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Abstract
In classical planning, conditional effects (CEs) al-
low modelling non-idempotent actions, where the
resulting state may depend on how many times
each action is consecutively repeated. Though CEs
have been widely studied in the literature, no one
has ever studied how to exploit rolling, i.e., how
to effectively model the consecutive repetition of
an action. In this paper, we fill this void by (i)
showing that planning with CEs remains PSPACE-
complete even in the limit case of problems with
a single action, (ii) presenting a correct and com-
plete planning as satisfiability encoding exploiting
rolling while effectively dealing with constraints
imposed on the set of reachable states, and (iii)
theoretically and empirically showing its substan-
tial benefits.

1 Introduction
In classical planning, the environment in which agents op-
erate is represented through Boolean variables, and actions
are idempotent, i.e., applying the same action once or mul-
tiple times results in the same state. The idempotence prop-
erty falls if we introduce conditional effects (CEs), i.e., state-
dependant effects of actions. Dealing with a single ap-
plication of an action with CEs has been extensively stud-
ied and two main approaches exist: either (i) one deals
with CEs in a native way, i.e., by encapsulating CEs di-
rectly in the procedure searching for a plan [Rintanen, 2011;
Röger et al., 2014; Katz, 2019], or (ii) one compiles-away
actions with CEs [Gazen and Knoblock, 1997; Nebel, 2000;
Gerevini et al., 2024]. Logic-based native approaches (see,
e.g. [Rintanen, 2011]), are all based on planning as satisfia-
bility (PaS) [Kautz and Selman, 1992] where a planning task
Π is solved by first encoding Π into a corresponding logic for-
mula Πn incorporating a bound (or number of steps) n, and
then searching for a model of Πn, increasing n upon failure.
In all existing PaS approaches, an action a can be applied at
most once per step, and thus, a plan with r consecutive rep-
etitions of a will be found in a number of steps n ≥ r. The
rolling technique, introduced for numeric planning in [Scala
et al., 2016], allows modelling consecutive repetitions of a in
a single step, thus reducing the bound n. Rolling has proved

to be very effective in numeric planning [Scala et al., 2016;
Cardellini et al., 2024]. Similarly to the numeric case, con-
straints on the state-space must be carefully handled while
rolling to assure the plan’s validity [Scala et al., 2016].

In this paper, we ask if rolling can be effectively exploited
also in classical planning with CEs and constraints. Firstly,
we show that planning with CEs remains PSPACE-complete
[Nebel, 2000] even in the limit case of problems with a single
action, and thus, finding how many times the action has to
be consecutively applied is a difficult problem on its own.
Secondly, we present a PaS encoding in which an action can
be consecutively repeated in a single step. Given an action
a, we (i) compute its transition relation Ta representing all
the states reachable after one application of a, (ii) compute
its transitive closure (TC) relation T +

a (see, e.g., [Matsunaga
et al., 1993]) representing the states reachable after at least
one application of a, and (iii) define a PaS encoding Π+,
exploiting a propositional variable a+ to denote if action a is
applied at least once, and T +

a to compute the states reachable
with a. Given a model for the encoding Π+ at bound n, we
determine the number of times each action a is applied by
exploiting the intermediate formulae used to compute T +

a .

Since deciding the reachability of a state by repetitions of
an action with CEs is PSPACE-complete, the computation of
the TC T +

a can become impractical. To alleviate this burden,
we (i) show how constraints can be leveraged to simplify T +

a ,
and (ii) construct T +

a through Reduced Ordered Binary De-
cision Diagrams (simply BDDs) [Bryant, 1985], which have
been widely employed for this purpose in Model Checking
[Burch et al., 1992; Clarke et al., 1996] due to its often com-
pact representation and canonicity. If the computation of T +

a
becomes unpractical even then, we can limit the time on the
construction of T +

a and exploit the intermediate formulae T m
a

with m ≥ 0 produced while constructing T +
a – in the best

case being T m
a = T +

a and in the worst case being T 0
a = Ta

– modelling the states reachable in up to 2m repetitions of a,
reducing by a factor of 2m the bound required to find a plan.

We prove that our approach is correct and complete, and
run an experimental analysis on novel domains where a plan
must have repetitions of an action. The analysis confirms our
theoretical results and, by comparing to the case where rolling
is disabled, confirms the benefits of rolling.



2 Complexity of Rolling
In this section, we present our main complexity result for
classical planning with CEs.

Theorem 1. Deciding whether a valid plan exists for a clas-
sical planning task with CEs and with only one action is
PSPACE-complete.

Sketch Proof. Let Π = ⟨V, {a}, I, G,⊤⟩. (Membership) The
problem is in PSPACE because the size of a state is bounded
by |V | and we iteratively apply a from I until we reach sn |=
G. Since there are at most 2|V | possible states, no more than
2|V | repetitions of a are required to reach sn. (Hardness) The
proof relies on encoding the mechanism of a Deterministic
Turing Machine (DTM) with bounded tape into a planning
task with CEs Π, and that a valid plan for Π exists iff the DTM
accepts.

3 Rolling Actions with Conditional Effects
In this section, we show how to exploit rolling of actions with
CEs. Firstly, we describe the concept of transition relation,
i.e., a logic formula denoting the states reachable with one
application of an action. Then, we show how to compute its
transitive closure (TC), obtaining a logic formula denoting all
the states reachable by at least one repetition of an action.

Let Π = ⟨V,A, I,G,C⟩ be a planning task. The transition
function of a ∈ A is a function Ta : S × S 7→ {⊤,⊥} such
that, for each s, s′ ∈ S, we have Ta(s, s

′) = ⊤ iff (i) a
is applicable in s and (ii) s′ = res(s, a). Notice how, for
now, we allow s, s′ ̸|= C, which we will disallow later on.
As standard for PaS encodings (see, e.g., [Rintanen, 2011]),
we model an action’s transition function through a transition
relation Ta.

Let a be an action of Π with transition function Ta. The
TC function of a is T+

a : S × S 7→ {⊤,⊥} such that for each
state s, s′ ∈ S, T+

a (s, s′) = ⊤ iff (i) a is applicable in s,
and (ii) there exists a valid sequence ak with k ≥ 1 such that
s′ = res(s, ak).

The TC function T+
a can be computed iteratively (see, e.g.

[Matsunaga et al., 1993]) using the TC relation T +
a , starting

from the transition relation Ta. Let T i
a (X ,X ′) be the i-th step

transition relation of a, such that T 0
a (X ,X ′) = Ta(X ,X ′)

and for each i ≥ 0,

T i+1
a (X ,X ′′) = C(X ) ∧ C(X ′′) →
T i
a (X ,X ′′) ∨ ∃X ′ : T i

a (X ,X ′) ∧ C(X ′) ∧ T i
a (X ′,X ′′), (1)

where C(X ) is obtained by replacing the variables in C with
the ones in X (and similarly for X ′ and X ′′). The models
of T i

a represent the states s, s′′ ∈ S such that the i-th step
transition function T i

a(s, s
′′) = ⊤. Notice how T i+1

a (s, s′′)
is true if either s ̸|= C or s′′ ̸|= C. The requirement that
s, s′′ |= C will be enforced in Sec. 4.

Continuing the computation, by the finiteness of the states,
there exists a p ≥ 0 – called the fix-point index of Ta– such
that T p

a (X ,X ′) is logically equivalent to T p+1
a (X ,X ′). By

representing each T i
a with BDDs, which are canonical repre-

sentations of propositional formulae, we check logical equiv-
alence of T p and T p+1 by assessing if they have the same

BDD. The TC relation T +
a is thus the fix-point relation T p

a .
The function T i

a(s, s
′) thus specifies if s′ is reachable from s

in at most 2i repetitions of a.
As stated in the introduction, the TC computation can be-

come intractable, due to formulae becoming exponentially
long, even when employing BDDs. However, the computation
of the TC can be stopped at any time, before its fix-point index
p, returning the last computed relation T m

a with m ∈ [0, p],
which models the states reachable with up to 2m repetitions
of a. We name m the timeout index.

4 The Closure-Encoding
Let Π = ⟨V,A, I,G,C⟩ be a planning task. For each ac-
tion a ∈ A, let Ta(X ,X ′) be the transition relation of a and
let T +

a (X ,X ′) be its TC relation. We now present the clo-
sure encoding Π+ for Π. As standard for PaS approaches,
the sets X , A, X ′ represent the current state, action, and
next state variables. In A there is a propositional variable
a+ for each action a in A, denoting if a is repeated at least
one time. The current state variables X are equal to V and
the set X ′ is a copy of X . The closure-encoding for Π is thus
Π+ = ⟨X ,A, I(X ), T +(X ,A,X ′),G(X )⟩ in which I(X )
and G(X ) are the formulas denoting the initial state and the
goal condition, respectively, and T +(X ,A,X ′) is a closure
symbolic transition relation, i.e., the conjunction of the union
of the following sets:

1. closure+(A, V ), which contains, for each action a ∈ A,

a+ → T +
a (X ,X ′),

i.e., if a+ is executed, X ′ must be reachable from X in
at least one repetition of a,

2. frame+(V ), which contains, for each v ∈ V ,

v′ ̸= v →
( ∨

a:v∈add(a)

a+ ∨
∨

a:v∈del(a)

a+
)

i.e, an action must have triggered the change of v,
3. amo+(A), where for each a1 ̸= a2 ∈ A we have,

¬(a+1 ∧ a+2 )

i.e., at each step, at most one action is applied,
4. constraints+(V,C), where we have,

C(X ) ∧ C(X ′),

ensuring the respect of C, skipped in Eq. 1.

5 Conclusions and Future Work
We presented a technique to perform rolling in classical plan-
ning with CEs and constraints, which was previously unex-
plored. We theoretically and experimentally demonstrated
that the approach is interesting and beneficial. In the future,
we plan to (i) minimize the bound even further by integrating
our TC approach in the latest SOTA PaS approach [Cardellini
et al., 2024] where a finite sequence of actions is employed to
apply different actions in the same step and (ii) study how to
compute the TC of multiple actions, effectively combining the
possible effects of different actions in one transition relation.
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