all conditions are satisfied, i.e., S(s) = pre* (a)
for each running action a (including those just started).

Algorithm 1 Plan existence semi-decision procedure

Require: P = (P, A, I, G) temporal planning problem
1: queue + {I}
2: R < relevant subsets S of non-mutex snap actions
3: while queue # @ do

4: s <— pop from queue
5: if s = G then
6: S + seq. of sets of snap actions leading to s
7: if .S is schedulable into a valid plan 7 then
8: return Yes
9: end if
10: end if
11: for each S € R applicable in s do
12: s« S(s)
13: insert s’ in queue

14: end for
15: end while
16: return No

Definition 22 assumes the procedure keeps track of run-
ning actions on top of the states in the queue, which is not
shown in Algorithm 1 for simplicity. If the selected sub-
set is applicable, it is applied to the current state to obtain a
successor, which is added to the queue for later processing.

As mentioned above, the different strategies we consider
differ for the definition of relevant subsets. In the simplest
strategy, which is incomplete for causal simultaneity, snap
actions are considered singularly.

Definition 23 (Singleton strategy). In the singleton strategy,
a subset of snap actions is relevant iff it is a singleton.

The singleton strategy expands states applying only one
snap action at the time. To see how this choice breaks causal
simultaneity, consider Figure 1. In the construction on the
left, the strategy can choose e.g., to apply ar first, but it is
not applicable because p would not hold after applying it.
Similarly, b- cannot be applied because ¢ would not hold
on the resulting state. The state where both p and ¢ hold,
resulting from applying a- and by together, can never be
visited. A similar situation happens in the construction on
the right of Figure 1. Each of a and b- would violate the
over-all condition of ¢ which would be running at that time.
The state obtained by applying them together can never be
reached. Therefore, the singleton strategy is incomplete, be-
cause it cannot find plans requiring causal simultaneity.

However, note that the singleton strategy successfully
finds a plan for the construction in Figure 2. Indeed, the
search can choose to apply b, which sets p, enabling the
over-all condition of a, which can be started then. Since
ar and by are not mutex, the temporal scheduling step can
(and will) choose to schedule them at the same time. We can
prove that plans requiring temporal simultaneity are indeed
found by the singleton strategy.

Theorem 4. Let P be a temporal planning problem whose
all plans require temporal simultaneity. The singleton
search strategy finds such plans.

Proof. If a plan 7 for P requires temporal simultaneity, by



definition there are linearizations which are causally valid
(but none of them is valid). Any such linearization 7 in-
duces a total order between items, and each item in the total
order is applicable by Definition 22 to the state reached by
applying the previous items. Therefore, the snap actions can
be selected by Algorithm 1 with the singleton strategy in
any such total order. Since 7 requires temporal simultaneity,
some items are simultaneous in 7. Those items cannot be
mutex because 7 is valid, therefore the are no constraints in
the temporal scheduling step enforcing them to be separate,
so the original 7 can be scheduled. 0

Theorem 4 proves that the singleton strategy accepts tem-
poral simultaneity, and indeed one can observe that it can
find the plan depicted in Figure 3, for the same argument ap-
plied in Theorem 3. Therefore, the singleton strategy closely
models the intended incomplete behavior: it is incomplete
for causal simultaneity but supports temporal simultaneity.

We can now provide a different strategy that is semanti-
cally complete for the full semantics of PDDL 2.1, including
causal simultaneity.

Definition 24 (Exhaustive strategy). In the exhaustive strat-
egy every subset of snap actions is relevant.

It is clear that the exhaustive strategy can find all plans,
regardless of their required simultaneity, because any possi-
ble applicable subset of non-mutex snap actions is tried at
each step. Any possible plan 7 can then be found by apply-
ing in order exactly the subsets appearing in 7" and then
scheduling them appropriately. This strategy could be used
to recover semantic completeness in an actual planner but,
in practice, it would be unfeasible, because considering all
the subsets, of which there can be an exponential number,
leads to a huge branching factor.

However, the problem can be mitigated by observing that
many of those subsets are useless and can be pruned, obtain-
ing a complete search strategy with a potentially quite lower
branching factor.

Definition 25 (Pruned strategy). In the pruned strategy, a
subset of snap actions is relevant if and only if it is either a
singleton or independent.

Intuitively, considering subsets of independent snap ac-
tions is crucial to construct plans requiring causal simultane-
ity. If a non-independent subset is applied to a state, its result
can also be reached by applying its snap actions separately,
or grouped into smaller independent subsets. We can there-
fore prove that the pruned strategy is semantically complete.

Theorem 5. Suppose a temporal planning problem P has
a unique solution T that require causal simultaneity. Then,
Algorithm 1 with the pruned search strategy finds .

Proof. Suppose that P = (P, A, I, G) has (only) some plan
requiring causal simultaneity, and let m be one such plan
with 7¢¢ = <<ﬁ0, SQ>7 ey <tn7 Sn>> and S = <So7 ey Sn>
be the sequence of its sets of snap actions. Suppose by con-
tradiction that Algorithm 1 with the pruned search strategy
does not find any plan for P, including 7. Since the strategy
considers as relevant all independent subsets of snap actions,

there is (¢;,.59;) € 7'"? for some set S; that is not indepen-
dent. Now, because 5; is, in particular, not cyclically mutex,
it can be partitioned into a sequence of disjoint maximal sub-
sets (SY,...,S™) such that each S is either a singleton or
independent and there are no h; € S? and h;, € SF with
j < k such that hy T h;. Thatis, (S?,...,S™) are the
topologically ordered strongly connected components of the
eager mutex relation between the elements of S.

Now,letS’ = <So,...,Si_l,SZQ,...,SZn,Si+1,...7Sn>
be the sequence of sets of snap actions of 7 with
(SY,...,5™) injected instead of S;. The number of non-
independent sets in S” decreased with respect to S, so we
can iterate and suppose w.lo.g. that S’ does not have any
non-independent set anymore.

Let S” = (S{,...,S../). Now, one can check that, be-
cause 7 is valid, by construction, starting from I, each S{ 11
is applicable to s;, where sg = I and s;+1 = Si+1(8;).
Moreover, all the SZ{ are independent and non-mutex. There-
fore, Algorithm 1 with the pruned strategy is able to find this
sequence of sets of snap actions. Moreover, at Algorithm 1
the sequence will be schedulable, with a possible solution

being exactly 7. To see this, recall that each Sf above was

non-mutex with all others Sgl subsets of \S;, so the temporal
scheduling step does not have any reason to schedule them
separately, and therefore 7 is a possible solution. This shows
7 can be found by the pruned strategy. O

6 Experimental Comparison

To empirically validate the findings of Section 5, we im-
plemented the three strategy variations of Algorithm 1 in a
temporal heuristic-search planner, similar to OPTIC (Ben-
ton, Coles, and Coles 2012) or TAMER (Valentini, Micheli,
and Cimatti 2020). Our planner is written in Python and
uses the weighted-A* algorithm, meaning that the queue of
states is ordered according to the function f(s), defined as
f(s) = g(s) +w x h(s), where g(s) is the depth of the state
s, h(s) is the heuristic function and w is a weight hyper-
parameter. In our planner we use the hg heuristic (Hoff-
mann and Nebel 2001).

We experimented on four temporal planning benchmarks
taken from the 2018 International Planning Competition
(which is the latest competition with a temporal planning
track). Moreover, since none of the IPC benchmarks exhibits
required simultaneity, we created three synthetic bench-
marks with this feature. Out of the IPC domains, we con-
sidered the MATCHCELLAR, DRIVERLOG, SATELLITE and
PARKING (each featuring 20 instances), because on these
benchmarks our simple implementation was able to solve
more than a few instances. We remark that the purpose
of this experimental analysis is not to propose a planner
that beats the state of the art, but rather to show the per-
formance impact needed to recover semantic completeness
with respect to required simultaneity. As for the synthetic
benchmarks, we created three domains (each with 18 in-
stances) inspired by the three constructions shown in Fig-
ure 1: SIMULTANEITYATSTART requires a number of sets
of actions to start simultaneously with some additional ac-
tions required to be performed at least once to reach the goal.
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Figure 4: Run-time scatter plot comparing the singleton and pruned
strategies on IPC instances (left), and the pruned and exhaustive
strategies (right). In the right plot, we omitted all domains in which
the exhaustive strategy was unable to solve any instance.

SIMULTANEITYATEND does the same requiring the actions
to terminate simultaneously and SIMULTANEITY WITHCLIP
requires some pairs of actions to have simultaneous starting
and ending (as shown in the right part of Figure 1).

We fixed the weight hyper-parameter to 4: we also exper-
imented with other values, obtaining similar comparative re-
sults among techniques, but we reported here the value that
was able to solve the higher number of instances. We ran all
the experiments on an AMD EPYC 7413 with a 1800s time-
out and 20 GB memory limit. All the implementation code
and the benchmarks are available in the additional material
of this submission.

Figure 4 reports the results of our experiments. The left
plot clearly shows that on MATCHCELLAR and PARKING,
the pruned and singleton strategies coincide. This is because
in these domains there are no independent subsets of snap
actions, resulting in the same search space. In DRIVERLOG
and SATELLITE, instead, while the problem does not exhibit

required simultaneity, there are sets of independent snap ac-
tions, causing an increase in the search space size and a con-
sequent slowdown. We note however that the slowdown still
permits to solve many of the instances.

We experimentally confirmed that the singleton strategy is
incomplete for the synthetic benchmarks: it declares all the
problems as unsolvable. The right part of Figure 4 compares
the exhaustive strategy and the pruned one. As expected, and
as clearly shown by the plot, the pruned strategy is consis-
tently much superior to the exhaustive one. Note that for
PARKING, DRIVERLOG and SATELLITE, the pruned strat-
egy is able to solve several instances (as shown on the left
plot), but the exhaustive strategy cannot solve any instance
on these domains.

Refining the Pruned Strategy Implementation As men-
tioned in the previous section, a detailed analysis of state-
dependent rules and syntactical fragments for refining the
subsets of simultaneous actions to be explored is left for fu-
ture work. However, we noted that the all IPC instances only
allow for conditions (both overall or otherwise) expressed as
conjunctions of positive literals. In this very specific sub-
case, we can refine the eager mutex relation as follows, re-
ducing the number of cyclically mutex sets.

1. h C be additionally requires that eff (i) only has positive
effects on propositions mentioned in pre (b);

2. by C h additionally requires that eff (k) only has negative
effects on propositions mentioned in pre*” (b).

Moreover, we do not need to consider any externally mu-
tex set as per Definition 18 for overall conditions that are
conjunctions of literals, because in this syntactical fragment,
the guarantees of Theorem 2 are maintained: Item 3a can be
adapted because all the conditions that are conjunctions of
positive literals trivially satisfy the proof and the refined ea-
ger mutex relation above still satisfy the proof for Item 3b.
We implemented this specialized variation of the pruned
strategy by computing the cyclical mutex sets using the re-
fined relation and only considering non-conjunctive condi-
tions for the externally mutex set computation. We con-
firmed that in all the IPC cases, this strategy collapses to the
singleton strategy and in the synthetic domains it collapses
to the pruned strategy, retaining the best performance in all
the cases and solving the highest number of instances.

7 Conclusions

This paper introduces and studies the concept of required
simultaneity in plans for temporal planning problems, that
arose from constructions employed in the literature to en-
code in PDDL 2.1 modeling features such as intermedi-
ate conditions and effects and conditional effects (Gigante,
Micheli, and Scala 2022).

When tested, these constructions turned out to be not uni-
formly supported by most of the temporal planners known in
the literature, understandably since they do not appear in any
IPC benchmark. Starting from this observation, we studied
the situation both theoretically and experimentally.

On the theoretical side, we identified two distinct no-
tions of required simultaneity, and identified several con-



ditions that allows the definition of stricter semantics for
PDDL 2.1 where either type of required simultaneity is for-
bidden. Then, we approached the problem algorithmically,
providing an abstract search strategy that exhibits the incom-
plete behavior found in most of the tested planners. We then
proposed a complete search strategy that, by applying our
semantic results, can sufficiently prune the branching fac-
tor to minimize the performance penalty to pay to recover
semantic completeness.

Experimentally, we implemented a prototype heuristic
search planner including the discussed search strategies and
confirmed experimentally that semantic completeness with
regards to required simultaneity can be recovered with an ac-
ceptable performance overhead. In particular, we measured
the overhead on selected IPC domains where simultaneity
is never required, showing that our pruned search strategy
performs competitively with the incomplete one.

The conditions applied in the pruned search strategy are
state-independent and therefore necessarily an overapprox-
imation. Looking for state-dependent conditions that cap-
ture exactly all and only the subset of events that necessarily
needs to happen simultaneously is left for future work.
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