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Fig. 19. Another successful grasp with different light conditions. This snapshot is extract from the video whose link is given in Section VII.

floor. The full sequence can be seen at the following link:
https://youtu.be/b3jJZUoeFTo.

VII. CONCLUSION

This work has presented the results of the MARIS project,
including the developed control framework, the overall mecha-
tronic integration, and the project’s final experiments in under-
water floating manipulation.

The system is composed by the CNR-ISSIA R2 ROV, which
has been reconfigured and updated to work as an AUV, and
a commercial manipulator manufactured by Graal Tech, whose
control system has been entirely developed by ISME. Finally, the
gripper (ISME Bologna node) and the vision system (University
of Parma) have been developed during the project.

The whole system has been tested in water tank experiments,
in different light and water conditions.2 The final test campaign
achieved approximately 70% success rate in grasping the target,
with 12 successful grasps in 17 attempts. The results of the
MARIS project are a considerable improvement in robustness
over the previous milestone of the TRIDENT project, both in
terms of number of successful attempts as well as in the ability
to carry out the task in different light conditions.

Today, some of the authors are involved in an on-going Hori-
zon 2020 project called DexROV [46], which focuses on in-
creasing the autonomy of ROV operations to allow a supervised
teleoperation from remote sites. The MARIS control framework
is being currently integrated with a cognitive engine to cope with
the latency problems of remote teleoperation. Furthermore, the
same control framework is also further developed within the
ROBUST project [47], where an UVMS system is employed
for deep-water mining sites exploration.

2A video of one of these trials, with a successful grasp of the pipe, is available
at https://youtu.be/b3jJZUoeFTo

As part of future works, the integration between the developed
control framework and motion planning will be investigated.
The idea is to let the motion planning focus on the generation
of Cartesian trajectories for the end-effectors or for the object,
without planning in the configuration space as instead it was
done in MERBOTS. Owing to the reactive capabilities of the
developed control framework, the planner will not have to deal
with low level details, reducing its computational time require-
ments and simplifying the planning-control integration.

Finally, within the MARIS project, theoretical studies on in-
teraction control [48], multivehicle localization [49], communi-
cations [50], dual arm UVMS [51],3 and cooperative underwater
manipulation systems [52], [53]4 have been performed, and rep-
resent the next step that has to be demonstrated in field trials.
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Fig. 15. Sequence of a successfully grasping performed out of water.

Fig. 16. Successful pipe grasping sequence in night-time conditions observed from the left and right cameras of the vision system. The images show the mask
of the robotic arm reprojected in each frame, the yellow lines representing the current measurement of pipe line contours, whereas the purple and green lines are
estimated by the edge trackers.
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Fig. 6. Gripper mounted on the reference sensor during wrist F/T sensor calibration: detailed view of the cable transmission system and main components.

Fig. 7. Wrist F/T sensor. (a) Detailed view of the wrist F/T interior. (b) Detailed view of the wrist F/T sensor measuring elements.

been completely redesigned by encapsulating the motors inside
a sealed tube that allows fast substitution of the motors without
affecting the sealing of the other mechanical and electrical parts.
A detail of the actuation module developed for the underwater
gripper is shown in Fig. 5. The actuator housing is sealed in
such a way to allow fast motor replacement in case of fault, as
can be seen in Fig. 5(b).

In particular, the actuation system of the gripper is based on
the Faulhaber 12 W brushless dc motor EN 2250 BX4 CCD with
integrated motion controller and controller area network (CAN)
interface. The closed-loop cable transmission of the gripper,
whose details are visible in Fig. 6, implements a double-acting
actuator [31]. This transmission system has been adopted mainly
because it allows an optimal distribution of the weight and of
the actuators. It also introduces some actuation compliance that
is useful for safety reasons, in particular for operating in un-
structured environments.

The maximum normal force applicable by each finger in con-
tinuous operation is about 150 N, which can be considered
satisfactory for the typical operations of the MARIS project.
Moreover, with the introduction of the worm gear reducer, the
actuators are nonbackdrivable. This feature allows holding of the

desired gripper configuration without further supplying power
to the motors even during a grasp.

3) Wrist F/T Sensor: An F/T sensor [28], [29] has been de-
signed and integrated into the gripper wrist interface for control-
ling the force and the stability of the manipulator interaction, see
Fig. 7(a) and (b). The sensor detects the deformation of the wrist
mechanical structure, allowing the estimation of both the forces
and the torques applied to the gripper. In Fig. 8(a) and (b), the
comparison between forces and torques estimated by the grip-
per F/T sensor and an ATI Gamma 10-130 F/T reference sensor
is reported. The sensor communicates with the control system
by means of the same CAN bus used for the arm and gripper
motors for a simple integration with the arm/gripper system.

D. Integration of MARIS Subsystems

To host all the subsystems needed to comply with the MARIS
project requirements, the R2 ROV/AUV has been suitably
adapted to mount the robotic arm and gripper system under-
neath the payload sled, the stereo camera system in front of the
vehicle, and the related canisters for the subsystems control. The
vehicle with the MARIS payload integrated is shown in Fig. 9.
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Fig. 11. (a) Checkerboard attached to the manipulator wrist and used for intrinsic, relative extrinsic, and system extrinsic parameters of stereo camera;
(b) reference frames of AUV system involved in estimation of system extrinsic parameters.

of the object detection algorithm. Finally, the development and
integration of the custom MARIS sled required the tuning of the
vehicle dynamic response.

1) Camera Calibration: Calibration of the vision system is
a fundamental step of the integration phase to enable reliable
execution of manipulation and grasping tasks. The output of
the calibration phase includes different sets of parameters: the
intrinsic parameters, the relative extrinsic, and the system ex-
trinsic. Intrinsic parameters are related to camera perspective
geometry and optical distortion, whereas relative extrinsic ones
represent the relative pose between left and right cameras in a
stereo rig. Intrinsic and relative extrinsic calibration affect the
accuracy of the target object pose w.r.t. the camera. System ex-
trinsic parameters encode the relative pose between the stereo
vision and the manipulator reference frames, and their accurate
estimation relies on the accuracy of the arm kinematics.

For a pinhole camera model, the estimation of intrinsic, and
relative extrinsic parameters is a standard procedure, usually
performed by observing a checkerboard at slightly different
poses. An underwater camera is more accurately modeled as an
axial camera [42] due to light refraction through different media
(water, plexiglass canister surface, air inside the canister). How-
ever, since stereo processing with an axial camera is unpractical,
it is common practice in underwater computer vision to adopt
a pinhole model with the parameters obtained by an in-water
calibration using a checkerboard. A less accurate alternative is
to calibrate the stereo system before immersion and to optimize
parameter values (in particular radial distortion) using ad hoc
correction techniques [24]. Other approaches are based on local
approximation of axial cameras with the pinhole model [43].

The intrinsic and relative extrinsic calibration parameters
used in the experiments reported in this paper have been es-
timated according to the difficult and time-demanding in-water
procedure of the pinhole model. The checkerboard has been at-
tached to the robotic arm, as shown in Fig. 11(a), and moved in

front of the camera until convergence to stable parameter val-
ues. The standard stereo calibration tool provided by the ROS
framework has been used to compute the required parameters.

Fig. 12 shows the rectification of a frame acquired in under-
water [see Fig. 12(a)] using parameters of in-air [see Fig. 12(b)],
and in-water calibration [see Fig. 12(c)]. Several details such as
the size of the pipe after rectification illustrate the impact of
accurate calibration on the images used to estimate target object
pose.

Another calibration is needed to assess the position and orien-
tation of the stereo camera w.r.t. the vehicle and the robotic arm
frames, and it is represented by six system extrinsic parameters.
Such a reference frame transformation is required to plan the
robot motion and to grasp the target object. System extrinsic
calibration has been performed using the same checkerboard
rigidly attached to the manipulator [see Fig. 11(a)]. Since the
size of checkerboard squares is known, the checkerboard pose
w.r.t. the left camera frame can be estimated by standard soft-
ware tools. The position and orientation of checkerboard frame
w.r.t. the closest reference frame attached to the manipulator,
in particular the frame related to joint J6, has been manually
assessed. Fig. 11(b) illustrates the relevant frames of MARIS
system: stereo camera (c), vehicle (v), manipulator base (b) and
joints (1 . . . 6), and the checkerboard (k). Thus, the pose of
stereo camera w.r.t. the manipulator base has been computed
using the transformation of the checkerboard w.r.t. the camera
(cTk), of the checkerboard w.r.t. manipulator joint 6 (6Tk) and
of the joint 6 w.r.t. the manipulator base (bT6).

2) Tuning Vision System Parameters: Beside calibration pa-
rameters, there are other variables to be set to configure the
vision system. The algorithm described in Section IV requires
knowledge of the cylindrical target object size and color. The
length and radius of the pipes used in the experiments are about
1 m and 5 cm, respectively. Although different colors have been
used in other experimental sessions, yellow pipes have been
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Abstract—Autonomous underwater vehicles are frequently used
for survey missions and monitoring tasks, however, manipulation
and intervention tasks are still largely performed with a human
in the loop. Employing autonomous vehicles for these tasks has
received a growing interest in the last ten years, and few pioneer-
ing projects have been funded on this topic. Among these projects,
the Italian MARIS project had the goal of developing technologies
and methodologies for the use of autonomous underwater vehicle
manipulator systems in underwater manipulation and transporta-
tion tasks. This work presents the developed control framework,
the mechatronic integration, and the project’s final experimental
results on floating underwater intervention.

Index Terms—Floating underwater control, task priority con-
trol, underwater gripper, underwater intervention, underwater
vehicle manipulator system (UVMS), underwater vision.

I. INTRODUCTION

AUTONOMOUS underwater vehicles (AUVs) have impor-
tant applications in ocean related fields, such as monitor-

ing environmental parameters [1], detection of new zones to be
exploited for resource gathering [2], monitoring and exploration
of archaeological sites [3], and security applications [4] to name
but a few.
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In the above applications, AUVs perform survey missions. A
recent trend is the use of AUVs for performing inspection, re-
pair, and maintenance operations. The autonomous underwater
vehicle manipulator system (UVMS) solution is very appeal-
ing for its cost and human safety aspects compared to current
technology. Indeed, in the last decade Chevron has initiated a
research program on the use of Intervention AUVs to develop
a permanent system to increase the frequency of inspections,
reducing the overall cost of field maintenance [5].

Research on improving autonomy for underwater manipula-
tion tasks can be dated back to 1990s, in particular to the works
on compliant underwater manipulators [6] and coordinated ve-
hicle/arm control for teleoperation [7]. A first milestone was
achieved with the AMADEUS project [8], which demonstrated
dual arm autonomous manipulation in water tank experiments.

Those efforts were still exploring basic control problems. The
first mechatronic assembly of an UVMS was carried within
the pioneering project UNION [9]. Another milestone was
achieved within the ALIVE project, with the demonstration of
autonomous docking on a ROV friendly panel [10] and fixed-
base manipulation of a valve. Shortly after ALIVE, the SAUVIM
project [11], [12] has instead shown for the first time an UVMS
performing autonomous floating manipulation tasks.

Recently, the Spanish project RAUVI [13] studied the prob-
lem of finding and recovering a flight data recorder placed at
an unknown position at the bottom of a water tank. The recov-
ery, carried out with a special hook, was demonstrated using
a decoupled control of the base, which was hovering, and the
manipulator [14].

The TRIDENT project [15] followed the trend of the
SAUVIM and RAUVI projects. A major difference with those
projects is that a coordinated control of the UVMS was
implemented, exploiting a task priority framework together with
a dynamic programming approach. The control framework de-
veloped within the TRIDENT project explicitly dealt with the
activation and deactivation of scalar control objectives, to allow
safety tasks to be at higher priority and deactivate them when-
ever not necessary. The project ended with a demonstration of
an autonomous underwater recovery of a blackbox mockup in a
harbor environment [16].

Partially overlapping in time with the TRIDENT project, the
PANDORA project focused on the execution of floating valve-
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Fig. 12. Rectification of underwater left frame using intrinsic parameters: (a) original image, rectified images with intrinsic parameters from (b) in-air calibration
and (c) in-water calibration.

Fig. 13. Example of AUV camera views of cylindrical target objects in different light and water conditions: (a) day-light clear water; (b) night-vision clear waters
and artificial illumination by the AUV; (c) slighly turbid water; (d) very turbid water.

mainly used as target. The object detection algorithm finds an
initial ROI through selection in hue saturation value (HSV) color
space (e.g., hue 22–35, minimum saturation 63, minimum value
30). Color criterion has proven reasonably robust to changing
light conditions. The parameters that required more frequent
adaptation are camera exposure time and gain. Tests have taken
place in shallow water (from 3 to 4 m depth), where the obser-
vation of target object is more sensitive to the amount of natural
light. Once such camera parameters have been set, the vision
system properly detects the target.

Fig. 13 shows a representative sample of operating conditions
during experiments. Fig. 13(a)–(b) show pictures of the yellow
pipe in clear water, respectively, in daylight and night conditions.
The contribution of AUV headlights to the scene luminance is
important only during night-time experiments, whereas in pres-
ence of natural light it is negligible. In the latter case, the value

of camera exposure is smaller than in the night-condition case,
but the algorithm parameters have not been changed. Grasping
experiments have been successfully executed in both conditions.
Fig. 13(c) and (d) illustrate operations in turbid waters. In the
first of these cases, the vision system provides intermittent de-
tection. With extremely turbid waters such as in Fig. 13(d) the
detection algorithm is completely unable to operate.

3) Tuning of Dynamic Responses: After the integration of
the MARIS payload, the vehicle DCL gains had to be adjusted
to the new dynamic model parameters. A preliminary fine-tuning
phase has been carried out during the field trials, where an online
observation of the controller response has been used to correct
the gain values to achieve the desired motion response. The
response of the controller is reported in Fig. 14.

4) Control Tasks Implementation: Another step during the
transition from theory to practice is the implementation of the
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