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Abstract

Since the introduction of the PDDL+ modeling language,
it was known that temporal planning with durative actions
(as in PDDL 2.1) could be compiled into PDDL+. However,
no practical compilation was presented in the literature ever
since. We present a practical compilation from temporal plan-
ning with durative actions into PDDL+, fully capturing the
semantics and only assuming the non-self-overlapping of ac-
tions. Our compilation is polynomial, retains the plan length
up to a constant factor and is experimentally shown to be of
practical relevance for hard temporal numeric problems.

Introduction

Automated planning is the task of finding a course of ac-
tions to achieve a goal from an initial state given a model of
the system specifying which actions are available, together
with (i) their precondition, what needs to hold in order for
an action to be applicable and (ii) their effect, what needs
to hold when such actions are applied. Temporal planning is
the extension in which actions are assumed to last for some
interval of time, and so we look for a plan that is schedula-
ble too, i.e., actions need to be done in specific points over
a potentially unbounded timeline, with conditions required
to hold at the beginning, at the end and during the execution
of the action. Temporal planning problems can be compactly
represented in the PDDL 2.1 language (Fox and Long 2003).
A number of solutions have been proposed to han-
dle PDDL2.1 problems, ranging from forward heuristic
search in the space of possible schedules (Coles et al.
2010; Benton, Coles, and Coles 2012; Valentini, Micheli,
and Cimatti 2020) to satisfiability-based bounded reduc-
tions (Cardellini and Giunchiglia 2025). Among these ap-
proaches, compilation-based techniques are particularly ap-
pealing, as they allow temporal reasoning to be delegated to
more expressive or better-supported target languages. Build-
ing on this line of work, this paper studies a compilation
method that transforms a temporal planning problem speci-
fied in PDDL2.1 into an equivalent formulation in PDDL+.
PDDL+ is yet another extension of classical planning
which provides a different take to the problem of represent-
ing timed and hybrid systems. Instead of having durative ac-
tions, in PDDL+ a system over time is modeled through a
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combination of processes, events and instantaneous actions.
Processes model the system evolving over time through dif-
ferential equations, and events dictate what needs to change
instantaneously if some condition is satisfied.

Our compilation is rooted in the known observation that a
durative action can be compiled into a combination of pro-
cesses and events/actions (Fox and Long 2006), but we con-
tribute the first fully spelled-out formal account to approach
this problem rigorously. Moreover, the expressiveness of
PDDL+ makes it easier to extend the input problems with
a number of features that are not well supported by many
temporal planners, such as numeric state variables, delayed
effects and timed initial literals. Our compilation provides
a comprehensive account for the full semantics of temporal
planning resulting in an encoding that is sound, complete
and polynomial on the size of the input problem.

To shed some light on the practical benefit of this com-
pilation we run an experimental campaign on a number
of temporal numeric domains. Surprisingly, PDDL+ plan-
ners prove competitive, and often superior, to state-of-the-
art temporal planners on rich numeric temporal problems.
This may inform a more precise understanding of the core
difficulties in temporal planning.

Background

We start by defining a temporal planning problem, adapting
the PDDL 2.1 level 3 language (Fox and Long 2003).

Definition 1. A temporal planning problem P* is a tuple
(F,X,I,A", A%, G) where:

o Fis a finite set of boolean fluents (predicates);

e X is a finite set of numeric rational fluents;

e [ : FUX — BUQ is the initial state, assigning each
fluent to its initial value;

o A is a finite set of instantaneous actions; each a € A®
has a precondition formula pre, over F'U X and a set of
boolean and numeric effects eff , of the form f .= { L, T} if
f € For f <« ewith<¢€ {:=,+=} and e being a numeric
expression over X, if f € X.

o A% is a finite set of durative actions; each a € A? has
lower and upper duration bounds l, < u, € Qso, a pair
of starting ar- and ending a instantaneous “snap” actions,
and an overall invariant formula ~y, over F'U X.

* G is the goal expressed as a formula over F'U X.



We partition A¢ into A% 1] AY%" with A/ = {a € A? |
lo = uq} being the set of durative actions with a fixed du-
ration (therefore, AY®" is the set of durative actions with
variable duration). Moreover, given a (snap) instantaneous

action a, we write: V7"* £ yars(pre,) for the set of flu-

ents occurring in pre,; V,© £ Ve U Uireereeq, vars(e)

for the fluents read by the precondition or by any effect
—  def

of a; V=
V= &f U(st=e)eeg, {f} for the increased fluents; and
| ] V.,=u Vj: for the effected (written) fluents.

Definition 2. A temporal plan wtis a finite set of triples of
the form (t,a,d), where t € Qxq is the starting time, a €
A" U A4 is the action to execute and d € Q> is the action
duration, s.t. l, < d < ug ifa € A% andd =0 ifa € A%

We present an adaptation of the non-self-overlapping se-
mantics by Gigante et al. (2022). A state is a total assign-
ment of values to fluents; given a formula e defined over
F U X, we write s(e) for the value of e in s obtained by
substitution and constant propagation. Given a state s and
an instantaneous action a, a is applicable in s if s(pre,) is

U(f::e)@ﬁ {f} for the assigned fluents;

true (s = pre,) and the successor state s’ & a(s) is such
that s'(f) = s(e) if f := e € eff,, s'(f) = s(f) + s(e) if
fH+=-ec€eff,, s(f) = s(f) otherwise.

Let 7t & {(t1,a1,d1),. .., (tn,an,dy)} be a temporal
plan for a planning problem P! = (F, X, I, A*, A% G). Let
H™" be the set of timed (snap) actions for 7! defined as
{(tiyai) | ai € A} U{(tisair) | ai € AT} U{(t; +
diya; 5) | a; € A}, Lett5,t5,...,t5,_; € Q be the times
appearing in H™ (that is, A(t,a) € H’Tt.tj = t) ordered
s.t. tj- < tj 415 moreover, we add an arbitrary final time:

def

ty, =1t _1 + 1. We define the set of “happenings” at step j
as the set H; = {a | t; =t and (a,1) € H™}. We can now
give the semantics of temporal planning: the plan 7¢ is valid
if there exists a sequence of states s, . . . , S, such that:

1. so = I and s,, = G (initial state and goal constraints),

2. foreach 0 < j < m and each a € H;, s; = pre, (all
conditions for happenings at step j are satisfied);
3. for each 0 < j < m, Sj41 = bo(bl( bk(Sj))), with
H; = {bg,b1,...,bs} for an arbitrary ordering (a state is
the result of applying all the effects of all happenings);
4. foreach 1 < i < n with a; € A%, if t5 = t; and t}
t; + di, sw = v(a;) forall j < w < k (overall conditions);
5. for each 0 < j < m and each pair of instantaneous ac-
tionsa#be H;, VNV =V, NVY=V=NV;==0
(no interfering actions at the same time);
6. Forall j # k € [1,n],tj >ty +dporty >t +d;
(no-self-overlapping constraint).

The target of our compilation is a PDDL+ (Fox and Long
2006) problem, formalized below.

Definition 3. A PDDL+ problem is modeled as a tuple
(F,X,I,G, A, E, P) where:
» F'is a finite set of boolean fluents (predicates);
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* X is a finite set of numeric rational fluents;

e [ : FUX — BUQ is the initial state, assigning each
fluent to its initial value;

* G is a goal condition expressed as a formula over F'U X.
e A, FE are two finite sets of instantaneous actions and
events resp.; each action/event x is defined by a set of pre-
conditions pre,, and a set of effects eff .

* P is a set of processes each p € P having a precondition
formula pre,, over FUX and a set of effects eff , of the form

%f +=ewith f € X and e is a formula over X.

Definition 4. A PDDL+ plan is a pair (1, t.), where t. €
Q is the plan makespan and © is a finite sequence of pairs
(ti, ai) witht; <t., € QZO'

Following Percassi, Scala, and Vallati (2025), we assume
a discretization time quantum § € Q. A plan is well-formed
if t, and all times ¢; are multiples of 6. A plan (77, ¢,.) is
valid for a PDDL+ problem (F, X, I, G, A, E, P) if there
exists a sequence of states (similarly to the temporal case)
50,.-.,5m with 5o = I and 7 = ¢ defined as follows. Let
fj— = 4 - j be the time of state 5; and let the sequence of
“action happenings”™ H;" at step j be the sequence of actions

from 7 happening at time #3; ie., H' = (a;,...,aitk)
where (t;,a;),..., (titk, @itx) is @ maximal sub-sequence
of 7t witht; = -+ = t;4p = t2. Given a state 5, we in-

herit the definitions of action applicability from above and
generalize them for events in the obvious way. We define
the event completion of § (written 57) as the fixed-point
state reached after applying any applicable event in 5 and
then any other applicable event in the resulting state, until
no event is applicable anymore. For each j, we define the fi-
nal state at step j as 55" = by(by (- (b(577) 7))~ with
H¢ = (bo,b1,...,bx) (intuitively, we apply all actions or-
dered by 7" to the event completion of 5; and after every
action we perform an event completion). We can now de-
fine the state transition: for every 0 < j < m, we define
5;41(f) = §§”d(f) for every f € F, and for every x € X:

> FUe
pEP, (m+:e)€€ﬁp

—end| .
55" =pre,,

5j1(2) = 557 (@) +

Intuitively, we set every predicate to its final value at step
j and compute the value of the numeric fluents after some
passage of time by applying a discretized step aggregating
the contribution of every active process. Finally, the plan is
valid if 8, = G, and each a; € H" is applicable in 5;”.

Compile Temporal Planning into PDDL+

In this section, we formally define our compilation from
temporal planning into PDDL+. Intuitively, we formulate
a PDDL+ problem where each durative action is emulated
by a triplet (action, process, event) for fixed duration ac-
tions, and (action, process, action) for flexible duration ones.
To only encode valid temporal plans, we need all temporal
points from 1-6 (see previous section) to hold. We introduce
a number of auxiliary boolean and numeric state variables,
and use them to constrain actions properly, and propagate



processes and events when necessary. A key step is the in-
troduction of lock preconditions-effects, a machinery em-
ployed to prevent interfering actions to happen at the same
time. Below, we formalize the encoding.

In the following, we assume a temporal planning problem
def

= (F,X,I,A", A? @) is given, and we define the com-
piled PDDL+ problem 1 & (F, X, I,G, A, E, P).

Let FX ¥ F U X; we start with the fluents definition.

= def

FEFU{ok}U{r,|aec A} U{rly,aly,ily | f € FX}
XE X U{oc,gc} U{cy | ae AT}

In addition to the fluents of II, we add a new ok predicate
that will be required by every action in the compiled model
and by the new goal, this will be used to “abort” a plan that
violated some constraints. We also add two numeric fluents,
oc and gc, to count the number of actions started but not
terminated and to distinguish the time in consecutive steps,
respectively. Moreover, for every durative action a, we add
a predicate r,, which will be kept to true while a durative
action is running, and a numeric fluent ¢, which will be used
to measure the time since the start of a. Finally, for every
fluent f we define three “lock™ predicates, rlf, alf and il ¢,
that will be used to enforce mutual exclusion constraints.
The initial state and goal condition are defined by simply
augmenting the original initial state and goal as follows.

7 def

IT= {ok=T,oc=gc=0}U{r,=1,c,=0]ac A%} U
{riy=aly=ily=T | fe FX}UI

= def

G=GANokNoc=0

Before defining the rest of the compilation, the following
definition provides the key machinery for encoding the non-
interference constraints.

Definition 5. Given an instantaneous action a, we define the
lock precondition )\, as:

/\ (alf /\ilf) AN /\ (Tlf /\ilf /\alf) A\ /\ (Tlf /\alf).
fevy fevi= feva=

Moreover, we define the lock effects L, as the set:

{aly = L] feVi=}yU{ily == 1| f € VI=}U
{Tlf =1 | f € Var}.

Intuitively, we will augment every happening associated
with an instantaneous action or with the start or end of a
durative action with its lock precondition and effects; if all
locks are reset to T at every time step (see & below), no pair
of interfering happenings can appear at the same time.

We now define the core of the translation starting from ac-
tions: we introduce a PDDL+ action for every instantaneous
action, start of durative action and termination of non-fixed
durative action in the original problem: A = {a' | a €
AYu{a" |a € A%} u{a™ | a € Av*"} defined as follows.

a < (pre, A ok A g, eff 4 U Lg)
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Instantaneous actions are simply augmented with the ok pre-
condition (common to all other actions and events in the
compilation) and with the lock preconditions and effects.

Durative actions are split into their starting and ending
timepoints; fixed-duration actions will be terminated by an
event (¢, defined below), while variable-duration actions are
terminated by the @™ actions.

a < (preq, A ok Ada, A1,

effa, ULq U{ry:=T,cq:=0,0c+=1})

The starting of every durative action a corresponds to the a-
snap action, we add the —r, precondition to enforce non-
self-overlapping and we set r, to true, we reset the clock ¢,
because we are just starting the action, and we increase oc
to signal that a new action started but has not finished yet.

a7 d:ef(pre(“ Aok ATa Nl < ca < g AXa,
6‘[][‘(14 ULa4 @] {Ta = J_,OC += 71})

To terminate a non-fixed durative action a, we require r, and
that the duration constraint is satisfied with [, < ¢, < ug;
we then reset r,, to false and decrement oc.

We have two types of very simple processes in our com-
pilation that are used to keep track of the time passing while
an action is running and to continuously increase gc for the
mutex construction we will describe below. The compilation
processes are then P = {p, | a € A%} U {p’} with:

padz“(okma,{%ca =1}) (ok,{%gc:l})

In the compilation, events serve several purposes, each en-
coded in a different subset: E < EUES"UEerpirey (&},
E‘ﬁ” (& | a € AT} encodes the termination of fixed-

duration actions, E** & {5 | a € A%} ensures that overall
conditions of durative actions are not violated, E¢*Pi"¢ en-
sure that no plan prefix has variable duration actions that are
not terminated within the duration upper bound and & resets
all the lock variables immediately after a time-elapse.

g def

é:d:ef(prem/\ok/\ra/\cazla/\)\aﬁ/\gczoy
6ﬁ04 ULlH U{Ta =1, 0c+= —]_})

The termination of fixed-duration actions is analogous to the
variable duration ones, but is an event scheduled at the fixed
duration (I, = u,), measured by c,. We also require gc to
be 0 to execute this event after &, as explained below.

£ (0k Arg A —ya, {0k == 1})

Overall conditions are enforced through the ok predicate: if
we reach a state where action a is running (7, is true) and
its overall conditions are not satisfied, we set ok to false,
making this prefix invalid, because ok can only be falsified,
and never restored to true. Similarly, if a durative action with
variable duration is not terminated within its duration upper
bound (r, Ac, > u), we immediately set ok to false. (This is
not strictly needed for correctness, as gc would never return
to 0, but is useful for performance.)

[Eexpire def {(Ok ATg A Cq > 'U/cw{Ok — L}) | a € Avar}

S
€, =



Domain | ENHSP | ENHSP | ARIES | OPTIC | TAMER | TFLAP | Next- | Paty
LG ‘ WA ‘ ‘ ‘ ‘ FLAP
MatchCellar[ 7 12 20 9 7 20 2 | 4
MalSP 20 19 18 | NJ/A | 20 | N/A | N/A | N/A
T-Plant-Wat | 20 16 15 20 12 0 0 | 13
T-Sailing 11 20 6 7 3 2 7|2
Toal80) | 58 | 67 | 59 | 36 | 42 | 22 | 9 [ 19

Table 1: Coverage analysis domain by domain, planner by
planner. Bold for best, N/A for Not Applicable.

Finally, we have a single event that restores the locks:

g (ok A ge > 0,{gc:=0}U
{Tl;c = T7:13wl = T7Zl.L =T | MRS FX})

The idea of this “lock” construction is that in a certain time
we start the chains of happenings with the event & that resets
all the locks, then we can execute other actions or events, but
every time we “read” a fluent f (either in a precondition or
in the right-hand-side of an effect) we set rl; to false, ev-
ery time we have an assignment or increment effect of f we
set aly or il respectively to false. Thanks to the lock pre-
conditions, we forbid reading a variable if it was previously
(in the same “superdense” time) assigned or incremented,
we forbid an assignment if it was previously assigned, in-
creased or read, and we forbid increments if it was previ-
ously assigned or read. The whole trick is that gc will be
continuously increased by a process, so in the subsequent
times, the locks are automatically reset by the event & and
the locks are released. This faithfully captures the semantics
of non-interference we outlined for temporal planning.

_ Givenaplan (71, ¢t.) with @™ = (t1,a1), ... (tn, ay) for
II, we define the temporal plan 7 solving II as:

7 9{(t,a,0) | (t,a") € T}U
{(t-,a,12) | (t-,a") € Tand a € AT"IU
{(te,a,t5 —t-) | (t-,a"), (t5,a7') € 7 and
At <t <ty (t' d")er}

In the extended version of this paper (Micheli, Scala, and
Valentini 2026), we prove that the compilation is sound and
complete. Indeed, if a plan (77, ¢.) is found for II, so is 7
for 1I. This follows by proving that constraints 1-6 for the
validity of a plan are all implied by the existence of a state
sequence induced by (7, t.). Completeness is more chal-
lenging: we prove that for every temporal plan, there exists a
sufficiently small ¢ for which there is a corresponding valid
PDDL+ plan for II. Finally, we note that the compilation is
polynomial in size and the plan length is at most doubled.

Experimental Evaluation

We experimented with our compilation over a selection of
temporal numeric domains. We focused our attention on
problems requiring intertwined reasoning between numeric
and temporal aspects, where the concurrency of the dura-
tive actions is necessary to solve the instances. As repre-
sentative of temporally interesting domains, we took the
classic Matchcellar IPC domain and MAJSP from (Micheli
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Figure 1: Cactus plot (left) and run-time scatter plot for
highest-coverage planners (right): we indicate MatchCellar
as ¥V, MaJSP as e, T-Plant-Wat. as ¢ and T-Sailing as .

and Scala 2019). Then we introduce two new domains,
T-Sailing, and T-Plant-Watering. T-Sailing extends Sailing
(Scala et al. 2020a) by requiring a boat not only to rescue
the persons in some specific area of the cartesian space, but
also to do so under a specific deadline. If the boat arrives too
late, the person cannot be saved anymore. T-Plant-Watering
extends Plant-Watering (Frances and Geffner 2015) by im-
posing temporal constraints between pouring and opening
the tap. The task becomes a collaboration involving two dis-
tinct agents: one carries the pump used to water the plants,
but can begin watering only when the other agent simultane-
ously performs the task of opening the tap. Benchmarks are
available at https://github.com/hstairs/time2processes.

For each domain we have 20 instances, mostly scaling
with the number of objects. Our analysis focuses on cover-
age (number of solved instances per domain) and run-time.
ENHSP is used as the PDDL+ planner, run with two dif-
ferent engines, i.e., lazy greedy best-first search (ENHSP-
LG) and WA* (ENHSP-WA), both with the A™"P heuristic
(Scala et al. 2020b). In LG, we used focus search as in Scala
and Bonassi (2025); in WA* we use w = 4. The compiler
is implemented within the unified planning library
(Micheli et al. 2025), and also supports delayed effects and
timed initial literals; roughly, we emulate them with events
triggered at the proper time (we omit the formal description
due to space constraints). We compare the compilation with
native state-of-the-art temporal planners, i.e., ARIES (Bit-
Monnot 2023), NextFLAP and TFLAP (Sapena, Onaindia,
and Marzal 2024), OPTIC (Benton, Coles, and Coles 2012),
TAMER (Valentini, Micheli, and Cimatti 2020) and Patty
(Cardellini and Giunchiglia 2025). Experiments were run on
an AMD EPYC 7413; 1800s timeout, 20 GB memory limit.

Results. Figure 1 shows per-domain coverage. ENHSP-
WA got the highest coverage. (Some planners do not sup-
port MAJSP for lack of delayed effects support.) For purely
temporal domains, temporal planners are faster, yet both
ENHSP engines proved competitive, especially in MAJSP.
Over temporal numeric domains, ENHSP-WA provided su-
perior performance overall. Figure 1 (right) shows a pairwise
analysis on run-time for the two best performing planners
ARIES and ENHSP-WA. ARIES scales better in Matchcel-
lar, ENHSP-WA better over the temporal numeric domains,
highlighting a great deal of complementarity. Finally, Fig-
ure 1 (left) shows the number of instances solved over time,
confirming the strength of our compilation.
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