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Abstract

Space applications require software systems that are
both autonomous and safe. Planning techniques
can automatically generate plans that achieve given
goals. Formal verification techniques, like model
checking, can guarantee a higher degree of safety.
In this paper, we combine planning and formal ver-
ification techniques in order to address the problem
of “Safe Planning”. By “Safe Planning”, we mean
the task of generating/validating plans that not only
achieve the goal, but verify also a set of other user
defined properties, e.g., safety properties.

This work has been carried out in the context of
“SACSO” (SAfety Critical SOftware for planning in
space robotics), a national project funded by the Ital-
ian Space Agency (ASI).

1 Introduction

The increasing complexity of the services requested
to robotic devices in space applications results in
a need for more and more sophisticated and au-
tonomous systems. A compelling requirement for
space autonomy led to the development of systems

that perform complex, time consuming and critical
tasks, possibly without the need of human inter-
vention [1]. Planning is a research area in artifi-
cial intelligence aiming at the construction of sys-
tems — called planners — that enable a robot to
autonomously synthesize a course of actions that will
achieve its goals. Planning has been studied since the
early days of Artificial Intelligence (AI); recently the
interest has been renewed and the results abound,
with systems able to automatically generate plans
with more than 100 actions. See, e.g., [1], for an
application of planning techniques to space robotics.

On the other hand, the same increasing complex-
ity of the requested services, causes an analogous in-
crease in the complexity of the specifications and of
the programs controlling the robotic devices. Con-
cerns arise about the correctness of the program,
about the correctness of the specifications of the pro-
gram and/or of the environment in which the robots
are supposed to operate (see, e.g., [2]). Model check-
ing (see, e.g., [3]) is a research area in computer sci-
ence devoted to the definition of procedures for the
automatic verification of programs and/or specifica-
tions. Current model checkers, are able to efficiently
verify systems with more than 10120 states [4]. The
characteristic that makes model checking particu-
larly attractive is that it is a “push button” tech-
nology: it is completely automatic.

There are two striking similarities between plan-
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ning and model checking: Both perform state-space
exploration, and both are fully automatic. However,
the planning and formal verification fields have until
recently evolved separately, each adopting and de-
veloping its own techniques and tools. In the last
few years, we have seen a cross-fertilization between
these two areas in which ideas originally thought in
formal verification have been successfully employed
in planning (see, e.g., [5, 6]), and vice versa (see,
e.g., [7]). More in details, in [5], the authors show
how it is possible to use Ordered Binary Decision
Diagrams (BDDs) —traditionally used in formal ver-
ification [8] — for planning. In [7], the authors show
how it is possible to adopt the Davis, Logemann,
Loveland procedure [9] for state exploration —an
idea at the basis of the “planning as satisfiability”
framework proposed in [10]. These works show that
it is possible to adopt model checking techniques for
generating plans that achieve a given goal, e.g. lead
the system to a desired state.

In this paper, we address the problem of “safe
planning”. By “safe planning”, we mean the task
of generating/validating plans that not only achieve
the goal, but verify also a set of other user defined
properties, e.g., safety properties. This is particu-
larly important in the context of space applications,
where autonomy and safety are indeed two crucial
properties any system has to guarantee. More in de-
tails, we show how it is possible to further exploit
the similarities between planning and model check-
ing, and define procedures

• for the validation of user defined plans with re-
spect to given (safety) properties, and

• for the generation of plans satisfying the desired
properties.

In this paper we focus on one of the possible tech-
niques for safe planning, the planning as satisfiability
approach introduced in [10] in the classical setting,
and extended in [11] for dealing with nondetermin-
istic domains. Other approaches —and in particular
approaches BDD-based approaches— are also possi-
ble and briefly discussed in the conclusions.

The current work is part of “SACSO” (SAfety
Critical SOftware for planning in space robotics), a

national project funded by ASI. In this project, our
goal is to incorporate the techniques here described
in JERRY [11], a system that supports the interac-
tive design, planning, control and supervision of a
autonomous systems operating in a space environ-
ment.

The paper is structured as follows. In Section 2 we
briefly introduce the basic planning terminology and
definitions used in the rest of the paper. Section 3 is
devoted to the introduction of the temporal logic we
use to formally define the properties that safe plans
have to meet. In Section 4 we show how it is possible
to check whether a valid plan (either user defined, or
automatically generated by a planner) is also safe.
The automatic generation of safe plans is the object
of Section 5. In Section 6, we draw some conclusions,
discuss some related work, and discuss how different
techniques based on BDDs can be applied to safe
planning.

2 Possible and Valid Plans

We start with a set of atoms partitioned into a set
of fluent symbols and a set of action symbols. In-
tuitively, a fluent represents a property of the world
that changes over time, because of the execution of
actions. A formula is a propositional combination of
atoms. An action is an interpretation of the action
symbols. A state is an interpretation of the fluent
signature. A transition is a triple 〈s, a, s′〉 where s,
s′ are states and a is an action: Intuitively s is the
initial state of the transition, and s′ is its resulting
state. Intuitively, to execute an action a means to
execute concurrently the “elementary actions” rep-
resented by the action symbols satisfied by a.

An action description D is a finite set of expres-
sions describing how actions change the state of the
world, i.e., the set of possible transitions. We do not
make any assumption on D, except the following:

1. the effects of actions depend on the state of the
world in which they are executed.

This restriction does not allow for “non-markovian”
action descriptions like the one definable in
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ARD [12]. Under the assumption that D is Marko-
vian, it is possible to associate a transition diagram
with each action description D. The transition dia-
gram represented by D is the directed graph which
has the states of D as vertices, and which includes
an edge from s to s′ labeled a for every transition
〈s, a, s′〉 that is possible according to D. Notice that
D may be deterministic or non-deterministic.

Besides the above assumption, we also assume that

2. it is possible to compute a propositional formula
trDi whose satisfying assignments correspond to
the possible transitions caused by the execution
of an action in D.

More in detail, we assume that in trDi there is a
propositional variable Ai for each ground action sym-
bol A, and two propositional variables Fi and Fi+1

for each ground fluent F in D: Intuitively, Fi repre-
sents the value of F in the initial state of the tran-
sition, and Fi+1 represents the value of F in the re-
sulting state, after having performed the action.

As in the standard planning literature, a planning
problem for D is characterized by two formulas I and
G in the fluent signature, i.e., is a triple 〈I,D,G〉,
where I and G encode the initial and goal state(s)
respectively. A plan (of length n ≥ 0) is a finite
sequence a1; . . . ; an of actions.

Consider a planning problem π = 〈I,D,G〉. Intu-
itively, to ensure that a plan a1; . . . ; an is valid, we
have to check

• that the plan is “always executable” in any ini-
tial state, i.e., executable for any initial state
and any possible outcome of the actions in the
plan, and

• that any “possible result” of executing the plan
in any initial state is a goal state.

In order to make the above definition precise we have
to give the following definitions.

A history for an action description D is a path in
the corresponding transition diagram, that is, a finite
sequence

s0, a1, s1, . . . , an, sn (1)

(n ≥ 0) such that s0, s1, . . . , sn are states, a1, . . . , an

are actions, and

〈si−1, ai, si〉 (1 ≤ i ≤ n)

are transitions which are possible according to D. n
is the length of the history (1).

A plan ~a = a1; . . . ; an is possible for π if there
exists a history (1) for D such that

• s0 is an initial state, and

• sn is a goal state.

An action a is executable in a state s if for some
state s′, 〈s, a, s′〉 is a possible transition according to
D. Let s0 be a state. The plan a1; . . . ; an is always
executable in s0 if for any history

s0, a1, s1, . . . , ak, sk

with k < n, ak+1 is executable in sk. Assume that
~a is a plan which is always executable in a state s0.
A state sn is a possible result of executing ~a in s0 if
there exists a history (1) for D.

A plan ~a = a1; . . . ; an is valid for π if for any initial
state s0,

• ~a is always executable in s0, and

• any possible result of executing ~a in s0 is a goal
state.

Indeed, if D is deterministic, any possible plan is
also valid. However, this is not the case if D is non-
deterministic. A possible plan may lead to the goal;
while valid plans are ensured to reach a goal state
despite the potential multiple initial states and non-
derminism in the action description. In the plan-
ning literature, valid plans are also called “confor-
mant” [13].

3 Safe Plans

Consider a planning problem π = 〈I,D,G〉. In the
previous section we have formally defined the notion
of valid plan as a sequence of actions which is guar-
anteed to reach a goal state. Depending on the char-
acteristics of π (e.g., depending on the language used
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to describe D) different planning procedures can be
used. However, as we have already argued in the
introduction, we do not only want that a plan be
“valid”, but also “safe” with respect to a set of user-
defined properties. For example, we do not want a
plan which can go through a state which is poten-
tially dangerous for humans.

In the formal verification literature, these (safety)
properties are nicely formalized by means of tempo-
ral logics. Here we consider a simple temporal logic,
whose syntax and semantics resembles Pnueli’s Lin-
ear Temporal Logic (LTL) [14]. The definition of
temporal formula (used for the specification of the
properties) is the following:

• A fluent symbol or the negation of a fluent sym-
bol is a temporal formula, and

• If α and β are temporal formulas, also

(α ∧ β), (α ∨ β), Xsα, Xwα,
Fα, Gα, (αUβ), (αRβ),

are temporal formulas.

Notice that we have assumed temporal formulas to
be in negation normal form, i.e., that negations oc-
cur only in front of fluent symbols. This is not a
limitation given that —according to the semantics
defined below— (assuming we relax for a moment
the assumption to be in negation normal form)

¬Xsα ≡ Xw¬α,
¬Fα ≡ G¬α,

¬(αUβ) ≡ (¬αR¬β).
(2)

Some of the above equivalences hold in standard
LTL. However, the meaning of the temporal con-
nectives Xw,F ,G,R have to be adjusted in order to
accommodate the fact that we are dealing with a fi-
nite time line (see [15], pag. 1006). Intuitively, if n
represent our horizon,

• Xsα reads “there exists a successor moment and
α holds there”,

• Xwα reads “if there exists a successor moment
then α holds there”,

• Fα reads “for some subsequent time ≤ n α
holds”,

• Gα reads “for all subsequent times ≤ n α holds”,

• αUβ reads “for some subsequent time ≤ n β
holds, and α holds until then”,

• αRβ reads “if for some subsequent time ≤ n β
does not hold, then α holds in a state before
then”.

According to the above intuitive meanings, the fol-
lowing equivalences hold:

Fα ≡ >Uα, Gα ≡ ⊥Rα, (3)

where >,⊥ are the symbols for truth and falsity re-
spectively.

Let h be a history (1), and α a temporal formula.
We say that that h satisfies α (h |=n α) iff h |=n

0 α,
where, for any i ≤ n, the definition of h |=n

i α is
given inductively on the structure of the formulas:

1. h |=n
i α if si |= α and α is a fluent literal,

2. h |=n
i (α ∧ β) if h |=n

i α and h |=n
i β,

3. h |=n
i (α ∨ β) if h |=n

i α or h |=n
i β,

4. h |=n
i Xsα if i < n and h |=n

i+1 α,

5. h |=n
i Xwα if i = n or h |=n

i+1 α,

6. h |=n
i Fα if ∃j: i ≤ j ≤ n, h |=n

j α,

7. h |=n
i Gα if ∀j: i ≤ j ≤ n, h |=n

j α,

8. h |=n
i αUβ if ∃j: i ≤ j ≤ n, h |=n

j β and ∀k:
i ≤ k < j, h |=n

k α,

9. h |=n
i αRβ if ∀j: i ≤ j ≤ n, h |=n

j β or ∃k:
i ≤ k < j, h |=n

k α.

Given the above semantics, it is easy to see that both
(2) and (3) hold.

Temporal logic allows us to specify different inter-
esting requirements on plans. The user can specify
a safety property with the formula Gα, intuitively
standing for “the property α should be maintained”,
or G¬β, meaning for instance that “a dangerous or
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undesired situation β should be avoided”. The for-
mula GFα can be used to specify that “always a
state where α holds should be eventually reached”,
while FGβ states that “the system should get to the
point where property β can be maintained”. As fur-
ther examples, formulas can be composed in order
to specify a sequential ordering in which properties
should be verified: F(α ∧Fβ) states that “α should
be eventually true before β”, while F(α ∧FGβ) can
be used to specify that “α should be reached first,
and then β should be reached and maintained”.

4 Safe Planning: Plan Valida-
tion

We now consider the problem of plan validation with
respect to a finite set of properties. Let α be the
conjunction of the properties, let π = 〈I,D,G〉 a
planning problem, and let ~a = a1; . . . ; an be a valid
plan.

We say that ~a is safe with respect to α if each his-
tory (1) satisfies α. The problem of validating ~a with
respect to α can be re-cast as a satisfiability problem.
The basic idea is to check whether the execution of
the actions in ~a “entails” the property α, reformu-
lated as a propositional formula. In the following, for
any number i and formula H, Hi is the expression
obtained from H by substituting each atom B with
Bi. Intuitively, the subscript i represents time:

• If F is a fluent symbol, the atom Fi expresses
that F holds at time i.

• If A is an action symbol, the atom Ai expresses
that A is among the elementary actions executed
at time i.

The reformulation [α]n of α as a propositional for-
mula is defined as [α]n0 , and [α]ni is:

1. [α]ni is αi, if α is a fluent literal,

2. [α ∧ β]ni is [α]ni ∧ [β]ni ,

3. [α ∨ β]ni is [α]ni ∨ [β]ni ,

4. [Xsα]ni is ⊥ if i = n, and is [α]ni+1 otherwise,

5. [Xwα]ni is > if i = n, and is [α]ni+1 otherwise,

6. [Fα]ni is ∨nj=i[α]nj ,

7. [Gα]ni is ∧nj=i[α]nj ,

8. [αUβ]ni is ∨nj=i([β]nj ∧
j−1
k=i [α]nk ),

9. [αRβ]ni is ∧nj=i([β]nj ∨
j−1
k=i [α]nk ).

For any formula, the correspondence between its se-
mantics and its translation as a propositional formula
is immediate. Given the above mapping, and under
the assumption that ~a is valid for π, the check that
~a is safe with respect to α amounts to check that

I0 ∧ ∧n−1
i=0 a

i+1
i ∧ ∧n−1

i=0 trDi |= [α]n. (4)

For example, if α is a safety property Gβ, (4) holds
if for any history (1) in which s0 is an initial state,
si satisfies β for any i : 0 ≤ i ≤ n.

5 Safe Planning: Plan Genera-
tion

Consider a finite set of properties, Let α be their
conjunction, and let π = 〈I,D,G〉 a planning prob-
lem. Safe planning is the task of finding a valid plan
which is also safe with respect to α. As before, we
do not make any assumption about D: it can be de-
terministic or nondeterministic, it can allow for the
concurrent execution of actions or not. However, for
simplicity we assume that I is satisfied by at most
one state.

The simplest approach for the generation of safe
plans, is to generate (possible) plans, and test
whether each generated plan is valid and safe. In
this way, we obtain

1. a correct but possibly incomplete safe procedure
in general, and

2. a correct and complete safe procedure if we gen-
erate and test all the possible plans.

Given a planning problem π and a natural number
n, we say that a procedure for safe planning is
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• correct (for π, n) if any returned plan α1; . . . ;αn
is valid and safe for π, and

• complete (for π, n) if it returns False when there
is no valid and safe plan α1; . . . ;αn for π.

In the planning as satisfiability framework, all the
possible plans can be generated by enumerating the
assignments satisfying

I0 ∧ ∧n−1
i=0 trDi ∧Gn. (5)

The check whether a plan ~a = a1, . . . , an is safe —
assuming we already know is valid— can be done
as described in Section 4. Indeed, if I is satisfied by
only one state (as we assumed at the beginning of the
Section) and D is deterministic, any possible plan is
also valid, and thus we are done: we can easily devise
a procedure that generates valid plans till one which
is also safe is found.

However, as described in [16], the check whether
~a is valid is complicated in the case that D is non
deterministic. In fact, the check that a possible plan
is also valid amounts to perform an entailment check
similar to the one in (4). More in detail, a plan
a1; . . . ; an is valid iff

I0 ∧ ¬Z0 ∧ ∧n−1
i=0 a

i+1
i ∧ ∧n−1

i=0 trtDi |= Gn ∧ ¬Zn, (6)

where trtDi is defined on the basis of trDi , and Z is
a newly introduced fluent symbol, see [16]. Thus,
given what we said so far, in order to have a correct
and complete procedure for safe planning we should:

• generate (all) the possible plans by satisfying
(5),

• test if each generated plan a1; . . . ; an is valid by
checking whether (6) holds, and

• if a1; . . . ; an is valid, check whether it is also
safe with respect to a property α, by checking
whether (4) holds.

This is not necessary. Indeed, the last two checks can
be combined into one: A (possible) plan a1; . . . ; an

is both valid for π and safe with respect to α iff

I0 ∧¬Z0 ∧∧n−1
i=0 a

i+1
i ∧∧n−1

i=0 trtDi |= Gn ∧¬Zn ∧ [α]n.

Furthermore, as an optimization, if in the generation
phase we consider only the plans corresponding to
the assignments satisfying

I0 ∧ ∧n−1
i=0 trDi ∧Gn ∧ [α]n (7)

we still get a correct and complete procedure for safe
planning: The assignment satisfying (7) and not (5)
for sure do not correspond to safe plans.

6 Conclusions and Related
Work

In this paper we have extended the planning as satis-
fiability approach to the case of “safe planning”, i.e.
to the generation and validation of plans that have
to guarantee both the reachability of a goal state and
the fact that user defined temporal properties hold.
We allow domains to be non-deterministic, as sev-
eral space applications require. In non-deterministic
domains, a plan may result in several different possi-
ble executions. Safe planning provides the ability of
generating plans and validating them against all the
possibly different executions. This work is a starting
point in the SACSO project, a project sponsored by
ASI. The aim of SACSO is the development of tech-
niques and tools for the support of autonomy and
safety in space applications.

Within the SACSO project, we are also addressing
the problem of safe planning by applying symbolic
model checking techniques [17] based on BDDs [8],
an alternative approach to planning as satisfiability.
The approach is based on the idea that plans can be
generated and validated by searching through sets of
states compactly represented by BDDs. This idea
has been first introduced in [5] (see also [6] for an
introduction), and then extended to generate valid
plans for reachability goals in non-deterministic do-
mains, see, e.g., [18, 19]. In SACSO, we plan to ex-
ploit the work presented in [20], and then extended
in [21] to exploit symbolic techniques. In [20, 21]
safe plans can be specified with formulas in the CTL
temporal logic [22]. CTL allows the user to distin-
guish between requirements that should hold on all
the possible non-deterministic plan executions, and
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others that may hold only on some executions. The
plans that are generated and validated can include
conditionals and iterations. The work has been im-
plemented in the MBP planner [23].

Within the planning literature, most of the works
on planning for “temporally extended goals” restricts
to deterministic domains, see for instance [24, 25].
Deductive planning can be considered as the first
attempt to merge planning and formal verification
techniques. In this case, theorem proving can be
used to generate (and validate) plans that satisfy
temporal goals, and planning domains can be non-
deterministic, see, e.g., [26]. However, the practi-
cal automatic generation of plans by deductive plan-
ning is still an open problem. SimPlan [27] gen-
erates plans for LTL-like goals in non-deterministic
domains by searching through an explicit represen-
tation of the state-space. The use of symbolic model
checking techniques, based either on SAT or on
BDDs, opens up the possibility to deal in practice
with large state spaces that are very hard to be tack-
led with explicit state techniques.
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