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Abstract: While autonomous motion planning and control of ground based manipulators has received a lot of interest by
researchers in the past three decades, autonomous operation of industrial underwater manipulators is not that well docu-
mented. The main bottlenecks in the autonomous operation of underwater manipulators is the dependance on factory sup-
plied master-slave controllers and absence of precise, high speed computer based controllers. Recently, a computer based
communication interface was presented in [1] for the industrial Orion7P manipulator from Schilling robotics. The present
paper builds up on this computer interface and presents the application of existing and proven methods of autonomous
motion planning and control from ground based manipulation to the underwater manipulation domain. Approaches for au-
tonomous collision free path planning and trajectory following are presented for applications involving industrial standard
underwater manipulators. These approaches are validated by experiments conducted on a real Orion7P manipulator. This
paper thus presents a complete approach for autonomous collision free trajectory planning and execution for industrial
underwater manipulators.
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1. INTRODUCTION

Underwater manipulators mounted on remotely oper-
ated vehicles are extensively used for shallow and deep-
sea missions for marine science, oil and gas extraction
and exploration. Teleoperation remains the most com-
mon way of controlling these manipulators which in-
herently requires high-bandwidth data transmission over
long distance communication links. However, the exist-
ing low bandwidth communication lines and large time

ogy that is still used to control the commercial underwater
systems. Most of the industrial-scale underwater manipu-
lators are still supplied with a master-slave based control
system which neither needs precise and high frequency
control, nor high speed operation. Further, these systems
are primarily designed for rough manipulation tasks in
harsh environments and thus support very limited amount
of sensor feedback.

There are some instances of custom made manipula-

delays inherent to acoustic sub-sea communication pose
major obstacles to the teleoperation of a remote manipu-
lation system. Thus, there is a well established demand
for autonomous manipulation with industrial scale under-
water manipulators in the deep sea industry. Further, au-
tonomous underwater manipulation will relieve the man-
ual operators from lengthy, tedious and expensive tasks
of arranging tools and equipment, and will enable them to
concentrate on more productive procedures that demand
dextrous human intervention and control.

Autonomous operation of ground based manipulators
has been a topic of immense interest for researchers in the
last three decades. Robust autonomy for pick and place
tasks has been successfully achieved atleast in structured
terrestrial environments [2], [3]. This has been enabled
by high speed computing, high frequency communication
channels for robust control, and a tremendous surge in
the amount of off-the-shelf sensors available for feedback
generation from terrestrial robots. However, this research
from terrestrial applications is not directly applicable to
underwater manipulators because of the classical technol-

tor systems that have been developed for experimenting
autonomous underwater manipulation [4]. However, the
algorithms developed for these systems are not useful for
commercial underwater vehicles, since the capabilities
of the manipulator systems differ. Thus, there is an ur-
gent requirement for autonomous operation of industrial-
standard underwater manipulators.

Recently, a computer based communication interface
was presented in [1] for the industrial Orion7P manipu-
lator from Schilling robotics. In this paper, we build up
on this computer interface and present the application of
existing and proven methods of autonomous motion plan-
ning and control from ground based manipulation to the
underwater manipulation domain. We present approaches
for fast collision free path planning for high degrees-of-
freedom (DoF) manipulator systems, trajectory planning
for smooth motion generation at various speeds, and mid-
dle level computer control for execution of the planned
trajectories on the manipulators. We demonstrate the
effectiveness of the application of these ground based
methodologies on underwater manipulators by perform-
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the first demonstration of autonomous collision-free tra-
jectory planning and following for a real industrial under-
water manipulator system.

This paper is structured as follows. The approaches
for autonomous collision-free path planning, manipulator
kinematics, trajectory generation and trajectory following
are discussed in Section 2. The results of applying these
algorithms on the Orion7P manipulator are presented in
Section 3. Conclusion and outlook are discussed in Sec-
tion 4.

2. AUTONOMOUS TRAJECTORY
PLANNING AND FOLLOWING

In this section we first discuss the approach for solving
manipulator kinematics which is essential for trajectory
planning. Then in Section 2.2, we present an approach
for autonomous generation of collision free path plans
between a start and destination configurations of the ma-
nipulator. The paths generated by the collision free path
planner do not contain timestamp information and thus
differ from complete trajectories. In Section 2.3, we dis-
cuss the generation of smooth trajectories from collision
free paths, and the computer controller for sending these
trajectories to the manipulator.

2.1 Manipulator kinematics

For autonomous task execution by manipulators, it is
often required to transform from joint space to task space
and vice versa. For mapping between joint space and task
space of the manipulator system, it is necessary to solve
its forward and inverse kinematics(IK). While forward
kinematic solutions are trivial for serial chain manipu-
lators, the inverse kinematics is a much harder problem.
For manipulators with upto six DoFs, closed form inverse
kinematics solutions can be generated from the geometry.
In [1], close form solutions for the Orion7P manipulator
kinematics are presented. For manipulators with higher
DoFs, numerical methods are used to solve inverse kine-
matics. IKFast [6] is a library that uses several numerical
and closed form approaches to solve IK for high DoF ma-
nipulators. We use the latter implementation. We achieve
a 94 percent accuracy for IK for the Orion7P arm using
IKFast i.e. out of 1000 random reachable configurations
of the manipulator end effector, the IK solver was able
to find solutions 94 percent of times. The computation
speed for one IK iteration is less than one microseconds.

2.2 Collision free path planning

In order to facilitate the execution of pick and place
tasks autonomously, we generate globally optimum and
collision free path plans which define the coordinated
movement of the manipulator joints between the start and
destination configurations. For avoiding collisions, it is
essential to have an environment map which includes all
objects present in the vicinity and within the reachable
workspace of the manipulator. For experiments discussed
in this paper, we will assume this map to be already avail-
able from external sensors like sonar and laser scanners.
The environment is also assumed to be static during the

process of global path planning.

The algorithms for generating global path plans for
a manipulator can be broadly classified as analytical or
probabilistic. Analytical path planners like A-star [7]
and Dijkstra [8], analyze the workspace of the ma-
nipulator thoroughly before generating a globally opti-
mum path. Probabilistic planners like Rapidly Explor-
ing Random Trees (RRT) [9] and Probabilistic Roadmaps
(PRMs) [10] on the other hand try to search for a solution
by randomly sampling the workspace and trying to con-
nect the start and destination manipulator configurations.
While the analytical solvers are guaranteed to generate
a solution if it exists, it comes at a high computational
cost, especially for high degree of freedom manipulators,
since the complete workspace of the manipulator is being
analyzed. Also the volume of workspace in joint space
increases exponentially with increasing degrees of free-
dom. The probabilistic solvers are only probabilistically
complete, i.e. the probability of an existing solution be-
ing found approaches one as the search time approaches
infinity. However, in most cases the latter are most suited
for practical applications given their low computational
time. Thus we use an advanced variation of RRTs for
global collision free path planning as discussed below.

A kinematic model of the manipulator is created in the
OpenRAVE simulation framework [6] using the manipu-
lator CAD model data (as shown in Figure 2). The envi-
ronment objects are also added to the simulation by cre-
ating triangulated mesh models from pointcloud data col-
lected by sonar and laser scanners. We use the collision
checking library from Open Dynamics Engine for check-
ing environment collisions. Since a pick and place task is
defined in the end-effector space of the manipulator, the
inverse kinematics solver is used to transform to the joint
space. Thus, given the end-effector poses at the start and
goal positions, inverse kinematics yields the manipulator
joint angles at the start and goal configurations. Finally,
the Bi-directional Rapidly Exploring Random Tree algo-
rithm [11] is used for generating a collision free path con-
necting the start and final configurations in joint space.
This is a randomized sampling based algorithm which is
effective in solving single-query path planning problems
in high-dimensional configuration spaces. The algorithm
works by incrementally building two RRTs rooted at the
start and the goal configurations. The trees each explore
space around them and also advance towards each other
through the use of a simple greedy heuristic. This is
a probabilistic, sampling based planner which has been
proven to be effective for fast path planning for high-DoF
serial chain systems.

2.3 Trajectory interpolation based controller

Most of the present industrial underwater manipula-
tors are supplied with a master-slave based control sys-
tem, which is imprecise and operates at a low-frequency.
Computer based control is a pre-requisite for any kind
of autonomous control of the manipulator. A computer
interface implementation for the Orion7P manipulator is
presented in [1]. This interface can be used for feeding



Fig. 1 The Orion7P industrial underwater manipulator with SeeGrip gripper attachment at the underwater testbed at

DFKI RIC.

Fig. 2 Orion7P manipulator in OpenRAVE simulation
environment

joint positions to the manipulator directly via a computer
serial port which are then executed by the factory sup-
plied lowest level position controller on the Orion manip-
ulator. This lowest level position controller is imprecise
and we have experienced an error of upto four degrees
on each of the joints. Furthermore, directly feeding the
joint positions to the lowest level position controller re-
sults in very jerky motions of the manipulator and is only
suitable for master-slave operation with small joint incre-
ments at every update step. A high level speed controller
is presented in [12] that can be used to attain a destination
joint configuration smoothly and accurately. However,
this controller could only be used for sending a single set
of destination joint positions and sending a complete tra-
jectory was not possible.

To solve these issues, we have implemented a trajec-
tory interpolator based controller on top of the computer
interface of [1]. The complete approach is shown in Fig-
ure 3. The path planner presented in Section 2.2 gen-
erates a set of joint configurations P = {pg,p1, ..., PN}
where p; = {601,02,03,04,05,06},7 € [1, N] between
the start and the destination configurations. The Assign
Timestamps phase then assigns timestamps to each of
these configurations using the predefined maximum ve-

locities for each joint. For each pair of joint configu-
rations {p;,p;+1},j € [0, N — 1], the minimum possi-
ble time to reach p;, from p; is computed such that the
maximum joint velocities for each of the six manipulator
joints are not violated. These minimum times are used
to assign timestamps for each joint configuration p;. In
the Trajectory Smoothing phase, the joint velocities for
each of the six joints in every joint configuration p; are
assigned by calculating the mean of the velocities in the
two intervals before and after p;. If the direction of mo-
tion changes, maximum velocity is assigned to p;. Then
a cubic polynomial from [13] is used to smooth the com-
plete trajectory. It was determined that the serial com-
puter interface of [1] could send joint positions to the
arm at a frequency of 41.6 Hz. Thus, the trajectory is
sampled at regular intervals of 24 ms in the Trajectory
Sampling phase. The cubic polynomial from [13] is used
for interpolating a point at the required time. The final
interpolated trajectory is then sent to the manipulator via
the serial computer interface.

Path with Trajectory
joint with

Collision Free | configs Assign
Path Planning Timestamps

Computer Trajectory
Interface Sampling

Fig. 3 The complete autonomous trajectory planning
and execution methodology

timestamps

Trajectory
Smoothing

3. EXPERIMENTS AND RESULTS

The trajectory planner, controller and trajectory fol-
lower discussed above were tested extensively on the
Orion7P manipulator. The tests presented below were
conducted with the manipulator in air.
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Fig. 4 Position control precision of the interpolation based controller. The six plots correspond to the six joints of the
Orion7P manipulator. The desired final angles are shown by black dotted lines, interpolated trajectories sent from the
controller are shown by red lines and the attained joint angles are shown by green lines.

Table 1 Position accuracy of interpolation based con-

troller
Joint Standard Deviation(Deg.) | Mean(Deg.)
Azimuth 0.138 0.973
Shoulder 0.049 1.164
Elbow 0.101 1.043
Roll 0.153 1.347
Pitch 0.189 0.872
Wrist 0.098 0.954

3.1 Position precision using the interpolation based
controller

For testing the precision of the interpolation based
controller, 100 randomly selected destination joint con-
figurations were used. These joint configurations were
sent to the Orion7P arm via the interpolation based con-
troller. For each of the destination configuration, the in-
terpolation based controller generated smooth trajecto-
ries from the current joint configuration to the destina-
tion joint configuration. Figure 4 shows the movement
of the joints for one such iteration. It shows the destina-
tion joint position sent to the controller, the interpolated
trajectory generated by the controller that is sent to the
arm, and the joint positions attained by the arm. It can be
seen that the interpolator generates smooth cubic polyno-
mial based trajectories for each joint. Table 1 shows the
position accuracy of the controller for all the joints. The
mean for all 100 iterations is around one degree for each
joint which is a large improvement over the factory sup-
plied lowest level controller which yields an error of upto
four degrees for each of the joints. The results are also
comparable with the speed controller presented in [12].

3.2 Trajectory planning

The collision free path planner discussed in Sec-
tion 2.2 was validated by generating collision free paths
for 100 random configurations of the manipulator in the

presence of static environment obstacles. The environ-
ment was only sparsely populated with obstacles, as one
would expect in most underwater environments. The
planner was able to find a solution 97 percent of times,
with a mean computational time of 7.3 seconds on an In-
tel core I7 processor with a quad-core CPU of 2.9 GHz.

Fig. 5 Circular trajectory followed by the Orion7P arm.
The commanded waypoints are shown by green *
points. The black solid line shows the sent trajectory
and red solid line shows the achieved trajectory.

Fig. 6 Straight line trajectory followed by the Orion7P
arm. The black solid line shows the sent trajectory
and red solid line shows the achieved trajectory.

3.3 Precision of trajectory following by the manipula-
tor

The accuracy of trajectory following was tested by
sending the planned trajectories for the 100 random con-
figurations stated above to the manipulator via the inter-
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Fig. 7 Orion7P end-effector’s X position while cir-
cular trajectory following. Black dotted line shows
the commanded positions and solid red line shows
the achieved position.
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Fig. 9 Orion7P end-effector’s Z position while cir-
cular trajectory following. Black dotted line shows
the commanded positions and solid red line shows
the achieved position.
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8 Orion7P end-effector’s Y position while
circular trajectory following. Black dotted line
shows the commanded positions and solid green
line shows the achieved position.
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10 Orion7P end-effector’s position errors in
euclidean space while circular trajectory follow-
ing by the Orion7P arm. The red, green and blue
plots represent errors along the x, y and z axes for
paths traced in Figures 7, 8 and 9 respectively. The
black plot represents cumulative position error in
euclidean space.
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11 Joint behavior while following a circular trajectory. Each plot represents one joint angle. Black dotted lines

represent commanded position while red solid lines show the joint angles reached.

polation based controller. The joint positions read from
the manipulator were logged at regular intervals and sig-
nify the achieved joint positions. The end effector (EEF)
position was calculated for the sent and achieved joint
configurations using the forward kinematics of the ma-
nipulator. The Euclidean distance between the sent and
achieved EEF positions is defined as the error in trajec-
tory following. For this experiment, the maximum joint
speeds of 10, 10, 7.5, 5, 15 and 15 degrees per second
(in order used in Table 1) were used. A mean trajectory
following error of 2.387 cm with a standard deviation of
1.276 cm was achieved.

Further, the trajectory following capability of the con-
troller was validated by making the EEF of the Orion7P
arm follow circular and straight line paths in different

directions. Straight line paths are particularly important
for tool plugging operations in underwater environments
(see [12]), while circular paths provide challenging test
trajectories because of the involvement of all joints with
changing directions of movements. The commanded EEF
waypoints for one such circular and one such straight line
paths are shown by starred points in Figure 5 and Figure 6
respectively. The EEF positions for trajectories gener-
ated by the controller and achieved by the arm are shown
alongside by solid black and red lines. The position fol-
lowing along the x, y, and z Euclidean axes are plotted
in Figure 7, Figure 8 and Figure 9 for the circular trajec-
tory and in Figure 12, Figure 13 and Figure 14 for the
straight line trajectory. The corresponding errors along
the x, y, and z Euclidean axes are plotted in Figure 10
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Fig. 12 Orion7P end-effector’s X position while
straight line trajectory following. Black dotted
line shows the commanded positions and solid red

line shows the achieved position.
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Fig. 14 Orion7P end-effector’s Z position while
straight line trajectory following. Black dotted
line shows the commanded positions and solid red

line shows the achieved position.

for the circular and in Figure 15 for the straight line tra-
jectory. This shows a maximum position error of 4.1 cm
along a single axis for circular path and 2.95 cm for the
straight line path. The cumulative Euclidean position er-
ror is shown by the black line and denotes a maximum
three-dimensional position error of 5.5 cm for the circu-
lar trajectory and 3.0 cm for the straight line trajectory.
The sent and achieved joint positions are plotted in Fig-
ure 11 for the circular trajectory. A maximum error of 5
degrees was observed for circluar path.

3.4 Trajectory following at various speeds

For all experiments discussed above, maximum joint
speeds of 10, 10, 7.5, 5, 15 and 15 degrees per second
were used as mentioned in Section 3.3 In this experiment,
the trajectory interpolator based controller was used for
sending trajectories at different speeds to the Orion7P
arm. The maximum speeds were specified as 1.0, 1.5, 2.0,
2.5,3.0, 3.5, 4.0 times the above specified maximum joint
speeds. The circular and straight line trajectories shown
in Figure 5 and Figure 6 were used to test the accuracy
of trajectory following. The resulting position errors are
shown in Figure 16 and Figure 17. As expected, the ac-
curacy of trajectory following decreased with increasing
speeds. We achieve a mean position error of 2.58 cm for
the circular trajectory and of 1.56 cm for the straight line
trajectory even for the 4.0 times speed test. For trajectory
following at slower speeds the mean position error was
2.32 cm for the circular trajectory and of 1.52 cm for the
straight line trajectory.
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13 Orion7P end-effector’s Y position while
straight line trajectory following. Black dotted
line shows the commanded positions and solid red
line shows the achieved position.
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15 Orion7P end-effector’s position errors in eu-
clidean space while straight line trajectory follow-
ing by the Orion7P arm. The red, green and blue
plots represent errors along the x, y and z axes for
paths traced in Figures 12, 13 and 14 respectively.
The black plot represents cumulative position er-
ror in euclidean space.

4. CONCLUSION AND FUTURE WORK

This paper presented a methodology for autonomous
collision-free trajectory planning and following for in-
dustrial underwater manipulators. The methodology con-
sists of a combination of existing state of the art trajectory
planning algorithms from ground based robotics, and an
existing computer interface for controlling industrial un-
derwater manipulators. The Bi-directional Rapidly Ex-
ploring Random Tree algorithm was used for collision
free path planning, maximum joint velocities were used
for assigning timestamps, and a cubic interpolator was
used for trajectory smoothing. Then the trajectory was
sampled at the communication frequency defined by the
computer interface and the resulting trajectory was sent
to the manipulator. The experiments were conducted
on a real industrial standard Orion7P manipulator from
Schilling robotics. This interpolation based controller re-
sulted in increased precision of less than two degrees per
joint in reaching a desired arm configuration as compared
to the four degree per joint precision attained while using
only the lowest level position controller on the Orion7P
manipulator.

The collision free path planner was consistently able to
generate paths between starting and destination positions
within seven seconds. The manipulator was successful in
following the planned trajectories with an average end-
effector position accuracy of 2.4 cm. Even for hard tra-
jectories like circular paths and straight lines the aver-
age end-effector position accuracy of less than 3 cm was
achieved which is acceptable for most underwater appli-
cations. Trajectory following was tested at higher speeds
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Fig. 16 Orion7P end-effector’s position errors in euclidean
space while following circular trajectories at different

speeds.

ranging between one to four times the joint speeds of 10,
10, 7.5, 5, 15 and 15 degrees per second. The accuracy
of trajectory following decreased with increasing speeds
and an average accuracy of 2.6 cm was achieved for the
highest tested speed.

To our knowledge, this is the first demonstration of au-
tonomous collision-free trajectory planning and follow-
ing for a real industrial underwater manipulator system.
The methods and results presented in this paper have
proven that it is possible to adapt the advanced research
in autonomous motion planning from terrestrial appli-
cations for application on industrial standard underwa-
ter manipulators. In future, the open loop interpolation
based controller should be replaced with a closed loop
speed controller. This will lead to increased accuracy of
trajectory following. Other techniques for fast dynamic
trajectory re-planning from terrestrial robots can also be
applied to industrial underwater manipulators.
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