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Abstract— This paper presents a novel approach to obstacle
avoidance approach for an I-AUV in a framework of set-
based task-priority kinematic control algorithm. The approach
is divided into two modes: Mode (1) navigation and inspection
and Mode (2) intervention. For navigation we fully wrap the
I-AUV with two safety spheres at the vehicle and one at
the arm. For intervention we use more safety spheres with
smaller sizes to fully wrap the I-AUV to allow more precise
movements of the I-AUV near the intervention areas.The novel
approach was implemented and simulated with the 8-DOF I-
AUYV GIRONAS500 in a scenario for inspection and maintenance
(valve turning) of a BOP (blowout preventer) structure used in
oil and gas industry. The BOP structure was represented by an
octomap and each occupied cell of the octomap was considered
as an obstacle in our model.

I. INTRODUCTION

A robot-manipulator is kinematically redundant if it pos-
sesses more DOFs than those required to execute a given task
[1]. For instance, the I-AUV GIRONA 500 is an inherently
redundant vehicle-manipulator because it has 8-DOFs. This
redundancy can be explored in the context of task-priority
to meet additional tasks apart from tracking the end-effector
configuration.

In this paper we implemented a set-based task-priority
algorithm and an obstacle avoidance task. We simulated the
obstacle avoidance algorithm in a scenario with the 8-DOF
I-AUV GIRONA 500.

II. PROPOSED APPROACH FOR OBSTACLE AVOIDANCE
OF A I-AUV

For the purpose of obstacle avoidance we define virtual
safety spheres to fully wrap the I-AUV and virtual tolerance
spheres to fully wrap the obstacles which are represented by
octomap. The proposed approach requires the definition of
two operation modes for obstacle avoidance:

e Mode 1 - navigation and inspection: with two safety
spheres to fully wrap the vehicle and one to fully wrap
the arm (see the kinematic model in Fig. 1(a)); and

e Mode 2 - intervention: with nine safety spheres to fully
wrap the vehicle and two to fully wrap the arm (see the
kinematic model in Fig. 1(b)).
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For each mode we defined a task and to enable and
disable the mode we switch the tasks in the task hierarchy.
In the proposed approach, the I-AUV follows a mission with

(b)

Fig. 1.
Mode 2.

Safety spheres to fully wrap the I-AUV for: (a) Mode 1 and (b)

several waypoints for “inspection” and for “intervention”.
Each waypoint has the position given by a vector and the
orientation given by a quaternion. The resolution of the
octomap is 0.03m (see Fig 2(a)). For Mode 1 - navigation and
inspection - we access a coarser resolution of the octomap
and for Mode 2 we access a very high resolution to allow
more precise movements of the I-AUV near the structure
to perform the intervention. For Mode 1, we access all the
octomap with depth 11 and we define an obstacle for each
occupied cell which will result in 200 obstacles (represented
in our model by spheres) of size 0.96m to fully wrap the
BOP structure (see Fig 2(b)). For Mode 2, we access the
octomap depth 14 in a radius of 2m from the intervention
waypoint which provide obstacles of size 0.12m, the number
of obstacles to fully wrap the BOP structure depends on the
position of the waypoint (see Figs 2(c) and 2(d)).

For obstacle avoidance we implement a task in the frame-
work of a task-priority algorithm and this task will be enabled
when one of the safety spheres at the I-AUV (see Fig. 1)
reaches the border of an obstacle (see Fig 2).

III. MATHEMATICAL BACKGROUND

For a general robotic system with n-DOFs in a given
configuration ¢ = [q1, g2, - - -, gn]” it is possible to express a
tasks o; in the operational space through forward kinematics

oi(t) = oi(q(t)) (1

The velocities in the operational space for the task o; are
given by
ey = J(q)q, 2

where J(g) € R™*™ is the Jacobian matrix and ¢ € R™ are
the joint velocities.



The inverse solution to the differential kinematics mapping
is given by
q=J'(q)p, 3)

where .JT(q) is the Moore-Penrose pseudoinverse of the end-
effector Jacobian matrix.

For a redundant robotic system, the inverse solution of the
differential kinematics mapping which takes in account the
null-space projector is given by

q=J @)z + (I, — T (@) J () dnun 4)

where g, € R™ represents an arbitrary joint velocity and
g = o0, + K,;0; represents the desired cartesian velocity
with ¢; = 0,4 — 0; being the task error and K; a diagonal
gain matrix.

It is well known the operator P = I,, —J T projects Gy
in the null space of the Jacobian matrix. In simple words, the
velocities g,,,,;; projected in the null space N = I, —J t.J do
not affect the cartesian velocities &z to complete the task.
In this sense, additional tasks can be handled in a framework
of task-priority such as, joint limits, obstacle avoidance,
minimization of joint torques, control of the orientation of
directional sensors, and maximization of arm manipulability,
maximization of different dexterity measures, and so on [1]—

[3].
A. Task-priority algorithm

In agreement with Siciliano and Slotine [4], the algorith-
mic general solution for N tasks in a task-priority framework
is given by

i=1,...,N
(5

4 =di1+ Ji(q) (@ — Ji(@)di—1),

where J;(q) = J;(q)Pa,i—1(q) and
Pai(q) =1— JL‘i(q)JA_yi(q). The algorithm initialization
requires gp = Opx1 and Py = I xn [2].

The task-priority algorithm was implemented in the con-
text of set-based tasks. In this sense, a task can enabled or
disabled depending on the task value. If the range of valid
values for the task o is D = [0ymin, Omaz] the task will be
enabled on the border of D to prevent a violation of the set
D. For obstacle avoidance tasks, we consider the radius r; of
the i-th obstacle to define the set-based D; = [r;,00). The
task-priority algorithm predict the next value of g, i.e. g;41
predicted, and if any violation is detected for the predicted q
the task will be enabled and the task-priority algorithm will
be recomputed to avoid such violation in the next iteration.

B. Obstacle avoidance task

The goal of the obstacle avoidance task is to not allow
the intersection between the safety and tolerance spheres. To
avoid the intersection between the i-th tolerance sphere with
radius p at the position po € R? and the j-th safety sphere
with radius p at the vehicle (or arm) at the position pg € R?
we implemented a scalar task which is given by the distance
between them

094 = \/(po —ps)"(po —ps) ER (6)

The task error will be given by the distance between the
i-th tolerance sphere and the j-th safety sphere, i.e.,

Goa=klogy— (p+ 0)] 7

where k is a scalar gain.
The Jacobian will be a single-entry row matrix given by

T
ij Po — Ps i
T =P (q) ®)
J00A
where JZZOS is the position jacobian of the j-th safety sphere.

In the general case, where we have multiple tolerance
spheres at the border of multiple safefy spheres, we use a
vector notation to describe

oo = UinA )

L J0oA
The error will be given by

- ~11 -

0oa = T4 (10)

~m(n—1)

0oA
~mn
00A

The Jacobian will be given by

Joa=| J&a (11

mn
L JOA .

The repulsive velocity in the joint space is given by
Equation 5
di = di 1+ JHa(a) (Foa — Joa(@)din)  (12)
1) Random noise task: It may happen that only with the
obstacle avoidance task the I-AUV get trapped by several
obstacles and in this case it may be interesting to use a
random noise task to try to take it away from the local
minima and pass by the obstacles. The random noise task
will be enabled when the obstacle avoidance task is enabled
for a while and distance traveled by the end-effector is less
than a desired value which means the vehicle is trapped.



To run a random noise task with the algorithm from
Equation 5 we need to generate a random task error which
will be given by the scalar

orn = rand(), randmi, < rand() < randpq, — (13)

and the Jacobian which will be a single-entry row matrix
given by
JrN = ﬁ«’ pos (@)
In| 7%
where 7 is a random vector and J; g
of the end-effector.
The random velocity in the joint space is given by Equa-
tion 5

(14)

is the position jacobian

G = di—1 + Ty (@) (Gry — Jrn(@)di—1)  (15)

IV. SIMULATION

Figure 2 shows the simulation of the proposed approach
for inspection and intervention in a BOP structure used in
oil and gas industry.

For the simulation, we proposed a mission with several
waypoints for inspection and for intervention in a BOP
structure used in oil and gas industry as shown in Figure 2.
The BOP structure was modeled by an octomap which can
be accessed at different resolutions [5]. The intervention
consists of turning a valve on a panel inside of the BOP
structure.

V. CONCLUSIONS

In this paper we presented a novel approach for obsta-
cle avoidance based on two operation modes: Mode 1 -
navigation and inspection and Mode 2 - intervention. The
proposed approach was implemented in the context of a task-
priority algorithm and as a preliminary result we present the
simulation in a BOP structure used in oil and gas industry.
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Fig. 2. (a) BOP represented by the octomap. (b) Obstacles model for
Mode 1 with a coarser resolution of the octomap. (c) Obstacles model for
Mode 2 with a high resolution of the octomap in a distance of 2m from the
intervention waypoint. (d) Mode 2 closer view.



