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SUMMARY

Often inspection and maintenance work involve a large
number of highly dangerous manual operations, especially
within industria fields such as shipbuilding and construc-
tion. This paper deals with the autonomous climbing robot
which uses the “ caterpillar” concept to climb in complex 3D
metallic-based structures. During its motion the robot
generates in rea-time the path and grasp planning in order
to ensure stable self-support to avoid the environment
obstacles, and to optimise the robot consumption during the
inspection. The control and monitoring of the robot is
achieved through an advanced Graphical User Interface to
allow an effective and user friendly operation of the robot.
The experiments confirm its advantages in executing the
inspection operations.

KEYWORDS: Climbing robots, Autonomous systems, Robot
path planning; Optimum planning.

1. INTRODUCTION

The development of special climbing, walking and mobile
robots for non-traditional sectors and service application
increases every day. The most active industrial sectors are:
a) Construction, with application to wall erection, brick
assembly, etc.;' b) Electric power transportation hot-line
maintenance;? ¢) Shipbuilding for welding tasks in ship
erection processes,® and d) Aeronautic application for
aircraft inspection,” etc.

The construction industry has become one of the most
appropriate for robotization, due to its current low level of
automation. Another important reason is the high com-
plexity of construction sites and environments, such as
buildings, bridges, towers, etc. That is why the construction
industry demands autonomous climbing robots with a high
level of mobility in their type of environments.

During the last years a few well known climbing robots
have been developed.>® Nevertheless, these robots are
mainly Nnon-autonomous or Ssemi-autonomous in two senses:
a) In the control system of the robot, which isusually placed
on the “ground”; and b) In the power supply source which
is also placed in the “ground”. The “ground” equipment is
umbilically linked to the climbing robot using heavy wires
which susbstantially reduce their mobility. Their control
systems work at the actuator level only, but not in the
locomotion or inspection ones.

There are many highly dangerous manual operations
related to periodical inspection at construction sites. An
important part of these operations is performed in large size
environments formed by metallic structures with difficult
and dangerous access, even for skilled workers. The most
relevant examples are: Inspection of screwed/welded unions
of building metallic skeletons, or inspection of the painting
of the metal-based bridges with a complex structure (Figure
1). The possibility of using autonomous robots for these
applications will present a very important advantage with
regard to safety and quality.’

The main objective of the ROMA robot is the develop-
ment of multifunctional autonomous self-supported
climbing robots able to travel into complex metal-based
environments. The navigation is performed by the robot
CPU in an autonomous way without other help. Therobot is
able to self-support its locomotion system for 3D move-
ments and it has the possibility of autonomous power supply
using the on-board batteries or, if it is necessary, be
umbilically connected to a “ground” power supply to
increase the robot’'s autonomy. The effectiveness of the
ROMA robot in the inspection of large structures, like
bridges, directly depends on its autonomy.

The robot is equipped with two types of on-board sensors
for inspection operations:

a) Colour cameras, and
b) Laser telemeters.

With the camerait is possible to inspect:

a) The colour to check for rust, paint and structural
defects,

b) The geometric features of screws and bolts to check if
they are at their required torque.

The laser is mainly used for:

a) Localization of the robot with respect to the metalic
structure, and
b) It helps to extract information from the camera images.

2. ROBOT STRUCTURE

The mechanical, electromechanica and control design and
development of the ROMA robot was performed by the
University Carlos Il of Madrid. There were several stages
during the mechanical design. First of al, the analysis of the
different movements of the robot in different scenarios was
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Fig. 1. a) Metal-based building structure, b) metal-based bridge for ROMA robot inspection, c) bridge real view, and d) its close-up.

performed in order to select its kinematics structure. The
output of this process was the selection of the robot’'s
number of DOFs and their ranges. Then the electro-
mechanical design was performed using the dynamics
analysis and simulation package ADAMS.* This helps to
define the length and weight of the robot’s parts, and select
the electrical motors, batteries, etc. for the previously
calculated torques.

The ROMA robot is formed by three main parts (Figure

2a):
a) The body of the robot, which includes the CPU, the

servo controller multiaxis board, one servo motor
amplifier (driver), the batteries, the radio-based Ethernet

communication with the “ground” operation centre, and
auxiliary electronics, such as the multiplexing system;

b) Thelocomotion system formed by two grippers attached
to the robot’s body, which are driven by AC maotors with
Harmonic Drive reductors. This permits 3D movements
along complex structures,

¢) The sensoria platform based on a camera and a laser
telemeter, for inspection operations and for the robot
navigation. Figure 2b shows the ROMA robot on the lab
test structure.

The robot has eight DOF kinematics:

a) Four DOFs for the elevation («; and 6,) and orientation
and (o, and 6;) of each gripper;



Climbing robot

— i T
i |
FLEVATHIN ﬂ( A '———_______ RUTATION 8,
\_Tl’-—w r_:'il__._. :
RIENTATION "‘-‘._:: "] . Hody | Lo -‘__‘_:;j ELEVATIUM iy
i | . s
0 ! f_; ﬁmﬁmuﬂ,
a) " (] .
Gmpper | ?
| L |
(| e Grppet 2 ‘
b)

Fig. 2. ROMA robot structure: @) number of DOF, and b) real
robot view.

b) One DOF for the rotation (6,) of the gripper 2,
c) One DOF for the “extension” (1) of the body; and
d) Two DOFsfor the grippers (d, and d,).

In this way the robot structure has a non-redundant
kinematics and a minimum possible number of DOFs for
3D complex movements. This is one of the main specifica
tions because each DOF (including its actuator) increases
the total robot weight and consequently increases the
required torque to move the overall weight of the robot.
Table | summarizes the main characteristic of the ROMA
robot.

Figure 3 illustrates a schematic diagram of the hardware
and control architecture of the robot, as well as the ground

Table I: The main characteristics of the ROMA rabot.

Characteristics Values
Elevation range —10°—+190°
Orientation range —190°—+190°
Rotation range —190°—+190°
Extension range 500 mm
Grippers extension range 300 mm

Robot weight 75 kg
Maximum linear velocity =1 m/min
Autonomy =3h
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operation centre responsible for the tele-operation, monitor-
ing and programming. Each axisisdriven by abrushlessAC
motor through a PID adaptive controller implemented by a
multiaxis control board (PMAC). This card is equiped with
its own microprocessor which is dedicated to al eight
control loops responsible for the robot motion. This leaves
the computer CPU free to process other tasks, such as
handling the camera image, the laser telemeter, and
communicate the necessary information to the ground
computer through the Aironet card. More details about the
structure and design are given in reference 12.

The “ground computer” sends the commands to the robot
at the task level,®* which are divided into simple movements
for each joint, in order to get a completed gait. It is possible
to send low level orders, like move ajoint, release a break,
etc. As illustrated in Figure 3, there is only one amplifier,
due to weight reasons during the movement of the motors.
For this reason, four special multiplexing cards have been
designed to alow the selection of the different signals
involved in every axis movement.

Each axis controller, in addition to the common PID,
includes two feedfordward loops (related to velocity and
acceleration), with the possibility of changing any parame-
ter on-line, even during the motion of the axis (Figure 4).
Due to the fact that gravity factors (angle of elevation of the
robot, moving up or down, etc.) have a high influence on the
quality of motion, an adaptive control scheme has been
implemented. All adaptive gain scheduling is used for
deciding on-line al the parameters of the controller, which
are found experimentally. In order to facilitate this search,
the motor-link system has been identified using (I),
proposed by Abderrahim,** where M is the link mass and |
is the distance between the axis of rotation and the link
centre of gravity in the perpendicular plane to the axis of
rotation, T is the torque delivered by the motor, | is the
inertia seen at the motor axis (1,,,,,+1,,.), B 1S the viscous
friction coefficient, f; and f, are the coulomb friction
coefficients, and 4(t) is the angular position of the motor at
time t. With this equation (1) the gravity loading is not
ignored, and it is taken into account during the motion
control.

do(r)

d*0(t) .
e + B g + Mglsin(0(1))+

T(H=1I

+ fisign(6() + [6() | ) +fosign(6(r) — |6(1)])
)

Starting from equation (1), the values of the gain table
were calculated in three stages: First, using the measured
values, shown in Figure 5, and the MATLAB tools, the
parameters of the joint were identified. Second, the
identified model was used during a simulation exercise to
alow the tuning of the P1D parameters. The last part
consists of the implementation of the PID controller in the
robot and achievement of fine tuning to the parameters.

An example of a gain table can be seen in Table Il where
the controller associated to axis 3 fixes these values. Thisis
the case where the gripper of the robot is moving up or
down relative to the body of the robot. In the case where the
gripper is attached to the metallic structure and the rest of
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Fig. 3. Control architecture of the ROMA robot and its remote operation base.
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the body rotates up or down about axis 3, the table would be
different. Therefore, most of the motor axes, except 1 and 8,
have various gain tables depending on the nature of the
movement. The parameters in the table depend on the
direction and the range of the movements.

3. CLIMBING STRATEGY

The robot has been designed taking into account not only its
mobility among the complex 3D environment but the
performance of these movements with a minimum energy
consumption which permits one to maximize the robots
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Fig. 5. Position, velocity and acceleration profiles: @) Axis 2 without gravity, and b) Axis 3 with gravity factors.

autonomy. The robot autonomy is one of the most important
specifications. For this purpose the robot movements were
analysed taking into consideration the minimum power
consumption. These are three different types of move
ments:

a) 1D movement along the beam or column (Figure 6);

b) 2D movementsin the horizontal or vertical planes of the
structure (Figures 7 and 8); and

¢) 3D movements which allow the robot to change position
from one plane of the structure to another (Figure 9).

To ensure robot movement in the structure, different
sequences of elemental movements are possible. These are
1-DOF simple movements designated as “movements
primitives” (MP). If the minimum energy consumption
criterion is taken into account, it is necessary to select
among all the possible MPs the one with minimum energy
consumption for the case under consideration. For example,

Table Il: Gaintable for axis 3.

Range (°) Dir. Ky

045 1 2500 725 40 90 35
4590 1 3800 725 40 75 35
90-135 1 3400 400 40 50 35
135-180 1 2500 400 40 40 35
0-45 l 1500 200 40 90 35
4590 l 1000 200 40 75 35
90-135 l 1300 140 40 50 35
133-180 l 1500 140 40 40 35

there are three different possibilities to perform the 1D
forward movement on the top of a metallic beam (Figure
10):

(1) Dragging, like a “caterpillar” with the following
sequence:

a) release one of the grippers,

b) extend the robot body,

¢) lock the gripper to the beam,

d) release the other gripper,

€) shrink the robot body, and

f) lock the second gripper to the beam.

(2) Horizontal rotation, like a “centrifuge” with the

following sequence:

a) release one of the grippers,

b) small upwards rotation of the robot (elevation) about the
horizontal axis,

c) 180° rotation of the robot around the vertical axis,

d) smal downwards rotation of the robot about the
horizontal axis, and

€) lock the gripper to the beam.

(3) Vertical rotation, like an “acrobat” with the following

sequence:

a) release one of the grippers,

b) 180° upwards rotation of the robot about the horizontal
axis,

¢) 180° down rotation of the robot gripper around the
horizontal axis, and

d) lock the gripper to the beam.
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Fig. 7. 2D horizontal robot movement: a) scheme, and b) robot view.

a)

Fig. 8. 2D robot vertica movement: a) scheme, and b) robot view.
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Fig. 9. 3D robot movement.

As shown in Figure 10, all three movements are performed
by a combination of 7 MP (A, B, C, D, E, Fand G). Thisis
why it is necessary to compute the energy consumption for
each of them and then select the minimum energy
consumption strategy for the forward movement. Table ||
shows the energy consumption and the robot speed along
the beam for the above mentioned alternatives. This
calculated energy is the sum of the power consumption of
each motor involved in each specific movement. As result of
this study, including the gravity force, the best compromise
between energy consumption and robot speed is dragging,
being the accepted MP A and B.

For the 2D movements between different beams the
sequence is similar to the above adding to it the elevation
and and/or orientation of the grippers. Finaly, most of the
complex 3D movements are ensured by combining all
individual movements, including the gripper rotation. Asin
the above mentioned example, for 2D and 3D movements
the minimum energy consumption MP is selected.

4. ENVIRONMENT MODELLING

The environments of the ROMA robot are mainly metal-
closed structures of buildings or bridges. To plan the robots
path in this type of environment it is necessary to design the
environment model, which is based on “environment
primitives’. There are two main primitives. a) Beam
primitive, which includes beams and columns of the
structure; and b) Beams-cross, which join the beams and
columnsto form 2D or 3D structures. An example of the 2D
open beam-cross structure is presented in Figure 11, where
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the three level coding of the primitives (“ab.c’) has the
following form: “a’ is the number of the beam, “b” is the
number of the face of the beam, and “c” is the reference
point on the beam (starting, centre or end point). The
environment is modelled as a graph, called “environment
graph”, using the described primitives shown in Figure 11.

5. PATH PLANNING STRATEGY

The common inspection task is performed through the
whole metallic structure, which makes it necessary to plan
the robot path with the following requirements:

a) Compute the round trip path taking into account the
power consumption;

b) Perform the inspection of all faces of al beams, i.e. visit
all the nodes and transitions of the environment graph.

These two requirements entail solving a TSP-like problem:

(i) Starting and finishing the inspection task in the same
point;

(if) Transiting, if possible, only once aong each beam
face;

(iif) Optimizing the robot consuming energy.

To solve the TSP problem it is necessary that the graph
should be Hamiltonian, i.e. the graph in which it would be
possible to visit al the nodes without repeating any.
Normally, to determine if the graph is a Hamiltonian, a
difficult non-polynomial (NP) problem should be solved.
Thisiswhy usually the graph is transformed into a complete
one, in which every vertex is adjacent to every other one,
which is always a Hamiltonian.”® However, in our case, the
environment graph is easier to transform directly into a
Hamiltonian which is less redundant than the complete one.
For this purpose the following developed procedure is
applied:
a) Considering that each beam primitive will be visited an
even number of times;
b) Introducing a central point beam primitive virtual node
(node “a.b.2” in Figure 11) for each beam face;
¢) Introducing the remaining transitions in the beam-cross
primitives in order to connect each node to all other
nodes of the beam-cross.

Rotation around

Dragging

Rotation above

Fig. 10. Forward robot movement alternatives.
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Table I11: Comparative study of different 1D forward movement.

Type of movement MP Energy (J)  Speed (m/min)
Dragging A,B 392 1

Rotating around C,D,E 784 04

Rotating above FGE 940 0.25

To compare the efficiency of the developed ROMA path
planning algorithm the optimum and “best heuristics’ ones
were computed. The optimum algorithm is based on the
“Branch & Bound 1-Tree” technique developed by Hur-
witz.'® Due to the fact that the TSP problem is an NP, the
computing time of this optimum algorithm increases in an
exponential way. This makes it impractical to implement it
for the ROMA robot environments which have a large
number of nodes (more than 100).
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Fig. 11. 2D environment formed by one cross-beam and four
beams.

Climbing robot

To solve this problem several traditional heuristics have
been checked in order to obtain a sub-optimum solution.
The following “best heuristics” are checked:

a) “Nearest addition” which consists of adding to an initial
tour (close robot path) a nearest node which isnot in the
tour;

b) “Farthest insertion” which consists of inserting to an
initial tour the farthest node;

c) “Easytour” which follows the order of definition of the
nodes, etc.

To improve the results of these heuristics in the final stage
of each algorithm an “improver” is proposed.”” It consists of
alocal iterative search which exchanges the nodes positions
in each heuristic tour in order to optimize the energy
criterion. In this case, the exchange strategy is based on a
variation of a well known Lin and Kernighan algorithm.*®
Nevertheless, despite that the “best heuristics’ has a good
energy optimization, for a large number of nodes (about
900) this algorithm is aso impractical.

The compromise between computing time of the path
planning algorithm and energy consumption for a large
number of nodes was solved by the ROMA heuristic
algorithm. It isbased on a“Nearest Neighbour” algorithm,®
modified and adapted to our case. It visits all beam faces
(nodes “a.b.2") without repeating any, and uses the nearest
neighbour node criterion to transit between them. Figures
12 and 13 show the effectiveness of the proposed path
planning agorithm which can be computed in quasi
realtime for a large number of nodes. Figure 12 points out
the different compositions of columns and beams that have
been considered in the resolution of different algorithms,
and Figure 13 shows the different results using the
estimated energy among the movements presented in Table
.

During the movement, the robot’s battery level can be
checked continuously. Using this data the robot predicts the
minimum battery level necessary to perform the returning

2 storey
L7 | A cay
building
Ex. 1 Ex.2 Ex.3 Ex. 4 Ex.5 Ex. 6
24 nodes 36 nodes 48 nodes 72 nodes 108 nodes 900 nodes
Fig. 12. Environment examples.
Algorithm Optimum Best heuristics ROMA
Example | Energy | Time | Energy | Time Over | Energy | Time Over
6)) (sec) ) (sec) | energy (@) (sec) | energy
(%) (%e)
1 2885 0.31 2896 0.38 0.38 2885 0.02 0
2 3633 1.63 3633 0.08 0 4002 0.05 10.15
3 4272 3.26 4480 0.25 4.86 4272 0.05 0
4 6850 | 486.52 | 7052 0.78 2.94 7052 0.3 2.94
5 11948 | 1196069 o 1.76 oc 13055 0.21 9.26
6 84620* - oc 2417.57 oc 94916 2.09 12.16

Fig. 13. Results of the path planning algorithms (* Held-Karp estimation).
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movement to the starting point. This prediction is based on
the modified algorithm A* using the energy criteria®

6. GUI AND ROBOT PROGRAMMING

Robot teleoperation, supervision and monitoring are per-
formed through a specially developed Graphical User
Interface (GUI); its main window is shown in Figure 14.
The GUI is homed in the “ground” operation centre, which
communicates with the robot on-board computer via radio
Ethernet. The GUI has been designed with an open and
modular philosophy alowing future reusability and scal-
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ability. New modules can be added at any time to enhance

the functionality and user-friendliness of the system, and

also to add new features and programming possibilities.
The GUI includes the main following features:

a) Teleoperated or autonomous robot movement mode;

b) Status of the robot, including its position in the structure
and its kinematic configuration, the batteries level,
alarms, etc.;

¢) Sensorid information, which consist of the actual
camera image and the laser telemeter latest reading.

In this way the User Interface is part of the architecture of
the control system of the ROMA robot as a whole. The
interface supplies an online visualisation of the environment
in front of the robot, where the camera and the laser are
directed. The cameraimage placed on the lower right side of
the main User Interface allows a realistic telepresence. The
operator can save the image of the camera at any time and
storein afile for later examination and analysis.

The communication between the GUI and the control
programmes on the on-board computer is performed
through three channels (sockets) on a client server basis.
The server, which is the main control programme in the on-
board compuiter, is first executed to wait for the connection
of the client programme that could be running on any
computer within the same radio network. Thereafter, the
server enters in a loop and watches for any commands sent
by the client and, in turn, dispaiches them to their
corresponding destination.

The GUI and its associated programmes run on two
parallel processes in the ground computer and interchange
information via signals and shared memory. Figure 15
illustrates the interconnection of the GUI modules. The
main process containing the MOTIF graphical part is
responsible for the interaction with the user and sends

Parser interpreter

Optimization

Path-planning
+
Communication
module

Communication
Server

Amplifier

Main GUI
Module

Image

Roqlo‘r status

I Image data

q

recepfion + processing
module

-/

Ground supervision software

Vision module

i
|
I
: On board control software

Fig. 15. Software architecture.



~

Al Al Al Al Al Al Al All|

IBARARZRAR A

F ?l

e

Fig. 16. Teleoperation Interface.

orders to the onboard server via the first channel. The
second channel configured to asynchronous mode is used
for reading incoming information from the server. The
reading is triggered only when data is available (received).
The module responsible for receiving the cameraimage data
from the onboard computer runs as a separate process,
which continuously read from the frame grabber via the
third channel. Every time a complete frame data is received
the data is processed to create the image and put in a
common area accessible by the main module, which
receives a signal on the completion of the image creation.
Thus, the main module triggers the function responsible for
refreshing the camera image on the main GUI.

The teleoperation of the robot is performed through using
a pop-up simulated pendant as shown in Figure 16. It offers
a simple and intuitive device which permits to teleoperate

Fig. 17. Programming Interface.

Climbing robot

ROBOT "roma.rob"
# Task Name
NAME "edif900.tsk"

BEGSTC

# Initial Node
N,1,0,0,0

# First Line
m,1,1,1,2, 3,DX, 1
# First Floor
m,1,4,1,5, 2, Dy, 1
# Horizontal (X) Beams
B, 1,1,2
th,1,1,1,2,2,1
b,1,3,1,4,2,4

# Horizontal (Y) Beams
b,10,1,5

rb, 10, 10, 1,11, 3,1

b, 12,15, 1, 16,1, 4
ENDSTC

# TASK DEFINITION
IPOS, 1, 1,1
TFACES

Fig. 18. Program of ROMA Robot.

the robot axis by axis, or through sending more complex
movement commands via the command line field. A
list of these commands includes. MoveForward x, Move-
Backwards x, LockJoint x, GoEndBeam, RotateRight,
ChangeFaceRight, Laser, etc, where x is a numerical
parameter. When the movement commands are received by
the on-board control programme, they are first parsed and
then the corresponding sequence of motion primitives is
looked up in the data base. The parameters for each
primitive are calculated using the robot interna inverse
kinematics model as required.

For robot security it is impossible to release one gripper
until the other one is safely locked to the beam. The motors
electromechanical brakes maintain the gripper locking.
Teleoperation commands are not executed until previous
commands have been terminated or aborted. The new joint
values and other data are sent regularly to the ground
computer and the information is updated on the Tele-
operation Interface.

The programming of a given task of the robot is initiated
through the Programming Interface (Pl) shown in Figure 17.
The first step of this process starts with the definition of the
inspection environment using a graphica editor. This can
also be achieved using a specia language. Second, a
decision is made about the selection of the pointsto visit on
the defined environment, or visit all points of the structure
and define the task at these locations. Third, automatic
energy calculation and generation of the optimal path take
place. The latter is followed by an automatic coding of the
robot program for the defined task. The coding of the
program can also be done by hand, but in complex and large
structures it is more appropriate to perform this tricky task
automatically and let the ROMA tools take care of this
process. Figure 18 illustrates a listing of the program to
define the base of the structure shown in Figure 17.

Once the path is determined and the program is generated
the PI offers a simulation facility, which visualises how the
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robot would move through the defined structure and also
show the simulated energy consumption on the viewing
window, asillustrated in Figure 17.

The GUI is equipped with the facility of a low level
programming to issue direct commands to the multiaxis
servo controller of the robot in its low level programming
language. It serves for fault diagnosis, resetting, calibration,
changing control parameters and assists in performing other
important maintenance functions, such as enquiring about
some states of the motors and the current control gains for
each of them.

6. CONCLUSIONS

It has been shown that the developed ROMA robot has
several important advantages in the field of climbing robots:
It has a very dextrous kinematic structure, which alowsit a
variety of movements to access complex structures. It uses
a powerful onboard sensory system, which permits suffi-
cient positioning accuracy and error recovery. Moreover, the
main advantage is the fact that it is designed as an
autonomous system able to move freely in complex
environments. These movements are performed at a very
high security level.

A novel metholodogy for the design and path planning of
arobot able to navigate in complex 3D environments, such
as automatic inspection of bridges, buildings, metalic
structures, among many others has been used to develop the
ROMA rabot.

The advanced Graphical User Interface, developed for the
ROMA, allows an effective and user friendly operation of
the robot with minimum operator training. It has been
designed with an open and modular structure alowing
future reusability and scalability.

The initial experiments using the ROMA robot confirm
its advantages and usefulness in executing inspection
operations in complex environments. There are clear
indications that this type of robot could replace the human
operators in dangerous tasks in the near future.
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