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Abstract

A method to design the control architecture for
ROVs is presented, and is based on the idea of us-
ing the Petri net formalism. The amount of system
specification required from the designer is reduced
to the declaration of the input and output variables
of the tasks. Using this information solely, a charac-
terization of the “safe” behaviour is derived. Then
this behaviour is described as a set of invariants on
the marking of a Petri net. A supervisor that en-
forces these invariants is derived, and it allows the
on-line verification of the safety of the control ar-
chitecture, and the derivation of proper activation
strategies. The application of the methodology to
the design of the control architecture of Romeo, the
CNR-IAN’s ROV, is presented.

1 Introduction

The focus of papers concerned with mobile robots
navigation is mostly directed toward the investiga-
tion of control and filtering techniques. The archi-
tectural aspects and the research of methodologies
for the control system design have not gained the
same attention. In [1] an information theoretic ap-
proach has been adopted, and hierachical control ar-
chitectures are proposed. Three layers are usually
used: in [2] the three levels are denoted, from bot-
tom up, Functional Level, Execution Control Level
or Ezecutive, and Decision Level. The functional
level embeds the elementary control tasks, that are
executed in real time for guaranteeing the effective
control of the vehicle. The execution control level

provides the interface between the slow symbolic
processing of the decision level and the fast, con-
tinuous state processing of the functional level. The
higher decision level is responsible of the planning
and decision making issues. Although the notation
is not homogeneous among the various authors, the
necessity of the interface between the continuous
state and the discrete state world has been stressed
elsewhere (see, e.g., [2], [3]). In [2] the interface is
seen as a means to manage the logical constraints
and dependencies among the tasks of the functional
level, whereas in [3] these topics are not faced, and
the focus is more on the stability issues of the re-
sulting hybrid architecture. In the framework of un-
derwater robotics, the functional level of intelligent
control architectures ([4, 5, 6]) usually embeds the
basic navigation, guidance and control algorithms,
while agsynchronous decisions about the configura-
tion of the tasks required to accomplish the mission
goals are made by the upper levels, in the case of
(semi-)autonomous systems, or by the human oper-
ator, in the case of tele-operated systems.

The focus of this paper is on the design of the ex-
ecution control level of the control architecture for
ROVs, and on the usage of the Petri net formal-
ism for the synthesis of this component. Petri nets
are a well-know mathematical tool for the descrip-
tion of systems where concurrency, parallelism, and
resource contention are involved (see [7] for an in-
troduction on this topic). They have been used in
various fields related to robotics ([8, 9, 10, 11, 12]),
and in earlier versions of this work ([13, 14]). In [§]
high-level timed Petri nets are extended with the
concept of modules in order to simplify the specifi-



cations of complex control systems. In [9] Petri nets
are used for solving the assembly sequence planning
problem. Thus, the scope of the use of the Petri
net is to provide a clear description of the conflicts
and dependencies of the single operations, in order
to obtain, from the Petri net model, only valid se-
quences of operations. Moreover, Petri nets are used
in [11] to provide formal specifications of the en-
tire architecture of the mobile robot. In that work,
the formalism allows a complete representation of
the interactions among the levels (execution, coor-
dination, and organization, in their notation) of the
control system. Finally, in [12] Petri nets are used
along the whole development cycle of the control
architecture, that is, in the specification, validation
and code generation phases.

In the underwater robotics field, Petri nets have
even been used in the development of mission con-
trol system (MCS) capable of providing resource,
mission, and failure management. Basic MCS re-
quirement include the capability of enabling the hu-
man operator to design in a high-level language the
vehicle mission, and to interact with the execution,
in case of semi-autonomous vehicles. In [15] hier-
archical concurrent state machines are used to de-
scribe the functional level, while in [16] a Petri net
formalism is preferred.

This paper is organized as follows. Section 2 gives
a brief description of the Petri nets formalism. Sec-
tion 3 provides a general overview of the proposed
control architecture, and a more detailed descrip-
tion of the execution level is drawn in Section 4.
The proposed design technique is introduced in Sec-
tion 5, while Section 6 gives a description of the ap-
plication of the technique to the CNR-TAN’s ROV
Romeo, and provides a view of the exploitation of
the system in at-sea operations. Finally, Section 7
is devoted to the conclusions and the perspectives
for future works.

2 Petri nets

Petri nets ([7]) are a well-know graphical and math-
ematical tool for the representation of discrete-event
systems; the brief description presented here serves
only to establish the notation used throughout the
paper. Formally, a Petri net is a quadruple N =
(P, T,1,0), where P and T are the set of places
and transitions respectively, I C P x T is the set
of arcs from places to transitions, O C T x P is the
set of arcs from transitions to places. A marking is
a function that assigns to each place p € P a non-
negative integer number, representing the number

of tokens in that place; that is, z : K x P = 7,
z(,p) >0 Vpe P,and K = {0,1,2,...} is a
time-index set. Thus, MN = (P,T,1,0,z,%,) is a
marked Petri net. The symbol £ denotes the mark-
ing vector, that is, the ensemble of the markings of
each place: z, = [z(k,p1),z(k,p2),-..,z(k,pn)],
where {p1,ps,...,pn} is the set P. Hence, z, is
the initial marking of the net.

A transition t € T is said to be enabled at time
k if there are tokens in its input places, i.e., if
z(k,p) > 0Vp: (p,t) € I. When a transition is en-
abled, it may eventually fire, and when this happens
the marking of the Petri net is update by removing
one token from each input place of the transition,
and adding one token to each output place. More
precisely, each entry of the marking vector z;, is
updated as follows:

z(k,p)+1 if(pt) €1
z(k+1,p)=4q z(k,p)—1 if(t,p) €0
z(k,p) otherwise,

where p = p1,D9,...,PN, and k is the firing index
(k=0,1,2,...). This behaviour can be described
by the following matrix equation:

Ty =2+ Df,

where f 5 is the kyp firing vector. The M entries of
the firing vector (where M is the number of transi-
tions) are all 0s, except one 1 in the iy, position,
indicating that transition i fires at the kg, firing,.
The matrix D is an N x M matrix, where each
entry d;; is:

-1 if(i,5) €l
dij = +1 lf (J,l) €0
0 otherwise.

Given the initial marking #,, we may define a
place invariant as the integer vector ¢ that satisfies
Wz, = Wz,, for k=1,2,.... Place invariants
will be used in Section 5 to ensure the correct be-
haviour of the execution control level.

3 System architecture

The execution level is made of a collection of tasks,
whose activation/deactivation is established by the
coordination level, and verified by the execution
control module. The coordination level handles the
management of complex mission plans, and deter-
mines the required configuration of the execution
level necessary to reach the current mission goals.
A possible implementation of the coordination level



relies on reactive planner-based solutions. Recent
results on this topic [17], where the usage of spread-
ing activation networks is proposed, are being in-
vestigated. The system architecture is depicted in
Figure 1.
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Figure 1: Control system architecture.

The interface is made up of two main modules,
one receiving requests from the coordination level
and generating command sequences for the execu-
tion level (the execution control module, in Figure
1); the other one generating events on the basis of
the state of tasks at the execution level (execution
event generator in Figure 1).

4 Execution level

The execution level embeds a set of elementary
tasks, i.e., software components with the ability to
perform specific motion estimation or control func-
tions. Tasks communicate among them by means
of variables, that is, shared memory used to store
the inputs and outputs of tasks. In the case of
underwater vehicles, consider a control task com-
puting the horizontal force that must be applied by
the thrusters in order to keep the desired horizon-
tal speed. This tasks needs, as inputs, the current
estimate of the horizontal speed and the desired ref-
erence speed. It provides as output the horizontal
force that has to be applied. In this example we
have one task (the horizontal speed control task),
and three variables (the horizontal estimated speed,

the horizontal reference speed, the computed hori-
zontal force). Each task can be seen as an indipen-
dent entity, only needing the input and output vari-
ables for its proper working. This greatly simplifies
their actual implementation, since the development
of the various tasks can be done independently. Not
all tasks are used at the same time: according to
the current mission goals, it may occur that one is
running, while others are not active. We’ll use the
term running to refer to tasks in use, whereas the
unused tasks will be referred as idle. Of course,
this is not a static property, in that it may change
during time. The purpose of the execution control
module is to guarantee that, at any time instant,
only proper combinations of idle and running tasks
are reached.

4.1 Control architecture example

In complex control architecture a high number of
tasks may be involved; in the following we’ll refer to
the simple example depicted in Figure 2 to provide
a meaningful description of the proposed methodol-

ogy.

Figure 2: Example of a control architecture: only a
part of the vertical motion is considered here.

The depicted system architecture represents a
small subset of the control system of Romeo, and
is mainly focused on the control of the vertical mo-
tion of the vehicle. The tasks and variables con-
sidered in Figure 2 are the followings: wertical ac-
tuators is the control task that provides the lower
level interface with the vehicle thrusters, applying
the desired vertical force f}; . zRefOp, hRefOp, wRe-
fOp, and fwRefOp are the control tasks interfacing
with the upper levels of the control architecture (or
with the human operator), that is, their output is



the requested reference value for variables z*, h*,
w*, and fw* respectively (depth, altitude, vertical
speed, and vertical force). auto depth PI and auto
depth P are “equivalent” control tasks that com-
pute the vertical speed w* necessary to keep the
prescribed depth z*. Awuto altitude and bottom fol-
lowing, although computing the same output ref-
erence value w* are not equivalent tasks, in that
they have different requirements (the bottom follow-
ing algorithm requires the knowledge of the slope of
the seabed). Auto heave GS is the task computing
the required vertical force. In the estimation leg
depth meter, force meter, altimeter, and doppler are
the estimation tasks interfacing with the logical sen-
sors; heave EKF, altitude LKF, slope altitude esti-
mator, surge LKF are estimation tasks, computing
the estimated values of the heave, altitude seabed
slope, and surge variables. See, for instance, [18]
for a more detailed description of the tasks compos-
ing the ROMEO control system. Finally, there is a
switch involving variables h,hrxr, and hgsa. The
possibility of switching among estimation variables
has been introduced for the purpose of providing the
greater flexibility. The switch means that variable
h can be given the same value of one of the two
sources (hrxr and hga in this case), or none of
them. In facts, it is possible for variable h not to be
given any value: in this case its value is undefined
and tasks having h as input cannot be activated.
Note that the approach is somewhat different for
the estimation or control cases. In the case where
estimation variables are involved, it is possible to
have different instances of variables with the same
meaning, i.e., referring to the previous example, the
variables h,hrxp, and hgas all refer to the same
physical quantity (the distance from the seabed, in
the underwater vehicles field). Anyway, hrxp and
l:LSA are estimated with different algorithms, and
h can be one of the two according to some crite-
ria. Thus, even when the position of the switch is
such that h and hs4 have the same value, the task
slope altitude estimator can be kept active and con-
tinue providing its estimate of the altitude; this can
be useful for monitoring or fault detection purposes.
Hence, even bank of filters are easily accomodated in
the proposed framework. On the contrary, as far as
control variables are concerned, when different con-
trol algorithms compute the same physical quantity
(e.g., the forward speed), they use the same variable
as output. This, as will become clearer in the follow-
ing sections, creates a conflict between the control
tasks. In facts, having a reference value computed
by means of different methods is not of great utility
and, in most practical cases, it is impossible since

a control algorithm cannot be kept running with-
out applying its output. Consider two control algo-
rithms, one with proportional/integral action, and
one with the proportional part only. The integral
one would soon “saturate” if kept running while the
output of the only-proportional one is used.

Tasks auto depth P and auto depth PI have the
same set input and output variable, that is they
are topologically equivalent. Control tasks with this
characteristic are called equivalent, and a special op-
eration to switch among them will be introduced.
This allows to change the low-level control algo-
rithms without affecting the upper levels configu-
ration.

4.2 Nomenclature

In order to describe the execution level by means
of the Petri net formalism, a more precise defini-
tion of its various components is needed. This is
the scope of the following definitions. Let us de-
note with symbols 7 and V the sets of all tasks
and variables, respectively. The items of the two
sets are furtherly distinguished according to their
relation with the control or navigation leg of the ar-
chitecture. Hence, the set V is made up of the two
disjoint subsets £V, the set of estimation variables,
and CV the set of control variables. Variables must
belong to one and only one of the two categories,
that is, YV =&V UCY and 0 = EVNCY. For each
task t € T, it is possible to define the sets of input
and output variables:

e YVt CV and t¥ C V denote the set of input
and output variables of task t, respectively.

e V2 VinCY CCV and €Y 2V NCY C
CV denote the set of input and output control
variables of task ¢, respectively.

o EVEEVINEY CEY and tEY 2V NEV CEV
denote the set of input and output estimation
variables of task ¢, respectively.

Therefore, the partitioning of the set 7 into the
two disjoint subsets £7 and CT of the estimation
and control tasks respectively can be easily derived
as ET2{teT:tYNEV#0} and CTET\ET .
Besides this static partitioning of the tasks, a time-
varying partitioning can be established between the
running and the idle tasks. That is, there exist two
subsets of 7, 7g and 77, such that TRUT; =T
and TgNT; = 0. Tg is the set of running tasks,
whereas T; is the set of the idle ones. Since the
belonging of one task to one of the two subset is a



time-varying property, it would be more precise to
represent these sets as functions of time: however, in
the following the time dependence will be dropped
for notational simplicity.

Referring to the example in Figure 2, the sets
ET, CT, EV, CV, are, respectively, { force me-
ter, altimeter, doppler, altitude LKF, slope altitude
estimator, surge LKF, heave EKF'}, { 2RefOp, hRe-
fOp, wRefOp, fwRefOp, auto depth P, auto depth PI,
auto altitude PI, bottom following, auto heave GS },
{ h7 P, 67 u, h7 &7 ’aa Z, fwa 27 ’Li\l }7a’nd{
Z*, h*a ’LU*, f:; }

4.3 Rules

The definitions in the previous section let us state
the rules that determine the correctness of the ex-
ecution level. These rules regard the logical be-
haviour only, that is, stability issues are not con-
sidered here. Thus, the following rules are derived
basing only on the topology of the execution level,
i.e., on the interconnections among the tasks:

R Vo eV, My, ts € TR:v ELY AV EL, =>4
ty

(R2) Vv € CV,ifta,ty € Tr : v € Vi, Av €

Vi =>ta =t

(R3) Yo € CV,if3t, € Tr:v € t5Y = Iy € Tr :
NS Cth

(R4) Yv € ET,if3t, € Tgr :
ETﬁﬁzveth

veV=>Ie

Rule (R1) states that, at any time instant, there can
not be two or more running tasks having the same
output variable. Rule (R2) ensures that there are
no control tasks tracking the same reference value
at the same time. Roughly speaking, this rule es-
tablishes the uniqueness of the control strategy. In
(R3) it is affirmed that generated reference values
must be tracked. Finally, rule (R4) states that each
input estimation variable of a running task must be
the output of another (necessarily, estimation) run-
ning task. That is, estimation tasks must be acti-
vated from bottom up, and before the control tasks
using their outputs.

5 Petri net-based design of the
execution control module

Tasks at the execution level are represented, in the
execution control module, by means of Petri nets.

- —

Figure 3: Sketch of the Petri net representing a sim-
ple task.

Each task can be represented by means of the simple
Petri net depicted in Figure 3.

The places z} and z% refer to task ¢ being

in status Idle or Running respectively. The initial
marking of the net ensures that only one of the
two places is marked with one token. Moreover,
the place invariant zf + 2% = 1 is respected for
t =1,2,...,Q, where () is the number of tasks
in the control system. This means that the obvi-
ous condition of a task not being idle and running
at the same time is always respected. The opera-
tion to take a task from state idle to state running,
i.e., firing transition f% in Figure 3, is called the
activation of a task, whereas the opposite, i.e., the
firing of transition f%, is called deactivation of a
task. The execution level does not activate or de-
activate tasks on its own, but it always performs
such operations in response to commands received
from the upper levels. Thus, all transitions in the
Petri net can be assumed controllable. Note that, in
view of the recently appeared results on the super-
vision of Petri nets having both uncontrollabe and
unosservable transition [19], this assumpion is not
limiting the applicability of the proposed methodol-
ogy to this simple type of representation.

Once described the single tasks, the represen-
tation of the whole architecture has to be found.
At the first glance, the overall net is simply com-
posed of the several simple independent nets, one
for each task. However, such a description implies
that the activation/deactivation of the tasks has no
constraint, and thus it violates the rules stated in
the previous section. Anyway, the description ob-
tained so far is the base for applying the method
proposed in [20] for the supervision of the control
architecture. The applicability of that procedure re-
lies on the representation of the net with the matrix
notation. Hence, let first see how the simple net and
the overall net are represented with this formalism.



Each task is simply described by:

R
Th | gy Th | 1 -1 p 5
The whole net is obtained by juxtaposing the states
of the single taks, i.e.:

(a4
s F »
i % 4
TR =|*r | +[1]| D
! ! 4
L PR dppr L ZR dy L Jp Ay
where
[ -1 1 0 0 0 0]
1 -1 0 0 0 0
0 0 -1 1 0 0
[T] = 0 0 1 -1 0 0
0 0 0 o --- -1 1
.0 0 0 0 .- 1 -1 |

The switch among the estimation variables, that has
been described in section 4, is represented as a set of
parallel estimation tasks, as can be seen in Figure 4.
The case where the switch is opened (i.e., the desti-

X Xy X Xy

estimation
buffer
task

estimation
buffer
task

Figure 4: Representation of the switch among esti-
mation variables.

nation variable is not written) corresponds to having
all tasks in the idle state. Moreover, the tasks are
subject to rule (R1), and hence the uniqueness of the
switch position is guaranteed, since all tasks have a
common output variable. On the contrary, the case
where equivalent control tasks are present needs to
be described in a somewhat different way. In facts,
the rules previously stated require the activation of
control tasks to start from the lower levels toward
the highers. Thus, in the case that one wants to
substitute a control task that is required by another
running control task at an upper level, the respect

of the rules would imply the deactivation of the con-
trol tasks down to the lower level, and the activa-
tion with the new configuration up to the desired
level. This solution is clearly undesiderable, and it
is preferable to have an atomic operation allowing
the switch between the equivalent tasks, leading the
system from a valid configuration to another valid
one, neglecting the intermediate unsafe situation.
To this aim, equivalent control tasks are represented
as in Figure 5, that is, transitions to switch from one
configuration directly to the other one are added, in
order to avoid to go through the idle state.

Figure 5: Sketch of the Petri net representing the
switch between two equivalent control tasks.

The corresponding net dynamics, using the ma-
trix notation, is given by the following:

t
f‘t“l
f
xé x% fltjl
xR1 = mR1 + [St] ft 2
zt zt Do
Ry 1 p4+1 Ry 1 fém
f§21 k

where
[St] = 1 -1 0 0 -1 1 (. (@

Of course, the representation can be easily extended
to cases involving more than two tasks. As in the
case of the other tasks, the whole net is obtained by
the juxtaposition of the nets representing the single
tasks switches. That is, the transition matrix of the
net including all the control tasks involved in equiv-
alence relations has the following block structure:

$$ 0 0 - 0
0 S 0 - 0
g2 0 0 S8 - 0
0 0 0 - 8

where w is the total number of equivalence rela-
tions, and each S;,i = 1,2,...,w has the same



structure as (1), but with an eventually different
number of rows, according to the number of possi-
ble alternatives for the given control strategy.

Let us denote with symbol D the matrix of the
net dynamics containing both the nets related to
normal tasks and control tasks involved in equiva-

lence relations. That is, D = [ € g, ] , and the
net dynamics is given by:
T =2, + Df, (2)

Now, the rules of the previous section must be
converted into invariants on the marking of the net.
Consider rule (R1), it can be expressed by means of
the following set of inequalities:

YveV Zxﬁgl (3)

tiivety

In facts, suppose that there exits two distinct tasks
violating rule (R1), i.e., t, and ¢, such that v €
tY Av € t/, and such that they are both in state
running at the same time (¢, and t, € Tg); for
these tasks we would have z% + 2% = 2. That is,
violation of rule (R1) leads to a violation of inequal-
ity (3). Hence, the enforcement of the inequality
implies the respect of the rule.

In an analogous manner, the inequalities related
to rules (R2), (R3), and (R4) can be obtained as:

wecy > ah<l, (4)

tiwECVe;

VteCT ah=1=>Wwet > ahi>1, (5)
t;€€Tt,

and

VtGTx%:1:>Vv€SVth§{,21, (6)

tictsT

where €Tt, 2 {z€CT:vet} and 7 £
{zelT:vetT}.

Inequalities (3), (4), (5), and (6) can be trans-
formed into equalities, as it will be showed in the
following. The method used is the one proposed in
[20], and is reported here for ease of reference. The
inequalities are grouped and written in matrix form
as

Lz < b,

where L is a N, x N matrix, p isa N, x 1 vector,
and N, is the number of constraints. Inequalities
are rewritten as equalities by adding slack variables:

L£+£c:b7

where z, is a N, x 1 vector. Practically, N, places
are added to the original net. It has been shown
([20]) that the incidence matrix relative to these new
places can be obtained as:

D,=-LD

and the initial marking of these new places is given
by:
£00 = b - L% .

Summing up, the following net is obtained:

2] -[2]+][5]s @

where the vectors £ and D denote the state and
the transition matrix of the original net, respectively
(see Equation (2)), while z, and D. denote the
state and the transition matrix of the controlling

net, respectively.

6 Application example

The design procedure introduced in Section 5 has
been sactisfactorly used for the design of the logic
part of the control architecture of Romeo, an un-
derwater ROV developed by CNR-TAN. The vehi-
cle ([21]) is used both for research purposes, that is,
as a test-bed to experiment new control and naviga-
tion algorithms, and for scientific purposes, that is,
as a carrier of scientific instruments in underwater
environments. Thus, it is requested that the control
architecture is flexible enough, in order to easily add
new tasks to the system and integrate them into the
existing architecture. The resulting software envi-
ronment is made of two main on-line components:
the execution engine and the execution control en-
gine, implementing, respectively, the execution level
and the execution control module. Moreover, an off-
line visual editor, named ezecution level designer,
has been developed; it is a Windows program that
provides the environment for the configuration of
the control system. That is, it provides a way to
specify the tasks input and output variables, and
the switches among the estimation variables.

A sketch of the relations among the various soft-
ware tools is depicted in Figure 6.

6.1 Execution level designer

This module, running under Windows, provides the
environment to design and configure the above-
described modules. By means of a Graphical User
Interface it is possible to declare new types of tasks,
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Figure 6: Software tools for the design of the control
architecture of Romeo.

in this case the C++ skeleton code for these tasks
will be generated by this module. For each type of
task, it is possible to specify, beside the number of
input and output variables, a set of parameters (e.g.,
a proportional and integral constant in a PI regula-
tor); the code to manage these parameters will be
automatically generated. Moreover, in the same en-
vironment, it is possible to specify the number and
names of the variables used in the execution level,
and, for each task, to establish the links with the in-
put and output variables. Basing only on this topo-
logical information, the execution level designer will
compute the structure of the Petri net used by the

. . . D |.
execution control engine, i.e., the matrix [ D ] in
c

equation (7). Summing up, this module generates
the C++ code to implement the control architec-
ture. More precisely it generates:

e the execution level runtime engine and EL
scheduling order. The scheduling order is
computed by this module basing on the in-
put/output relationships among the tasks. The
human operator can choose the ordering where
multiple alternatives are present.

e (++ skeleton code of the execution level tasks.
That is, this module generates the skeleton of
the classes used to implement the tasks of the
execution level.

e Code to instantiate tasks and variables of the
execution engine.

e Full implementation of the execution control
engine, including the initialization of the Petri
net with the off line-computed structure.

e Configuration files for the Human Computer
Interface customization. These files include the
friendly names of the tasks of the execution
level, the mapping of these names to the iden-
tifiers used in the execution control engine and

in the execution engine, and the pre-computed
topologically equivalent groups of control tasks.

6.2 Execution control engine

The execution control engine embeds the Petri net
representation generated by the execution level de-
signer. It receives commands (task activations or
deactivations) from the upper levels of the architec-
ture, or from the human operator, and translates
the commands into firing vectors. The feasibility
of the obtained firing vectors is verified, and, if the
resulting marking is a valid one, the commands are
sent to the execution engine. The marking of the
net is updated upon receiving the confirmation that
the command has been correctly executed. In fact,
the execution engine could also reply in a negative
way; this may happen, for example, when the acti-
vation of a task is not possible due to some physical
constraint, as could be the temporary unavailabil-
ity of a physical device. Another job performed by
the execution control engine is the transformation
of an unfeasible command into a proper sequence
of commands such that, after having correctly ex-
ecuted these new ones, the initial command turns
out to be feasible. This is realized by computing a
firing sequence that leads the Petri net to a state
where the original firing vector is enabled. Thus,
the commands corresponding to the computed fir-
ing sequence and to the original firing vector are sent
to the execution engine. The conflict resolution is
based on a preemptive policy, that is, if the last re-
quest leads to a configuration where some tasks are
in conflict with others that were already running,
the running tasks are deactivated and the new ones
are activated.

6.3 Execution engine

Tasks at the execution level are implemented by
means of C++ classes. A virtual base class is pro-
vided, that embeds the structure necessary to im-
plement a state machine. To create new tasks, a
C++ class must be derived from the base class,
implementing the methods that are called at each
state. For most purposes, it is sufficient to imple-
ment the virtual method run, that is the one called
when the task is in the running state. Moreover, it is
also possible to implement the others methods, that
are called when the task is in the idle state, during
the initialization and deinitialization phases, and at
every change of the state. The run-time engine is a
simple scheduler that is activated periodically, and
that, on its own, activates all the tasks. More pre-



cisely, for each task and in an order that is provided
a priori (computed by the off-line module), it checks
the state of the task and calls the corresponding
method (e.g., if a task is in the running state, it
calls the run method for that task). Furthermore,
it also checks if the task has changed state from the
previous turn and, if this has happened, calls the
appropriate handler (another virtual method of the
task, that can be redefined in derived classes). An-
other job performed by the run-time engine is to
check if a task is in the initialization phase from a
too long time (this timeout can be specified during
the design phase by means of the off-line module).
If that is the case, the task is reset to the idle state.

6.4 Exploitation

After intensive lab tests performed executing a large
number of missions in the CNR-IAN Underwater
Virtual World, successful trials have been performed
in the Aegean Sea in the framework of the ARAMIS
project. Moreover, many at-sea operations in the
Tirrenian Sea nearby Genoa have been done. Dur-
ing all these missions, the control system has be-
haved satisfactorly, and the work performed by the
human operator has proven to be simplified.

7 Conclusions

A method to design the control architecture for mo-
bile robots has been proposed in this paper. The
method relies on the Petri net formalism, and on
the feedback control of Petri nets basing on place
invariants. The proposed methodology allows the
on-line supervision of the behaviour of the tasks at
the execution level, and the automatic reconfigura-
tion according to the current mission goals. The ap-
plication to a real-world example, the Romeo ROV,
has been described, including the software tools de-
veloped for the design and implementation of the
proposed architecture. Future works will concern
the extension of the methodology to a more general
class of tasks, hence including tasks having uncon-
trollable behaviours. On the application side, the
event generator module and the upper level of the
architectures are the current research topics.
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