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Abstract— In this paper we describe a methodology to repre-
sent the workingspace properties of an underwater manipulator
with respect to tele-operation tasks. This representation takes the
typical operation procedure for intervention tasks into account.
The information gained from the representation can be used
to automatically analyse the actual state of a manipulator with
respect to the remaining dexterity of the manipulator.

The workingspace representation is formally introduced and
exemplary used on an ORION 7P from Schilling Robotics. The
second half of the paper deals with an algorithm that is able to
calculate online the distance between the actual position and the
border to regions with less dexterity. The information gained by
this algorithm is then used as a signal to an operator or as the
basis for motion commands to the ROV carrying the manipulator.

I. INTRODUCTION

The main tool of modern work-class ROVs are manipula-
tors. These manipulators are usually controlled by an operator
via a master-slave-system. The only knowledge an operator
has about the movements the arm is able to perform in its
current configuration is based on the views of the ROV’s
cameras and his experience. There is no direct feedback to
him, wether he can reach a desired position, and how much
he can rotate the wrist at this position to do the task he is
aiming for. This is a serious limitation considering the fact,
that one of the primary tasks of modern ROV deployment
is intervention work. Intervention in these cases consists of
more an more task like opening fixtures, plugging connections
etc. A strategy to circumvent the problem of the manipulators
unknown movement capabilities is to fix the arm to a defined
position and move the vehicle instead. This is done especially
in cases where the ROV can move freely in the water column,
despite of modern ROVs capabilities of automatic station
keeping.

In robotics the ability of a robotic arm to reach a certain
position in his working space and to be able to orient its
tool is called dexterity. The part of the working space which
allows the movement in all euclidian degrees of freedom is
called the full-dexterous workspace. As the workspace is a
multi-dimensional space, the calculation of the full-dexterous
workspace is a hard tasks computational wise, and classical
robot control algorithms try not to calculate it directly and
rely on numerical methods instead (e.g. [1]).

For tele-operation this task is even more harder. Instead of

using pre-calculated or online adapted trajectories, the arm
movement is controlled by an human operator. Any boundary
conditions arising from the planned trajectory of computer
controlled system and minimising the computational effort are
not available when a human controls the system. The only way
to come up with something similar would be a system which
predicts the movement the operator intents, which would
add an additional source of inaccuracy to the whole system.
Additionally, currently used master-slave systems mainly rely
on pure angular coupling between master and slave and avoid
the calculation of the inverse and direct kinematic solutions,
which again are needed for the above mentioned workspace
calculation algorithms.

The work presented in this paper deals with a system
allowing to pass information about the current limits of the
robots arm dexterity to an operator or the control-system
of the ROV. At first we give a general introduction into
the definition of workspaces and present an overview of
current methods to analyse them. Then we present a new
tele-operation centered representation of the workspace, which
allows a quantification of the manipulator’s dexterity at a given
position. This representation is used to analyse the workspace
of an ORION 7P from Schilling Robotics. The second part
of the paper deals with an real-time capable algorithm using
the new workspace representation to give the operator online
information about the current dexterity of his manipulator.

II. WORKSPACE CALCULATION & REPRESENTATION

A. Introduction

The workspace of a robot arm is the set of all points the
robot end-effector (commonly also denoted as Tool Center
Point (TCP)) can reach. The working space can be represented
either in angular or Cartesian space. In angular representation
the working space has a dimension equal to the number
of joints of the robot and represents all possible angular
configurations. The Cartesian representation has the dimension
of six, and represents all possible cartesian positions and
rotations the TCP of the robot can reach. Formally this is
described as:

WSeucl ⊂ <6 (1)
WSjoint ⊂ <n , n = #joints (2)



Fig. 1. The ORION 7P mounted on the ROV simulation rig at the DFKI
underwater testbed. This system is used to verify the methods introduced in
this paper.

The main problem of any workspace analysis is the high
dimensionality, even the main manipulators of ROVs have
usually 6 DoF. Due to this fact most common workspace
analysis methods concentrate on the space around the actual
TCP or the position in the current trajectory.

B. Approaches

In most robotics application the main reason to know more
about the workspace of a robot is for trajectory planning,
obstacle avoidance and force control. Most commonly used
methods are based on the online calculation of the Jacobian
matrix (see e.g. [1]). The ellipsoids of operational velocities,
which determine the movement space of the TCP, are the
square roots of the eigenvalues λi determined by solving
det(JJT − λI). By these method a manipulation index can
be extracted which defines the ”Ability to arbitrarily change
the position and orientation of the robot end-effector” [4].

The calculation of the Jacobian proves in itself to be a
numerically extreme hard problem, which is normally solved
locally. [5] describes the most classical algorithm and is the
basis for most force-controlled systems today. In [6] a simplis-
tic and numerical stable approach for calculating the Transpose
Jacobian is presented, which uses feedback linearisation and
a local movement history. [7], [8], [9] and [10] all use an
Jacobian calculation in some way or the other.

Furthermore several graphical methods exist, most of them
using some sort of binary trees or bounding boxes to set up a
hierarchical model to reduce complexity [11].

C. Workspace in Tele-Operation

The requirements for a workspace representation differ
between tele-manipulation with ROVs and computer control.
From a tele-operation point of view, with respect to the state-
of-the-art ROV robot arm, the following requirements can be
derived:

• Dexterity-representation of the arm at a certain position
• Distance to a virtual border where the robot arm looses

its dexterity with respect to the current working direction

• Online calculation of the points above
• ”Ideal” working area: Points with the maximum distance

to regions in the working space where the arm movement
is seriously constricted

Taking into account the abilities of the currently used arms
and the established procedures in the offshore industry, the
following problems arise:

• The sensor feedback of most deep-sea arms is limited
to joint-angle data. Calculating the Jacobian requires
angluar speed which can only be acquired by numerical
derivation. This destabilises the online calculation of the
Jacobian.

• Most systems don’t have more than qualitative force
measurement.

• The arms of work class ROVs are hydraulically activated
with a limited range of movement. None of the currently
used system has full euclidian dexterity.

• The position accuracy of the arms is low compared
to land-based systems and the movement accuracy of
the ROV carrying the arm is not very high due to
environmental constraints (e.g. weight and size of the
ROV, hydrodynamic resistance of the umbilical). This
means that land-based approaches of mobile manipulators
can not be transfered easily.

• Acceptance of computer control in the offshore industry
is very low. A workspace representation must seamlessly
integrate with a human operator.

In the following we introduce a workspace representation
which takes these requirements and problems into account.

D. A Semi-Dexterous Workspace Representation
To limit the influences on the overall system dynamic, the

speed of the arm movement during intervention tasks is very
slow. This is even more true compared to the calculation power
of todays computer systems. It is therefore feasible to limit the
workspace representation to the static case. More problematic
is the limited movement range of the arms. Aiming for the
fully dexterous case is pointless since it only covers a fraction
of the WSeucl, if it exists at all.

When analysing the movements of a manipulator during
intervention tasks, it is remarkable that there is always a
main manipulation direction. The ROV is placed at a certain
angle in front of the target, the arm is moved more closely
to the target with the wrist approaching from an opportune
direction and then the designated task is solved. During the
task itself the orientation of the wrist only changes in a limited
scope. This is especially true for opening fasteners, picking up
objects, connecting plugs or operating scientific equipment.
This fact can be used as basis to define a subset of the
overall workingspace WS which is more suited to ROVs tele-
manipulators:
Semi-Dexterous Workspace: The semi-dexterous workspace
SDWS~d is defined as the subset of WSeucl, which allows
euclidian orientation ~d ∈ <3 of the TCP-Frame with respect
to a given direction and an angular variation d̂ ∈ <3 around
this direction.



Fig. 2. Diagram of ~d and d̂ for a 2D case.

In Fig. 2 ~d and d̂ are shown for a two dimensional case.
The ideal maximum angular variation d̂max is ±90 ◦ for

all euclidian angles, which would result in a half-sphere. It is
clear, that this is not the case for most commercially available
underwater manipulators.

Looking more closely at the implication of d̂ two things are
obvious:

1) d̂ is not constant for all points in SDWS~d.
2) |d̂| denotes the amount of movement the TCP can do at

a given position with respect to ~d.
|d̂| gives us the possibility to define a degree of dexterity

for every point in a SDWS:
Rating: The rating r = rating(~p) ∈ < of a point ~p ∈ SDWS~d

is defined as |d̂max| at ~p. It denotes the maximum angular
movement of the TCP-Frame with respect to ~d.

With SDWS, ~d and r the most important tools for giving
a qualitative and quantitative information about the dexterity
of a ROV manipulator are defined. Considering an operator
conducting an intervention task has a system that allows him
to query these values whenever he likes, it is possible for him
to estimate if the arm has enough dexterity to fulfill this task.

In Praxis the continuous notation of ~d is not feasible. More
practically is a system which uses the main working direction
as a basis, since in most cases the vehicle is place somewhere
in front of the target. The main indicator for the working
direction is the general orientation of the wrist with respect to
the manipulator base:

Front The wrist is oriented in the direction of the vehicle
Down The wrist is oriented downwards (e.g. the sea-floor)
Up The wrist is oriented upwards (e.g. the target is above

the vehicle)
Left The wrist is oriented to the left (target left to the

vehicle)
Right The wist is oriented to the right

These main directions can be combined to get values in
between, e.g. FrontDown or LeftDown. The main working
directions depend heavily on the used system configuration
and the position of the arm with respect to the vehicle. For
the DFKI’s single arm ORION system (Fig. 1, [13]) these are
Front, FrontDown and Down. Using the ”classical” setup in
conjunction with an second manipulator the directions would

Fig. 3. The primary working directions Up, Front and Down together with
two combinations, seen from the side.

be more oriented towards this arm. Fig. 3 depicts the described
combination for the side view.

Knowing the dexterity of an arm during the manipulation
task covers only half of the problem. It would be better to
know beforehand, while moving the ROV, where to position
the arm in an optimal way. When the operation starts from an
arm position that allows for a maximum cartesian movement
while till having a desired dexterity, movements of the ROV
can be limited.

For a given r and the corresponding SDWS these position
can be calculated easily using the geometric mean:

~pr =
∑
~p ∈ Ar

|Ar|
with Ar = {~p|rating(~p) < r} (3)

~pr can be calculated for every desired r, depending on the
amount of dexterity the operator wishes to have. Due to the
fact, that DSWS is already oriented in the main working
direction, we even don’t have to care about to much ”unused”
space in the opposite direction.

This representation can now be used to analyse the
workspace of a robotic arm and generate all the information
needed by an operator. In the next section we will show this
for an ORION 7P system.

III. WORKSPACE ANALYSIS ORION 7P

The ORION 7P is a widely used hydraulically actuated arm
manufactured by Schilling Robotics [12]. It has 6 euclidian
degrees of freedom and is configured as a position controlled
master-slave system. In the underwater lab of the DFKI
Robotics Innovation Center an ORION 7P is mounted on a
3D gantry crane together with a mock-up of a ROV-front (Fig.
1). This setup is used to develop computer control methods
to support operators during intervention tasks ( [13], [14], [3],
[15] ). The ORION 7P is symmetrically configured, which
means that the 4th rotational degree of freedom (forearm
roll) can move equally to the left and right, resulting in a
forward oriented main movement. We use this ORION to
show exemplarily the results of a workspace representation
and analysis as described above.



TABLE I
PARAMETERS FOR THE ORION 7P SDWS CREATION.

Cartesian Min Max
X −10cm 180cm
Y −140cm 140cm
Z −155cm 120cm
Resolution 0.5cm

Angular Min Max
Angle 1 −45 ◦ 45 ◦

Angle 2 −45 ◦ 45 ◦

Angle-Resolution 1 ◦

Maximum Possible Rating 8182

Due to the used ORION 7P configuration the most in-
teresting SDWS are for SDWSFront, SDWSFrontDown

and SDWSDown. The wrist roll angle of the ORION can
continuously rotate 360 ◦ and was therefore omitted from the
rating calculation. Angle 1 and Angle 2 are the remaining two
angles describing the respective SDWS.

We implemented a multi-threaded software which uses the
fast inverse kinematic solution presented in [2] to scan a 3D
bounding box, calculating the rating for every position. The
workspace can be saved after the creation and the data used
for the online adaptation. The workspace itself is discretised.

Since the real dimension of the respective SD −WS was
prior unknown, we used the parameters shown in table I. As
the resolution for the cartesian and angular discretisation we
used values which are below the precision achievable by the
ORION 7P master-controller. The calculations have been done
offline on an INTEL XEON ?? dual processor system using all
16 virtual cores. Each calculation lasted approximately 3.5h.

In Fig. 4 the angular range of the ORION 7P is depicted.
These graphics show the ”real” workingspace of the arm,
without respect to dexterity. In Fig 5 two analysis of the
SDWS. Depicted are SDWSFront and SDWSFrontDown.
The graphs show the ratings in form of a color gradient.
Looking at these graphs it is quite obvious why a automatic
dexterity control system is needed. The show how much the
dexterity of the system degrades inside its working space. For
an operator this proves to be a serious limitation.

IV. ONLINE ADAPTATION

In this section we will introduce an automatic system
which allows an operator to get information about the current
dexterity and to move the ROV accordingly, using the results
of the previous analysis.

A. Border Distance

Using the precalculated workspace rating and a given TCP
position ~p we can calculate the distance sv to a virtual border
~v where the robot arm looses its dexterity with respect to the
current working direction and a given minimum threshold mt

as follows:
sv = |~v − ~p|

The algorithm used to determine the virtual border ~v has
to be able to extract this information in real-time from the

Fig. 6. Depiction of the used bisection algorithm with initial points s1 (TCP)
and s2 (outmost border). Four consecutive intervals are shown and labeled
respectively. The used threshold is a value corresponding to the transition
between light green and yellow. The result of the algorithm is the virtual
border point.

precalculated workspace rating data. Our approach uses a
bisection algorithm which has a logarithmic runtime in relation
to the maximum distance between the given TCP position and
the outmost border ~o of the working space and the choosen
precision ε for the given direction. The algorithm is depicted
in figure 6 and subsequently described in pseudo-code:

s1 := p;
s2 := o;
while precision > e do begin
sm := (s2 + s1) / 2;
if rating at sm > m_t then
s1 := sm;

else
s2 := sm;

end
return v := (s2 + s1) / 2;

The algorithm uses the assumption that the rating space of
the given manipulator is smooth and ”sufficiently” convex.
If this precondition is not met, a linear preprocessing step is
needed to find the initial positions s1 and s2 for the bisection
algorithm. This is done by performing a linear scan in the
current working direction starting at the given TCP position
until the particular rating falls below a given threshold. The
last two points of this scan are then used as the initial points
s1 and s2 for the bisection algorithm. The resolution of this
preprocessing scan depends on the characteristics of the given
manipulator system.

B. Operator Interface

In our system setup the computer control of the ORION
7P is located between the master and the slave controller
(Fig. 7). On the one hand this setup allows for the full
control of the slave arm by the computer based controller,
e.g. for autonomous grasping of objects. On the other hand
the setup allows for the continous supervision of the manual
control done by an operator using the master arm controller.
Using these supervision capabilities the computer continously



(a) ORION angular workingspace XZ plane (b) ORION angular workingspace XY plane

Fig. 4. Motion ranges of the ORION 7P [12]

(a) DSWDown XZ plane, y = 0.0 (b) DSWDown XY plane, y = 0.0

(c) DSWFrontDown XZ plane, y = 0.0 (d) DSWFrontDown XY plane, y = 0.0

Fig. 5. DSWDown and DSWFrontDown of the ORION 7P



Fig. 7. The system setup used for the operator interface (see also [3]). The
computer control is set between the master arm and the slave and can be
disabled for security reasons at all times.

calculates the distance to the workspace border in the current
working direction and provides this information to the opera-
tor.

Using the motion compensation capability of our system
(see [3]) it is also possible to use this information to navigate
the host system, i.e. the ROV on which the manipulator is
mounted, into a better manipulation position while keeping
the TCP in place. This mode of operation virtually increases
the operating range and workspace of the used manipulator
by utilising the movement capabilities of the host system in
a semi-autonomous manner. With this setup one operator can
control two systems, the host vehicle and the manipulator,
simultaneously in a very intuitive manner.

V. CONCLUSION

In this paper a new form of workspace representation,
focusing on the demands of a tele-operated system, was
presented. The results of the modeling were used to create an
automatic online adaption scheme, which enables an operator
to get information about the current dexterity, the ranges were
the dexterity doesn’t exceed a given limit and the possibility
for automatic movement.

One of the main drawbacks of the actual system is, that r is
dimensionless, and that we currently do not hold information
about points which can be reached, but without higher dex-
terity. We plan to improve the system in the future trying to
solve this problem and we will conduct more experiments in
our tank to get operator feedback for improvements.
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