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Abstract

Automated temporal planning is used to synthesize
courses of action for a deterministic abstraction of
a system; the produced plans are often modeled as
schedules of fasks to be executed on the real system
under control. A key problem with adopting this
architecture is how to ensure the plan is executable
and goal-reaching on the real system, which can be
arbitrarily complex and possibly non-deterministic.

In this paper, we propose a framework to exploit
task-level contracts, expressed as assumptions and
guarantees at the beginning and end of tasks, to au-
tomatically synthesize plans that are guaranteed to
be correct on any system satisfying the contracts.
Our framework combines a temporal planner to
generate candidate plans and a contract reasoner to
instantiate and verify the contracts associated with
the plan. If the plan is found invalid, we refine
the planning problem until a valid plan is found.
We present an experimental evaluation on a real-
istic case-study and on several synthetic problems,
showing the applicability of the approach.

1 Introduction

Temporal planning is the problem of synthesizing a schedule
of durative actions to reach a desired goal from an initial state,
in a domain description subject to temporal constraints. A
temporal planning domain, described in languages such as
PDDL 2.1 [Fox and Long, 2003] and ANML [Smith er al.,
2008], is deterministic, in the sense that an executable plan is
associated with exactly one run.

Recently, Panjkovic e al. (2025a; 2025b) introduced the
“Platform-Aware Mission Planning” (PAMP) problem, an ex-
tension to temporal planning where a mission-level temporal
domain is coupled with the description of an execution plat-
form (in the form, for example, of a timed automaton or a
timed transition system) upon which mission-level plans can
be executed. Notably, the platform can contain a rich set of
features, may be nondeterministic, and subject to integrity
constraints, so that a valid temporal plan at mission level can
be associated with multiple (and possibly invalid) runs at the
platform level.

A PAMP problem consists of synthesizing a valid, goal-
achieving temporal plan at the mission level that is at the
same time guaranteed to be executable and safe w.r.t. an
invariant property at the platform level. The PAMP frame-
work integrates, while keeping them separate, (i) an easily
solvable, deterministic temporal planning problem, and (ii)
the non-determinism in the execution of the plan on the plat-
form, subject to safety constraints. The algorithms proposed
in [Panjkovic et al., 2025a; Panjkovic et al., 2025b] leverage
the separation of the mission and platform levels by tightly
combining an enumeration of temporal mission plans with a
platform validity check that corresponds to a model checking
problem at the platform level. Despite the effectiveness of the
optimizations proposed in [Panjkovic et al., 2025al, solving
a PAMP problem in its general form turns out to be signifi-
cantly more challenging than classical temporal planning.

In this paper, we propose an alternative approach based on
the idea of limiting the freedom in which the platform can be
executed. The mission plan is no longer allowed to be freely
connected to the behavioral model of a platform, with arbi-
trary parallel and overlapping temporal actions. Rather, the
operation of the platform is restricted to a set of predefined
atomic tasks, each associated with a durative action or a com-
position of durative actions. The tasks are atomic in the sense
that they are activated sequentially and cannot overlap. Each
task is associated with (i.e., abstracted into) a contract, an
assumption-guarantee pair over a set of platform and timing
variables. The assumptions indicate the platform-level pre-
conditions, i.e., the set of configurations in which the task can
be safely activated, while the guarantees represent the post-
conditions of the task. This contract view is intended to cap-
ture all the non-deterministic platform executions under re-
stricted conditions. The PAMP problem is therefore reduced
to two key subproblems. The first one, named Platform-
Aware Mission Planning with Task-Level Contracts (PAMP-
TLC), is the problem of finding a temporal plan that is valid
according to the temporal planning model and that yields a
robust composition of task-level contracts. The second is the
problem of ensuring that the platform model satisfies specific
requirements induced by the task contracts, which intuitively
means that the relevant aspects of the platform are properly
characterized in the contracts of the tasks. This ensures that
a solution of PAMP-TLC is also a solution for the original
PAMP problem.



The approach is structured in the following contributions.
We formalize the PAMP-TLC problem in an algebraic con-
tract framework [Incer et al., 2025], and provide an effi-
cient algorithm for the synthesis of valid PAMP-TLC solu-
tions that combines temporal planning and contract reason-
ing. We characterize the proof obligations a platform must
satisfy for a PAMP-TLC solution to be a PAMP solution, and
propose an automated approach to verify them on a given
platform model. The approach is implemented and experi-
mentally evaluated on a realistic case study taken from [Rou-
quette et al., 2023] and on several synthetic benchmarks. The
comparison with the PAMP algorithm in [Panjkovic et al.,
2025a] demonstrates that, despite the introduced limitations
in the activation of the platform, the new approach, equipped
with the proper task abstractions, retains the ability to solve
all the problems in the benchmark set, while at the same time
demonstrating superior performance.

Related Work 1In addition to [Panjkovic et al., 2025al,
which we will compare against in the rest of this paper, this
work has some similarities with conformant planning [Ghal-
lab et al., 2004], where there is no runtime observation and
actions can have non-deterministic effects. To the best of our
knowledge, the temporal case is not addressed in the con-
formant planning literature, and our setting differs in that
we consider two models at different layers of abstraction.
Viehmann ef al. [2021] consider the problem of checking
whether an abstract sequential plan can be executed on a plat-
form modeled as a timed automaton, where the relationship
between the high-level and low-level models is expressed
with Metric Temporal Logic (MTL) constraints. However,
this work is limited to verifying whether there exists a single
platform execution compliant with the plan, while we con-
sider plan robustness w.r.t. all possible platform behaviors.
Bozzano et al. [2021] propose a formal autonomy framework
integrating plan generation, plan execution, monitoring and
fault detection identification and recovery that is based on
symbolic model-based reasoning. The controlled system is
represented as a finite-state non-deterministic planning prob-
lem, with resource estimation functions. A form of mission
planning based on contracts was previously considered in
[Mallozzi er al., 2023], where, given a library of components,
the goal is to produce an implementation that satisfies a top-
level LTL property, expressed as a contract. In this approach,
the components in the library are expressed as LTL contracts,
and timing aspects are not considered. There are also several
works in the literature on plan execution, where the model of
the underlying environment is known, like PRS-style archi-
tectures [Ingrand et al., 1992], SkiROS [Rovida et al., 2017]
and approaches based on hierarchical task-oriented refine-
ment methods [Patra et al., 2021]. However, these works are
fundamentally different from our setting as they are online
methods, while we address the problem of providing safety
and executability guarantees at planning time.

2 Background

In this section, we report the background notions for the rest
of the paper.

Temporal Planning. We define the syntax of a temporal
planning problem, borrowing from [Gigante et al., 2022].

Definition 1 (Temporal Planning Problem). A temporal plan-
ning problem 11 is a tuple (P, A, I, G), where P is a set of
propositions, A is a set of durative actions, I C P is the ini-
tial state and G C P is the goal condition. A snap (instanta-
neous) action is a tuple h = (pre(h), eff* (h), eff_(h)), where
pre(h) C P is the set of preconditions and eff* (h), eff~ (h) C
P are two disjoint sets of propositions, called the positive
and negative effects of h, respectively. We write eff(h) for
efft () U eff (k). A durative action a € A is a tuple
{ar,aq,pre(a),[Lq, Uy]), where ar and a4 are the start
and end snap actions, respectively, pre*” (a) C P is the over-
all condition, and L, € Qo and U, € Qsq U {oo} are the
bounds on the action duration.

Intuitively, the solution to a planning problem is a sched-
ule of actions, each respecting its duration bounds, such that
starting from the initial state and applying the effects of every
action at the right time, all action conditions are satisfied and
the goal is reached in the final state. For the sake of brevity,
we do not report the full planning semantics here (a complete
account can be found in [Gigante et al., 2022]). We formalize
the structure of a plan that will be used for our definitions.

Definition 2 (Plan). Let 11 = (P, A,I,G) be a temporal
planning problem. A plan for 11 is a set of tuples 1 =
{{a1,t1,d1),...,{an,tn,dn)}, where, for each 1 < i < n,
a; € A is a durative action, t; € Q> is its start time, and
d; € Qxq is its duration.

Definition 3 (Set of timed snap actions). A timed snap ac-
tion (TSA) is a pair (t,h), where t € Qs and h is a snap
action. Given a plan m = {{a1,t1,d1),...,{an,tn,dn)},
the set of TSAs of w is defined as: H(w) = {(t1,a1+), (t1 +
dla al—!)v ey (tnv am—), (tn + dna an—i)}-

An important property of a planning problem is whether
action self-overlapping is allowed. Gigante et al.
(2022) proved that temporal planning without action self-
overlapping is PSPACE-complete, and we adopt this seman-
tics (i.e., we disallow self-overlapping) for this paper.

Definition 4  (Action self-overlapping). A  plan
{{a1,t1,d1),...,{an,tn,dn)} is without self-overlapping if
there existno i,j € {1,...,n} with i # j such that a; = a;

and t; < t; <t + d;.

Symbolic Timed Transition Systems. To formalize the
comparison between this work and [Panjkovic et al., 2025al,
we report here the syntax of a symbolic timed transition sys-
tem.

Definition 5 (Symbolic Timed Transition System). A (sym-
bolic) Timed Transition System (TTS) is a tuple T =
(V, 2,5, I(V), T(V,, V'), Z(V)), where:

* V is a set of state variables;

o X C Visa set of clock variables;

e 3 is a set of input variables;

o I(V) is the initial condition;

o T(V,X, V') is the transition condition;

o Z(V) is the invariant condition.



For brevity, we refer the reader to [Panjkovic et al., 2025a]
for the formal semantics. Here, it suffices to say that a TTS
models a dynamical system that performs two types of tran-
sitions: discrete transitions, where the variables in V' change
according to the transition relation T'(V, 3, V'), where V'’ de-
notes the values of the variables after the transition is taken;
delay transitions, where the clocks increase their values by
the same quantity § and all other variables keep their value.

Given a TTS 7T, there exist off-the-shelf model-checking
algorithms [Cimatti et al., 2019] for proving and disproving
properties expressed in Linear Temporal Logic (LTL) [Pnuelli,
1977]. In this paper, we use some simple LTL checks as a way
to link the PAMP problem to our PAMP-TLC framework.

IO Contracts. In the following, we consider formulas of a
given logic L. The logic comes with a background theory
and a corresponding satisfaction relation =. Thus, for any
formula ¢ over a set of variables V' and any assignment u
to V, we write 4 |= ¢ to denote that ¢ is satisfied under
the assignment p. In this paper, we focus on the QF _LR.A
(Quantifier-Free Linear Real Arithmetic) logic. In essence,
QF _LRA formulas are Boolean combinations of inequali-
ties between linear polynomials over real variables: a term is
of the form ), a;x;, where every x; is a real variable and ev-
ery a; is a rational constant; an atom is either a Boolean vari-
able or an expression of the form ¢ > ¢, where ¢ is a term,
X € {>,<,>,<,#,=}, and c is a rational constant; finally,
a formula in QF _LR.A is a conjunction (A), disjunction (V)
or negation (—) of atoms. Given a formula ¢, we denote with
Vars(ip) the set of variables appearing in . An assignment
u : Vars(yp) — BUR to the variables of ¢ satisfies ¢, denoted
i [ o, if it evaluates ¢ to true.

In this setting, an Input-Output (IO) Contract is a pair of
formulae, denoting an input assumption on some variables 1
and a guarantee defined over I and output variables O. The
following definition adapted from [Incer ef al., 2025] pro-
vides the syntax for an IO contract.

Definition 6 (10 Contract). Let V = Vg U VR be a finite set
of variables with domain BUR. An 1O contract in QF _LRA
is a tuple C = (I,0,a,g), where I,O C V are disjoint
sets of input and output variables respectively, and a, g are
QF _LRA formulas representing the assumptions and guar-
antees of C respectively. The assumptions of 10 contracts only
depend on input variables (Vars(a) C I), and the guarantees
only depend on input and output variables (Vars(g) C IUO).

An environment of a contract C = (I, O, a, g) is a set of as-
signments E to the variables in I such that for each up € E,
pg I — BUR, we have that g = a. An implementation
is a set of assignments M to the variables in I U O such that
for each up; € M, ppr : T UO — B UR, we have that
pu [ (a— g).

We define the notions of refinement for IO contracts, and
the operations of composition, quotient and merging. We
adapt the definitions provided in [Benveniste e al., 2018;
Incer et al., 2025] to the case of IO contracts in QF _LRA.

Definition 7 (Refinement). Given two contracts C; =
(I1,01,a1,91) and Cy = (12,02, as, g2), we say that Cy is a
refinement of Co (written C1 < Ca), or equivalently that Cs is a
relaxation of Cy, if every environment of Co is an environment

of C1 and every implementation of Cy is an implementation of
Cg.’ Cl < CQ l.]f(ag — al) A ((a1 — 91) — (0,2 — gg)) s
valid.

The operation of composition returns a specification for a
system obtained by composing implementations of the con-
tracts being composed.

Definition 8 (Composition). Let C; = (11,01, a1,91) and

Co = (12,049, a2,g2) be two IO contracts, such that I; N

Os = 0. A composition of C1 and Cs is a contract C, =

(I., O¢, ac, g.) such that:

1. 1. = (Il @] IQ) \ O,

2. Oc = 01 @] 02,'

3. Combining respective implementations of each contract
yields an implementation for the composition: ((a; —
g1) A (a2 = g2)) — (ac — g.) is valid;

4. Combining an environment for the resulting composition
with an implementation for Cs yields an environment for Cy
and vice-versa: (a. A (a2 — g2)) — a1 and (a. A (a1 —
g1)) — az is valid.

The quotient operation determines the specification of a
subcomponent which, when composed with the provided
contract, refines a top-level specification.

Definition 9 (Quotient). Let C; = (I1,01,a1,91) and Co =
(Is, 03, a2, g2) be two 10 contracts, such that Iy N Is = ()
and Oy C O;. A quotient of C1 by Cy is a contract C; =
(14,04, aq, gq) such that:
g = I]_ N
2. Oq = (01 \ 02) U IQ,'
3. The composition of the quotient with the divisor is a refine-
ment of the dividend: Cy || C2 < C.

The composition and quotient operations can be imple-
mented in several ways [Benveniste er al., 2018; Incer et al.,
2025]. In [Benveniste et al., 2018] the composition between
two contracts C; and Cy is defined as the Greatest Lower
Bound w.r.t. refinement order of all the contracts that satisfy
Definition 8 (i.e. the largest contract that is a refinement of all
the contracts that are a composition of C; and Cs), while the
quotient is the Least Upper Bound of all the contracts satisfy-
ing Definition 9 (i.e. the smallest contract that is a relaxation
of all the contracts that are a quotient of C; by C2). Several
approaches compute a relaxation or refinement of the exact
composition or quotient respectively, for efficiency or repre-
sentational reasons [Incer ef al., 2025]. In this paper, we as-
sume that we are given a procedure that computes any compo-
sition between two contracts satisfying Definition 8 (denoted
with C; || C2), and a procedure computing the quotient of two
contracts satisfying Definition 9 (denoted with C;/Cs). We
do not make any assumption on the strength of the computed
contracts, and we will discuss in Section 4 the impact of this
on the overall approach.

One additional operation, merging, is used to fuse into a

single contract multiple contracts that describe distinct as-
pects of an object under specification.
Definition 10 (Merging). LetCy; = (I1,01,a1,91) and Cy =
(I2, 049, as, g2) be two 10 contracts. The merge of C1 and Co
is a contract C; ® Co = (I, Opn, Gy Gim) such that I, =
LUl Op =01 U0, ap, = a1 A ag, and g, = g1 N go.



Figure 1: An invalid plan for the example PAMP-TLC problem,
where (s can be violated.
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Figure 2: A solution plan for the example PAMP-TLC problem.

3 PAMP with Task-Level Contracts

In this section, we present the formalization of the Platform-
Aware Mission Planning with Task-Level Contracts (PAMP-
TLC) problem. We couple a high-level temporal planning
problem with a low-level model defined using Input-Output
(I0) Contracts. In our model, every action of the planning
problem and every allowed parallel interleaving of actions is
modeled with a contract, describing the assumptions and the
guarantees of applying these high-level events on the plat-
form and environment, in terms of low-level variables. Note
that we assume a finite set of allowed parallel compositions
of planning actions, because at this level of abstraction, com-
posing the contracts of parallel tasks highly depends on the
platform specifics.

The problem that we consider is the generation of a solu-
tion plan for the planning problem, such that for every pos-
sible outcome of its execution, as described by the contracts
associated to the actions, a safety property is maintained.

Example. Consider a setting in which a spacecraft needs to
take some observations of an asteroid. We have a very sim-
ple temporal planning problem with durative actions SBO
(Small Body Observation) and CHARGE. The SBO action
sets a boolean variable obs to true, meaning that the aster-
oid was observed, and the goal of the planning problem is
to have obs set to true. The CHARGE action affects some
other variables which are not related to the preconditions of
SBO. Suppose that these actions are associated to the follow-
ing contracts, modeling the fact that there is a low-level soc
variable (state of charge), and that SBO and CHARGE have
assumptions and guarantees on it:
* cspo = (Isgo, Osso, aspo, gso), where

= Ispo = {t1,t2,s50c}

- OSBO = {SOC/}

- aspo = (tg —t1 > 0) A\ (SOC > 3(t2 - tl))

= gsBo ‘= 2(t2 — tl) S soc — soc’ S 3(t2 - tl)

* ccrarce = (IcuarGe, OCHARGE; GCHARGE, YCHARGE), Where

= Icnarce = {t1,t2,50c}

- Ocnarce = {soc’}

— acuarce = (ta — t1 > 0) A (soc > 0)

— JCHARGE ‘— g(tQ — fl) S SOC/ — sSoc S 2(t2 — tl)
In both contracts, the input variables t1 and to denote the
starting time and the ending time of the action, respectively.
Basically, csgo specifies that the duration of the action must
be non-negative, and that the initial state of charge must be
above 3(ty — t1). The guarantee after applying the SBO ac-
tion is that the decrease in the state of charge will be between
2(tg —t1) and 3(ta — t1). Instead, the contract ccyarcr guar-
antees that after applying the CHARGE action, the state of
charge will be increased by an amount between %(tg —t1)
and 2(ty — t1). The safety property that we consider is that
the state of charge cannot go below 20: soc > 20.

Now, we formally define the overall framework and the
problem that we are considering. Let II = (P, A,I,G) be
a temporal planning problem. Let Seq 4 denote the set of all
the totally ordered sequences of snap actions from A. Let V'
be a finite set of Boolean and real variables, and let V' be the
set of primed variables from V. Let T = {7y, 72,...} be a
set of time variables with domain in R. Let C be a set of 10
contracts defined on V, V/ and T, where the input variables
are from V U T and the output variables are from V'. Given
a contract ¢ = (1,0, a,g) € C, we denote with T,, C T the
set of time variables appearing in /.

In our formalization, we associate with a partial function A
a contract to each durative action, and to each allowed parallel
interleaving of actions, which is represented by a sequence
of start and end snap actions (a single durative action A is
represented by the sequence (A, A4), where A, and A are
the start and end snap actions of A respectively).

Formally, let A : Seq, — C be a partial function associ-
ating sequences of snap actions to contracts in C, such that if
A({h1,... hy)) =cthen T, = {m,..., 7} C T (c has one
time variable for each snap action in the sequence).

Given a plan 7, we want to identify the maximal groups
of parallel actions appearing in it; the plan 7 is then a se-
quence of these groups, each associated to a contract by
the function A. We formalize this concept as follows. Let
m = {{a1,t1,d1),...,{an, tn,dy)} be a plan for II. We say
that a value ¢ € R is an empty time in 7 if there doesn’t exist
i €{1,...,n}suchthatt; <t <t + d;. Weindicate with
p™ = {(th,e1),...,(th,, ean)) the ordered sequence of timed
snap actions of 7, with ¢; < ¢; , foralli € {1,...,2n —1}.
We say that 0™ = ((t},€;),..., (t},e;)) is a maximal over-
lapping subsequence of p™ if: 1) there is no empty time in
[t;, t7]; 2) t;—e and t,+¢ are empty times for every ¢ € (0, d],

1]
fora § > 0. We indicate with ¥™ = (o7,...,07), where

of = ((tL,ed), ..., (¢! el”"1)), the sequence of maximal
overlapping subsequences of .

Given a contract ¢ = (I,0,a,g) with T, = {r1,..., 70},
we denote with [c]g the contract that is obtained by renaming
the variables 71,...,7, to 74,...,Tiyn—1, all the variables
v € I'\ T, to v, and all the variables v € O to v,11.

Now, we can define the top-level contract associated to a
plan m by composing the contracts associated to the maxi-



mal overlapping subsequences in ¥™. Before performing the
composition, we set the time variables appearing in the con-
tracts to the values specified in the plan (by merging the con-
tracts with a contract encoding the specific timings of the snap
actions in 7), and we rename the variables in such a way that
the output variables of one contract become the input vari-
ables of the next contract in the sequence.

Formally, we define the contract c} associated with 7 and
the mapping function A, as ¢§ = [®; oAl]’fl |
(D, OAT.]]:T, where k; = 1+ 23;11 lo7], @i = A(o]),
and A; = (I;,0;,a;,g;) is an IO contract such that I; =

{7’1,...7T|J;r|}, Oi = @, a; = /\‘;le Tj Zt'g andgi =T.

Example. Consider the plan T =
{(CHARGE,0, 15), (SBO, 16,10)}.  In this case, since
there is no parallelism, we simply have ¥™ = (oT,07),

where o7 = ((0, CHARGE, ), (15, CHARGE,))
and of = {((16,8SBO.),(26,SBO4)). We have
(I)l = )\(UTF) = CCHARGE and (I)Q = )\(O'g) = CSBO-
By merging with A1 and Ao, we add the assumptions
(tl =0At = 15) and (tl =16 Aty = 26) to ccuarge and
cspo respectively. In the contract [P e Al]]fl, we perform
the renamings soc — socy and soc' — socy, while in the
contract [Py ® A2]§2 we perform the renamings t, — ts,
ty > ty, soc +— socy and soc’ — socs. One possible
contract ¢§ = (I{, 0%, a}, g%) that can be obtained by the
composition (satisfying Definition 8) is the following:
o IT = {t1,t2, t3,t4,50c1 }
* OF = {socy, s0c3}
hd af\r = (tl :O)A(tg:15)/\(t5:16)/\(t4:26)/\
soct + 2(ty —t1) — 3(ts — t3) > 0
= (%(tg - tl) S SO0Co — S0Cq1 S 2(152 — tl)) A\
(2(t4 — tg) S S0Co — S0C3 S 3(t4 - tg))

Finally, we define the PAMP-TLC problem, where we want
to generate a solution plan 7 for a temporal planning prob-
lem II, such that the resulting top-level contract c3 refines a
contract cg encoding the desired safety property ¢g. In the
following definition, we use the notation [¢];, where ¢ is a
formula in V, to denote the formula obtained by renaming
every v € Vars(p) to v;.

Definition 11 (PAMP-TLC). Let V be a set of Boolean
and real variables, and let V' be the set of primed vari-
ables from' V. Let T = {11,72,...} be a set of time vari-
ables with domain R. A Platform-Aware Mission Planning
with Task-Level Contracts (PAMP-TLC) problem is a tuple
T = (ILC, A\, 1, 05), where 1 = (P, A, I,G) is a tempo-
ral planning problem, C is a set of 10 contracts defined on
variables V, V' and T, X\ : Seq, — C is a function associ-
ating sequences of snap actions to contracts in C, pr(V) is
a formula describing the initial state, and pg(V) is a safety
property. A solution for Y is a plan 7 such that:
1. 7 is a valid solution plan for 11;
2. & < cg, where cg = (Is,Og,as,gs) is the following 10

contract:

e Ig={v:veV}

c Osg={v,:veV,1<i<|X™|+1};

* as = [pr]1;

>

*9

* g5 = N2, sl
Example. Consider an initial condition p; = 40 < soc <
100, and the safety property ps = soc > 20. The plan
in which only the SBO action is applied is invalid, as start-
ing from this initial state the contract csgo does not guar-
antee that g is satisfied in the end, as shown in Fig. I.
On the other hand, the plan in Fig. 2 where we apply the
CHARGE action before the SBO action is a valid solution for
the PAMP-TLC problem, as the contract resulting from the
composition (previously shown) refines the following contract
cs = (Is,Og, as, gs) encoding the safety property pg:
o Is = {soc,}
* Og = {soca, soc3}
¢ ag =40 < soci; <100
* gs = (soc1 > 20) A (socz > 20) A (socs > 20)

Relationship between PAMP-TLC and PAMP The
Platform-Aware Mission Planning (PAMP) problem [Pan-
jkovic er al., 2025a] considers a similar setting, but the low-
level layer is modeled with an explicit timed-transition sys-
tem (TTS). Every snap action appearing in a plan represents
a command that triggers at the scheduled time a special tran-
sition in the platform associated to that event. In the time be-
tween two high-level commands, the platform is assumed to
be non-deterministic, and it can perform internal transitions.
The PAMP problem consists in generating a solution plan 7
for a temporal planning problem, such that it is guaranteed
to be safe and executable for any non-deterministic platform
behavior compliant with 7. The executability notion is for-
malized by stating that for every plan prefix, for every state
r of the platform reachable by applying the plan commands
in that prefix at the prescribed times, if the time in r equals
the time of the next snap action in the plan, the corresponding
transition can be taken in 7. The safety notion is defined by
stating that every platform state r reachable in a trace com-
pliant with the plan must satisfy a certain safety property .

If there is a proper abstraction relationship between the
contracts associated to the planning actions and the TTS mod-
eling the platform, we can guarantee that any plan that is a
solution for a PAMP-TLC problem, is also a solution for the
PAMP problem sharing the same planning problem. Semi-
formally, given a contract ¢ = (I, O, a, g) with time variables
T. = {71,...,Ta}, associated to a sequence of snap actions
o= {e1,...,en), we say that c is an abstraction of the execu-
tion of g on TTS 7 with bound L and safety property ¢ if, in
the TTS 7" obtained from 7 by setting the initial condition
to the assumptions of ¢, the following three proof obligations
hold for any initial state so of 7":

1. 05, = ((so(11),€1), ..., (S0(T0), €n)) is executable on T';
2. in any run compliant with the execution of g4, on 77, the
guarantees of ¢ hold in the interval [so(74), So(7) + L];

3. in any run compliant with the execution of g5, on 7, if the

safety property ¢ holds in sy and at so(7,), then it holds

up to so(7) + L.

Intuitively, the first condition can be used to prove that a
solution for PAMP-TLC is executable on 7T, as all the actions
appearing in the plan will be executable considering that the
assumptions of the respective contracts will hold at their start;
the second condition guarantees that the safety property will



Algorithm 1 Abstraction-refinement algorithm with contract
validation

1 procedure CONTRACTPLANNING(IL, C, A, 1, ¢3)

2 bad_seqs = {}

3 while True do

4 wstN < PLAN(II, bad_seqs)

5 pass, bad_seqs,., m <— CHECK(C, \, TsTN, @1, ©S)

6

7

8

if pass then return =
else bad_seqs <— bad_seqs U bad_seqs .

procedure CHECK(C, A\, TSN, ¢, ©S)

9 of,...,of < maximal_subseqs(msn)
10 for i = 1tordo
11 D, )\(O'Zr)
12 A; < BUILDDURATIONSCONTRACT(7sTN, %)
13 if i == 1 then
14 c1 < [Dr e Al]'fl
15 else .
16 . C; < Ci—1 || [‘bi ° AzLL
17 ¢y BI.JILD‘SAF]TZTYC.ONTRA.CT(QOI, ®s,t)
18 cb;(lb,Ob,ab,gb)ecg/ci
19 if gb is satisfiable then
20 if ¢ == r then )
21 return true, 0, GETPLAN(g(,, TSTN)
22 else continue
23 else )
- T
% J =i o7
25 bad_seqs, < (e1,...,e;) UBADSUBSEQS(7s1N, )

26 return false, bad_segs,, 0

hold on the platform at the ending times of the actions, and
in the time between two actions (we are assuming that we are
given an upper bound L on the maximum distance between
two actions); the third condition guarantees that the safety
property is preserved during the execution of each action.

The full formalization and proof of this result, as well as
the presentation of the necessary formal background on the
PAMP problem, is available in the additional material.

The first two proof obligations can be checked by apply-
ing directly the validation subroutine of the algorithm for
solving the PAMP problem [Panjkovic et al., 2025al, with
a safety property v expressing the fact that when the global
time is in [so(7,,), So(7n) + L], the guarantees of ¢ hold:
¥ = (so(rn) < v < so(ma) + L) = gls,, where v is the
global clock of T’ (denoting the time since the start), and
gls, is the formula obtained by substituting every v € Vin g
with so(v), and every v' € V' in g with v. The third proof
obligation can be checked with the following LTL property,
specifying that if ¢ holds in the initial state, and eventually in
the run the global time is sq(7;,) and ¢ holds, then in every
state of the run with global time up to so(7,) + L, ® holds:
P AF(y=s0(mn) Np) = G(v < so(Ta) + L — o).

4 Solving PAMP-TLC

In this section, we present an approach for solving the PAMP-
TLC problem. A temporal planner is used to solve the plan-
ning problem and enumerate candidate solution plans. In or-
der to check that a plan satisfies the low-level safety property,
we compute the top-level contract associated to the plan by
composing the contracts of each action (and each allowed in-
terleaving) in the plan, and then by computing the quotient
between a contract encoding the safety property and the plan
contract. This determines (if it exists) a scheduling of the

actions that satisfies the safety property.

For temporal planning, we assume a sound planner that can
return plans in the form of Simple Temporal Networks (STN)
[Dechter et al., 1991]: a solution 7ty is characterized by a
fixed ordering of snap actions ey, . . ., e,,, where each snap ac-
tion e; is associated to a time variable ¢; representing the mo-
ment in which it is applied, and a set of constraints between
time variables enforcing the duration constraints and the or-
dering. We assume that the planner search can avoid plans
containing a given set of actions sequences. In principle, any
heuristic-search planner can be instrumented to satisfy these
requirements by using plan de-ordering methods [Béckstrom,
1998] and by checking the prefixes of plans for pruning.

The approach is detailed in Algorithm 1. First, the planning
problem II is solved, obtaining a set of solution plans msN
characterized by a fixed sequence of snap actions e, ..., e,
and a set of constraints between the time variables 1, ..., %,
associated to them. Then, the solution 7gyN, and the formulas
7 and g encoding the initial state and safety property are
passed to the CHECK procedure. In the CHECK procedure,
we first determine the sequence o7, ..., o7 of maximal over-
lapping subsequences of mstn. We iterate over all prefixes
i € {1,...,r}, and we consider the contract ; = A(c7) that
is associated to o] . We compute the contract A;, whose as-
sumption is the conjunction of all the constraints in wsn (€X-
pressed as QF _LR.A formulas) containing time variables in
{t1,...,t;}, and whose guarantee is T. We merge these con-

tracts and rename the resulting contract obtaining [®; e Al]f’ ,
which is such that the input and output variables have index
1 and ¢ 4 1 respectively, and the time variables start with in-
dex k; = 1+ Z;;ll |o7], i.e. the next index after the time
variables of the previous contracts in the sequence. We then
compose this contract with the contract considered in the pre-
vious step: ¢; = ¢;_1 || [®; ® A;]¥. We compute the contract
c% encoding the safety property for the first ¢ steps: the as-
sumption is [¢s]; and the guarantee is /\;J:1 [ps];. We then
compute the quotient c{, = ¢ /c;, whose output variables are
the time variables for the subsequence of the plan o7, ..., 07 .
By the properties of the quotient operation, the values for the
time variables satisfying the guarantees of 022 are such that

¢; < b If gég is satisfiable, we extract a value for the time
variables, for which it is guaranteed that the plan 7 satisfies
the safety property ¢g. Otherwise, the current prefix of snap
actions is not schedulable in a way that guarantees the safety
property, and therefore we return to the planner this invalid
prefix, which can then be used for pruning in the continua-
tion of the planning search. In addition to that, we analyze
this prefix with the BADSUBSEQS procedure, to determine
whether there is a shorter subsequence that is guaranteed to
violate the safety property, which is a stronger information
that the planner can learn. For an invalid prefix (e, ..., e;),
we consider subsequences (e;, ..., e;), where j goes from 4
to 1, and we determine whether the composition of the respec-
tive contracts can refine the safety contract, starting from any
initial state. If that is not the case, we avoid in the planning
search every plan containing such a subsequence.

Theorem 1. Let T = (II,C,\, ¢;,ps) be a PAMP-



PAMP PAMP-TLC
Domain avg avg avg avg avg
COVErage  Jo0ps time COVErage joops  time  time +cc
factory 1 2.0 11489.7 10 33 369.0 3742
fix1 15 143 81419 15 57 8151.0 8155.0
fix2 16 132 7980.6 16 51 79781  7983.1
jpll 5 1.4 6621.8 8 2.0 4327.6 43595
jpl2 3 1.0 7653.0 8 2.1 45799 46142

Table 1: Coverage table reporting the number of solved instances,
average time (in seconds) and iterations on the solved instances. The
column “avg time + cc” includes the proof-obligation checking time.

TLC problem, and let ®™ be a plan returned by
CONTRACTPLANNING(IT,C, A\, ¢1,05).  Then, w is a
valid solution for Y.

Proof. (Sketch) We show that 7 satisfies Definition 11.

1. Let wsn be the last plan in STN form returned by
PLAN(II, bad_seqs). Because of the soundness of the plan-
ner, every plan that has the specified ordering of snap ac-
tions and a timing for each snap action that satisfies the
STN constraints of wgry is a valid solution for II. The plan
m is returned by GETPLAN(gq, mstn) when iteration ¢ = r
of the CHECK(C, \, TsTN, ¢1, ps) procedure is reached.
Since ¢ = r, the assumptions of ¢; contain all the con-
straints in wgrN. Since ¢g = cg/c¢;, by the properties of
the quotient operation the value for the timings extracted
from the guarantee gg of cq will satisfy the assumptions
of ¢;, which include the STN constraints. Since the order-
ing of the snap actions is preserved, we can conclude by
the soundness of the planner that 7 is a solution for II.

2. Since 7 is obtained by extracting a value for the timings
of the snap actions from gg, we have that ¢§ < cg | ¢,
By the properties of the quotient operation, we have that
cq || ¢» < cs. Therefore, c§ < cg. O

The specific way in which the composition and quotient
operations are implemented can have an impact on the perfor-
mance of the algorithm (while the soundness is always pre-
served): looser implementations can lead to the invalidation
of plans that could have passed the refinement check with the
safety contract, if a tighter implementation was used.

5 Experimental evaluation

We developed the presented approach in a solver written in
Python based on Pacti, a Python framework for carrying out
compositional system analysis and design by reasoning on
10 Contracts [Incer et al., 2025]. For temporal planning we
use the TAMER planner [Valentini ef al., 2020]. Finally, for
checking the contracts w.r.t. a platform modeled as a TTS we
use NUXMV [Cimatti et al., 2019], a symbolic model checker
that is able to prove temporal properties of TTSs.

We experimentally evaluated the new approach against the
PAMP implementation in [Panjkovic et al., 2025a] both on
the JPL case-study modeled as IO contracts presented in
[Rouquette ef al., 2023], where we added two versions of the
planning problem to show our synthesis capabilities, and a
simple platform model compliant with the contracts to com-
pare against PAMP. Moreover, we added the contract layer to
the benchmark set used in [Panjkovic et al., 2025al.

— = PAMP
— PAMP-TLC
PAMP-TLC+CC

.
10000; ,'
1
8000 'l
1
1
1
1

6000;

4000 )

Solving time (s)

2000 "~

0 10 20 30 40 50
Instances Solved

Figure 3: Cactus plot of the experiment. A point (X, y) of the line
for a solver indicates that the solver took y seconds to solve its x-
th harder instance. PAMP-TLC+CC (which has practically identical
performance as PAMP-TLC) considers the cost of proof-obligation
checking for every instance.

All the experiments were performed on a cluster of identi-
cal machines with AMD EPYC 7413 24-Core Processor and
running Debian GNU/Linux 13. We used a timeout of 14400
seconds and a memory limit of 20GB.

Table 1 reports the coverage table comparing our approach
PAMP-TLC with PAMP. It reports the number of solved in-
stances for each domain, the average number of abstraction-
refinement loops that were necessary in each domain before
finding a valid solution plan, and the time required by PAMP-
TLC with the additional check that each contract is a cor-
rect abstraction w.r.t. the platform model. The results show
that PAMP-TLC generally solves more instances compared
to PAMP, and with faster solving times, as highlighted by the
cactus plot in Fig. 3. The number of required iterations for
validating the plans produced by the planner is also lower for
PAMP-TLC. Moreover, the cost of checking that a contract
is a correct abstraction for the platform models is very low,
between 5 and 30 seconds for the considered benchmarks.

These results highlight that by having a more abstract rep-
resentation of the platform, using contracts to model the effect
of applying each planning action on the controlled platform,
we can generate robust plans more effectively, compared to
reasoning on the platform model directly. With the additional
checking that each contract is a correct abstraction of the ex-
ecution of the corresponding action on the platform, the re-
turned plans are also valid solutions for the PAMP problem:s,
and the cost of these checks is shown to be very low.

6 Conclusions

In this paper, we presented a novel approach to tackle the
Platform-Aware Mission Planning (PAMP) problem, by ex-
ploiting a Task-Level abstraction provided in the form of
Input-Output contracts. We showed a planning schema that
finds plans that are valid according to this abstraction, and
we defined the proof obligations that need to be checked on
a concrete platform for the plan to be valid according to the
PAMP semantics. As future work, we plan to explore the
problem of synthesis for the contracts from a prototypical
platform implementation.
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