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Abstract

The PDDL+ language has been mainly devised to allow
modelling of real-world systems, with continuous, time-
dependant dynamics. Several interesting case studies with
these characteristics have been also proposed, to test the lan-
guage expressiveness and the capabilities of the support tools.
However, most of these case studies have not been completely
developed so far. In this paper we focus on the batch chemical
plant case study, a very complex hybrid system with nonlin-
ear dynamics that could represent a challenging benchmark
problem for planning techniques and tools. We present a
complete PDDL+ model for such system, and show an ex-
ample application where the UPMurphi universal planner is
used to generate a set of production policies for the plant.

1. Introduction

The batch chemical plant is an academic case study, origi-
nally developed in (Kowalewski 1998), describing a chem-
ical production cycle for concentrated saline solution. Its
aim is to model a realistic hybrid system to experiment vari-
ous model checking and planning techniques and tools. The
system has been also studied in-depth as the subject of the
European project VHS (Verimag 2000).

It has been remarked (Fox, Howey, and Long 2005;
Fox and Long 2006) that the chemical batch plant could
be an interesting case study to fully exploit the modelling
power of PDDL+ (Fox and Long 2001). Therefore, it could
also represent a challenging benchmark for all the current
planning tools that support this language. Indeed, the prob-
lem domain contains many tightly connected components
and safety constraints, which make the actual effects of any
action very difficult to estimate.

The general problem of synthesising a set of operating
procedures (plan) for a chemical plant has been addressed
several times in the literature (see, e.g., (Ivanov et al. 1980)).
Typically, the problem solution involves the use of hierarchi-
cal non-linear planners to generate partial plans and refine
them until a feasible global plan is generated, following the
plant flow. Examples of such approach are, e.g., (Aylett et
al. 1998), where the CEP domain-dependent planner is ap-
plied to a chemical processing case study, or (Viswanathan
et al. 1998a), where the Grafchart methodology is used in
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the iTOPS (Viswanathan et al. 1998b) tool for synthesising
a detailed plan for a batch chemical process, or (Crooks and
Macchietto 1992), where the goal of each subplan is solved
as a mixed integer linear problem. However, the major is-
sue of all these refinement-based techniques is that, when
the model presents a large number of constraints, detecting
their violation, the invalidated subplans and the correspond-
ing possible corrections may quickly become a very hard
task.

Therefore, so far a complete batch chemical plant like the
one described in (Kowalewski 1998) has not been modelled
in PDDL+, neither an automatic planning tool (possibly us-
ing an alternative input representation) has been applied to
1t.

In this paper we propose a complete PDDL+ model for
the batch chemical plant. Such model represents an interest-
ing and advanced application of PDDL+, and we feel that
it could also be a challenging benchmark problem for plan-
ning and universal planning tools. Indeed, we also describe
a sample case study using the UPMurphi (Della Penna et al.
2009b) tool to perform universal planning (Schoppers 1987)
on a significant portion of the model, in order to generate a
set of production policies for the plant.

2. The Batch Chemical Plant

The purpose of the batch chemical plant is to produce saline
solution with a given concentration. If part of the product is
not used, the plant can recycle it to restart another production
cycle.

The plant (shown in Figure 1) is composed of 7 tanks con-
nected through a complex pipeline, whose flow is regulated
by 26 valves and two pumps. In particular, tank 5 is provided
with a heater, whereas tank 6 is connected to a condenser.
Finally, tanks 6 and 7 are surrounded by a cooling circuit.
A set of sensors provide information to the plant controller
about the filling level of tanks 1,2,3 and 5, the pump pressure
and the condenser status.

In the plant initial state, all the valves are closed, and the
pumps, heaters and coolers are switched off. Tank 1 contains
saline solution at a high concentration ¢4, whereas tank 2
contains water.

If tank 1 does not contain enough solution, the plant enters
the startup phase: water from tank 2 is moved to tank 3,
where a suitable amount of salt is added manually to reach
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Figure 1: Overall structure of the chemical plant

the required concentration, and finally pumped to tank 1.
Note that tank 2 can be refilled with water at any time by
opening the appropriate input valve.

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 tank 3 is moved to tank 4 and then to tank 5.
Here, the solution is boiled by the heater until it reaches the
concentration cp;qp, and then moved to tank 7. The steam
produced by this process is piped to the condenser that fills
tank 6 with the resulting water. Finally, tanks 6 and 7 are
cooled and their contents are pumped to tanks 2 and 1, re-
spectively.

During the startup and production cycles the plant must
obey some safety rules:

e pumps can be switched on only if all the valves in their
pipeline are open,

o the heater cannot be switched on if tank 5 is empty, or the
condenser is switched off, or if the valves involved in the
heating/condensation process are closed,

e only two cooling circuits (including the one used by the
condenser) can be switched on at the same time,

e tanks cannot be filled and emptied at the same time,
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e the content of each tank must not exceed the correspond-
ing capacity limitations (Kowalewski 1998), which are
lower than the tank volume.

The plant dynamics is described in (Deparade 1999) by a
set of differential equations that we omit for lack of space.

3. PDDL+ Modelling

In this paper, for sake of simplicity, we only describe the
(more interesting) model of the production phase. This con-
tinuous, time-dependant domain is mainly modelled using
processes, events and (flexible) durative actions. Indeed,
Figures 2, 4 and 5 show representative examples of such
constructs extracted from the model (whose full source is
available online in (Della Penna et al. 2009a)), which con-
tains a total of 59 predicates, 55 functions (14 of which rep-
resent real values), 19 events, 10 durative actions and 11
processes. In the figures, Bz _1, Bz_c, Bz _t indicate the fill-
ing level, solution concentration and temperature for tank
x, respectively, whereas vy, Py and Hy indicate valve, pump
and heater y, respectively. Finally, the value of a constant &
taken from the problem specification is indicated with C_x.
In the following we describe the main elements of the
PDDL+ model for the chemical plant production phase,
highlighting their most interesting features. It is worth not-
ing that the model has been written to adhere as much as pos-
sible to the formal specification in (Deparade 1999). How-
ever, to further check its correctness, we used the UPMur-
phi tool (Della Penna et al. 2009b) to generate an optimal
production plan, using our model applied to the initial con-
ditions described in (Kowalewski 1998) and obtaining the
same results (manually) devised in (Kowalewski 1998).

3.1 Production Activities

; filling durative action (for tank 3)
(:durative—action B3_fill

:parameters () :duration (>= ?duration 0)
:condition (and

(at start (not (V8)

)) (at start (=
at start (>= (B1.l)
)

( 0)) (at start (not (V3)))
(at start (not (V10))) (at start (not (V11)))
(at start (not (B3_filled))) (at end (V8))
(over all (>=(B1.1) 0)))

;effect (and

(at start (B3_filling)) (at start (V8))

(at end (not (V8))) (at end (B3_filled))

(at end (not (B3_filling)))))

; filling process (for tank 3)

(:process B3_fill_process

(B3.1) 0))

:parameters ()

:precondition (B3_filling)

ceffect (and (decrease (B1_.l) (x #t (x (C.5_2) (
sqrt (+ (/ (B1.l) (C-h1.3)) 1)))))

(increase (B3_.l) (« #t (*x (C.5.2) (sqgrt (+ (/ (
B1.1) (C-h1.8)) 1)))))))

Figure 2: Examples of durative actions and processes mod-
elling the production phase



The production activities, such as moving the solution
from a tank to another, cool it down, etc., some of which
can possibly be executed in parallel, are modelled using du-
rative actions. However, the duration of these activities is
not known a priori, thus the planner should determine the
time point at which the tank capacity (or required concen-
tration, or temperature) is reached. To achieve this, we use
duration inequalities in the durative actions. On the other
hand, continuous changes to solution level, concentration
and temperature in tanks are modelled through PDDL+ pro-
cesses that update the corresponding model variables fol-
lowing the functions described in (Deparade 1999). This
modelling schema guarantees an immediate detection (i.e.,
triggering of failure events) of safety violations.

As an example, when tank 1 is nonempty, tank 3 is
empty and some other conditions hold, the durative action
B3_fill shown in Figure 2 moves the solution from tank 1
to tank 3. The continuous update to the solution level in
these tanks due to the action is performed by the process
B3_fill_process, which is enabled by the durative action by
setting to true the predicate B3_filling. The execution of
this process may in turn trigger some events (Fox and Long
2003), e.g., B3.I_failure (shown in Figure 4) that would in-
validate the plan. At the end of the durative action (as cho-
sen by the planner), B3_filling is set to false, and the filling
process ends.

It is worth noting that the effects of B3_fill_process in-
volve the calculation of a square root, which is currently not
supported by PDDL+. Therefore, we have also created and
tested an approximated model (available in (Della Penna et
al. 2009a)), where the square root is substituted by the sec-
ond degree polynomial that best fits such function within
the bounds deducible from the model dynamics, as shown in
Figure 3.

(:process B3_fill_process

:parameters ()
:precondition (B3_filling)
:effect (and (decrease (B1.l) (x #t (*x (C.5_2)
(+ (x —0.000415797 (x (B1_l) (B1_.l) ) ) (+ (* (
B1.1) 0.0424115) 1.00597 )))))
(increase (B3.1) (x #t (x (C.5.2)
(+ (x —0.000415797 (= (B1_) (B1.) ) ) (+ (= (

|
B1_.l1) 0.0424115) 1.00597 )))))))

Figure 3: B3_fill_process with approximated square root

3.2 Production Events

The violation of one of the safety constraints listed in Sec-
tion 2 should trigger an instantaneous change that invali-
dates the plan. Therefore, such failures have been modelled
through PDDL+ events, whose effect is to falsify the invari-
ant predicate correct_operation.

It is worth noting that, in the chemical plant model, dis-
crete and continuous changes are combined in the activation
conditions of several events (Howey, Long, and Fox 2004),
making their checking more complex, but still very impor-
tant since they may invalidate the plan (Fox, Howey, and
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; pipeline flow failure (during B3 filling process)
(:event B3_flow_failure

:parameters ()

:precondition (and (or (V11) (V10)) (or (V8) (V9)))
:effect (not (correct_operation)))

; heater failure (on tank 5)

(:event H5_failure

:parameters ()

:precondition (or (and (H5) ( or (V12) (V15) (V16 )
)) (and (H5) (not(V13))) (and (H5) (not (>= (B5.l)
(B5-l_safe)))))

:effect (not (correct_operation)))

; tank filling limit failure (on tank 3)

(:event B3_l_failure

:parameters ()

:precondition (or (< (B3.1) 0) (> (B3.l) (B3.l_.max)
))

:effect (not (correct_operation)))

; pump (2) failure

(:event P2_failure

:parameters ()

:precondition (and (P2) (not(or (and (V25) (V28)) (
and (V25) (V5) (V6)) (and (V25) (V5) (V4) (V2) (V1
) (V3)))))

:effect (not (correct_operation)))

Figure 4: Examples of failure events

Long 2005). As an example, event H5_failure in Figure 4
shows the PDDL+ model of an exogenous event. Such event
is activated when the heater is switched on (H5 is true) and
one of the valves 12, 15 or 16 is open (or V12 V15 Vi6), or
valve 13 is closed (not v3), or the level of tank 5 is lower
than the security level (not (>= B5.1 B5_l_safe)).

Finally, the two events shown in Figure 5 are used to trig-
ger the end of the plan. In particular, event production_end is
triggered when tank 1 contains a sufficient amount of solu-
tion with the required concentration, and its effect is to set
the production_complete predicate to true. This, in turn, trig-
gers a cascading event production_success that, if the plant
has operated correctly (i.e., without violating any safety con-
straint) and all the valves and pumps have been correctly
closed, sets the success predicate to true to indicate that the
goal has been reached.

3.3 Production Problem

The PDDL+ definition of the problem for the chemical plant
production phase is quite straightforward. The domain is
initialised by setting the function and predicate values to the
ones obtained after the startup phase (see (Deparade 1999)),
and the goal is to set the success predicate to true, minimis-
ing the total—time.

4. Experimentation

As a first application of the chemical plant model, we used
the UPMurphi tool (Della Penna et al. 2009b) to automat-
ically perform universal planning (Schoppers 1987) on the
production phase, in order to generate a set of production



(:event production_end

:parameters ()

:precondition (and

(B1_filled) (>=(B1.l) (B1_l_target-min))

(< (B1.1) (B1_l_target-max))

(= (B1.c) (Bi_c_target)) (not(production_ended)))

:effect (and (production_.complete)
(production_ended)))

(:event production_success

:parameters ()

:precondition (and (not(success))
(production_complete) (correct_operation)

(not (or (V1) (V2) (V3) (V4) (V5) (V6) (V7) (V8) (
V9) (V10) (V1) (Vi2) (V13) (V14) (Vi5) (Vi6) (
V17) (V18) (V19) (V20) (V21) (V22) (V23) (V24) (
V25) (V26) (V27) (V28) (V29) (P1) (P2))))

:effect (success))

Figure 5: Cascading events triggering the goal

policies with different requirements. To this aim, we in-
put UPMurphi with the PDDL+ domain and problem, and
define a start state cloud (see (Della Penna et al. 2009b))
where the amount of solution to be produced (B3_I_target)
varies in the range [1.5, 3.7] liters with steps of 0.1 (i.e., 23
different states).

Note that, to obtain the finite state system needed by UP-
Murphi, the continuous variables of the model have been
rounded up to the first decimal, and the time has been dis-
cretised in steps of 10 seconds, as suggested in (Brinksma
and Mader 2000).

The whole universal plan took about 6000 seconds to be
generated, and has a size of 246.3 megabytes. The results are
in Table 1. The plant state space is 10'7. However, starting
from the given start state cloud, the planner found that only
about 30 million of such states were actually reachable, and
for 24% of them it was able to generate an optimal plan to
the goal. Plan execution lengths vary from 1920 to 2200
seconds.

Reachable states
States to goal (generated plans)
Optimal plan length (min/max)

29,968, 861
7,154,464
1920/2200 sec

Table 1: Universal plan generation statistics

5. Conclusions
The complete PDDL+ model for the batch chemical plant
is now available to the planning community, together with
the preliminary results of the universal planning presented
in this paper. As a complex benchmark problem, it can be
used to validate PDDL+ tools, but also to highlight flaws and
suggest possible enhancements.
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