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Introduction and problem description

My research activity focuses on planning and universal planning for systems with
continuous and (possibly) nonlinear behaviour. Indeed, many realistic planning
problems in which planning can be applied involve a mixture of continuous and
discrete behaviours that make difficult to deal with such kind of systems. Some
examples are: product processing in a plant [1], activity management of an au-
tonomous vehicle [14], voltage regulation planning [2], solar array operations on
the International Space Station [15] or oil refinery operations planning [3]. These
problems are described by hybrid systems where continuous physical rules are
managed by discrete digital equipments. In such a context, it is crucial to reason
about continuous change during the planning process.

For these reasons, in the past years the planning community has made a great
effort to extend the current planning systems and the standard planning defi-
nition language (PDDL) to support such kind of domains. This effort has lead
to the definition of PDDL+ [12] that makes it possible to capture continuous
processes and events.

However several real world planning problems present complex nonlinear
behaviours where nonlinearity can arise from the intrinsic dynamics of the system
(e.g., the regulation of a steering antenna, which leads to an inverted pendulum
problem), or the saturation of actuators (e.g., valves that cannot open more than
a certain limit). Thus, planning with continuous nonlinear change is a challenging
issue.

Background and overview of the existing literature

Given a system S modeled in some formalism, a planning problem consists of
finding a sequence of actions which guarantees to achieve the goal for a given
initial condition of the system. A planner is a software system able to synthesise
a plan by taking as input (1) the domain description and (2) a goal description.
A Universal Planner [16] is a software system that synthesises a set of plans
(or set of policies) able to bring the system to the goal from any feasible state
reachable from the initial one.

The Planning Domain Definition Language (PDDL) is a STRIPS based standard
modelling language for planning problems that uses a simple Lisp-like syntax.
Many versions of PDDL have been proposed (e.g., PDDL2.1, PDDL2.2, PDDL3)
and the most expressive one is the PDDL+, that allows one to model continuous
change through the initiation and termination of processes which continuously
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modify the value of the numeric components of the state. ' Processes and events
allow one to model in a more realistic way the behaviour of continuous systems,
and this represents a further step in applying planning technology to real world
problems.

Although a great number of PDDL planners have been developed, none of
them is able to deal with full PDDL+ semantics. Recently many techniques
have been developed to handle continuous domains: for example the mixing of
SAT solver with LP solver in TM-LPSAT planner [17]. TM-LPSAT can deal
with processes modelled in PDDL2.1, however it is limited to small linear prob-
lems. In Kongming [14] the concept of Flow Tubes was applied in order to
compactly represent hybrid plans and encode hybrid flow graphs as a mixed
logic linear/nonlinear program, solvable using an off-the-shelf solver. However,
it can only address planning problems with constant action duration. COLIN [7]
is a powerful tool for planning in domains with linear continuous processes that
integrates a guided state space search with linear programming supporting only
linear continuous change. Also the well-known Planning-as-model-checking tech-
nique has been used exploiting states reachability analysis to find plans. The
Model Checking Integrated System (MIPS) [11] is a very powerful and complex
framework that makes use of a combination of both explicit and symbolic model
checking based heuristic search. The MIPS performed very well in different plan-
ning competitions, however it is restricted to PDDL2.1.

Finally, regarding to the universal planning problem (introduced in [16]), a
symbolic model checking approach [6] was used to synthesise optimal universal
plans for non-deterministic plants. On the other hand, the DPlan and FPlan
tools use an explicit state-based representation instead of OBDDs. However,
they both require the explicit definition of an inverse function for each opera-
tor used in the domain, and thus their application is hard when dealing with
systems whose dynamics is difficult to invert (the typical situation for hybrid
and/or nonlinear systems).

Goal of the research
Planning with continuous nonlinear change is still a challenging issue since it is
difficult to deal with real world applications using domain independent planners.
Indeed, in many cases an ad-hoc planner is required (e.g. the MAPGEN tool [4]
has been used for the Deep Space 1 mission).

Our research aims to contribute in developing techniques and tools able to
handle hybrid planning problems, in order to apply them to real-world systems.

Current status of the research

We have proposed a discretise and validate approach to deal with PDDL~+ do-

mains having a complex nonlinear dynamics. In this approach, the continuous

problem is relaxed into a discretised one using rounded values and uniform dis-

crete time steps. A schematic view of the approach is shown in Figure 1a. Given a

! For instance, if a pump is switched on, then a filling process starts that continuously increases the
water level in a tank and terminates when the pump is switched off. Moreover, PDDL+ allows

the modelling of predictable ezogenous events that occur as a consequence of some process. For
example, a tank will eventually overflow if the pump is left switched on.
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first discretisation, the continuous model is relaxed into a discretised one. Then,
a forward reachability analysis is used to perform universal planning on the dis-
cretised model. The generated plans are validated against the continuous model
using the VAL [13] plan validator. Since VAL computes analytic solutions to
the differential equations describing the system dynamics, its use is effective to
prove the soundness of the discretised solutions. Moreover, the output of VAL
is also used to determine whether a finer discretisation is required. The process
loops until the validation returns a satisfying result. This approach has been im-
plemented in UPMurphi, a model-checking based tool which performs universal
planning on PDDL+ problems, i.e., it generates a set of policies for all states
reachable from the initial ones. In particular, by exploiting the discretisation,
UPMurphi is able to build and analyse the transition graph for a large class of
systems, including systems whose dynamics is nonlinear and hard to be inverted.
Obviously, in order to have a precise analysis of a hybrid domain, a suitable dis-
cretisation of the continuous behaviour is required. On the other hand, the finer
is the discretisation used to round the continuous component of the state, the
bigger is the resulting state space. To this aim, model checking algorithms of-
fer powerful compression techniques and very effective compact encodings, that
make UPMurphi able to deal with huge state spaces.

Continuous
Model

Final

Validation feedback Validate
Plan(s)

Planetary | Chemical
State Space size 1077 1077

Reachable states|31,965,200(29,968,861
Generated plans | 5,309,514 | 7,154,464
Generated plan(s) Plan gen. time 2,265 sec | 6,319 sec

Discretised model

Memory Peak 1800 MB | 630 MB
Start States 102 23
(a) D&V approach (b) Case studies statistics

Moreover, the discretisation of the continuous behaviour of a system involves
a quantisation of the timeline, where the time flow is modelled using uniform dis-
crete time steps. This, in turn, requires to encode the PDDL+ description of the
domain into such discretised setting. To this aim, we designed and implemented
a complete compilation process (the PDDL+ to UPMurphi compiler) based on
a formal mapping between the grammars of PDDL+ and UPMurphi. It takes in
input a domain/problem pair written in PDDL+ and generates the correspond-
ing discretised model to be used by UPMurphi. This completely eliminates the
need of learning any planner-specific language and manually re-encoding do-
mains with different formalisms.

Therefore, UPMurphi aims to offer a fully PDDL+ compliant universal plan-
ner that is able to cope with problems that are very hard to handle by the current
state-of-the-art tools.
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Preliminary results accomplished

We have tested UPMurphi in three real world case studies, namely the planetary
lander [8], the batch chemical plant [9], where UPMurphi was successfully ap-
plied to perform universal planning, and in the Autonomous Planetary Vehicle
problem [10] to control the rover engine. Moreover, thanks to the PDDL+ to
UPMurphi compiler we were able to work directly on the PDDL+ model of these
domains.

The Planetary Lander case study: is inspired by the specifications of “Beagle
2” Mars probe, designed to operate on the Mars surface with tight resource
constraints. Basically, the lander must perform two observation actions, called
Observel and Observe2. However, before making each observation, it must per-
form the corresponding preparation task, called prepareObs! and prepareObs2,
respectively. Alternatively, the probe may choose to perform a cumulative prepa-
ration task for both observations by executing the single long action full Prepare.
The shorter actions have higher power requirements than the single preparation
action. The power needed to perform these operations comes from the probe
solar panels. The energy generated by the panels is influenced by the position
of the sun. Power coming from the solar panels is also used to charge a battery,
which is then discharged to give power to the lander when the panels do not
produce enough energy (e.g., at night). Moreover, the probe must always ensure
a minimum battery level to keep its instruments warm. Universal Plan statistics
are shown in Table 1b.

The Chemical Plant case study: Its purpose is to produce saline solution with
a given concentration recycling the unused part and preparing for another pro-
duction cycle. The plant (omitted for lack of space) is composed of 7 tanks
connected through a complex pipeline, whose flow is regulated by 26 valves and
two pumps, one heater, a condenser and two cooling circuits. A set of sensors
provide information to the plant controller about the filling level of tanks the
pump pressure and the condenser status. When tanks 1 and 2 are appropriately
filled, the plant can start the production phase. Tank 3 is partially filled with the
solution from tank 1, which is then diluted using the water from tank 2 up to
the requested concentration. The resulting saline solution can be taken from the
output valve of tank 3. If the product is not completely used, the plant recycles it
in the next production cycle. To this aim, the solution in moved between tanks
and boiled by the heater until it reaches the concentration cpsgn. The steam
produced by this process is piped to the condenser that fills tank 6 with the re-
sulting water. Finally, recycled water and solution are pumped to tanks 1 and 2,
respectively. The system goal is to synthesise a production policies able to bring
the system to the goal in any possible configuration obtained after the recycle
phase. However, the duration of these activities is not known a priori, thus the
planner should determine the optimal time point at which the tank capacity (or
required concentration) is reached. The UP statistics are shown in Table 1b.

Open issues and expected achievements

We plan to extend our technique to deal with planning in nondeterministic
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domains where the objective is to find a plan that is guaranteed to achieve the
goal regardless of nondeterminism. Indeed, many real world systems are nonde-
terministic, since the outcomes of the actions cannot be completely predictable.
In this context, many efforts have been made (see, e.g. [5]). However, as in the
deterministic case, dealing with continuous nonlinear behaviours is an open issue
also in the nondeterministic one.
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