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Abstract—As the variety and complexity of tasks carried
about by telerobotic systems underwater increases, so does the
demand for technology that increases efficiency and safety of
operations. We present a novel approach to subsea manipula-
tion that leverages the natural perceptive capability of human
pilots. We present a method and framework for generation
and rendering of six degree-of-freedom haptic virtual fixtures
based on streaming point cloud data captured by an RGB-D
sensor. Sensor data is captured at 30 Hz and virtual fixtures
are constructed in real-time in parallel on a GPU. The method is
applied to two typical underwater telerobotic valve operations by
implementing a forbidden-region virtual fixture and a guidance
virtual fixture. During operation, real-time haptic feedback is sent
to the operator at 1000 Hz. This haptic feedback allows pilots
of remotely-operated vehicles to receive sense of touch feedback
through the use of non-contact sensors.

I. INTRODUCTION

When tasks must be carried out in the deep ocean or
hazardous marine environments, teleoperated robotic systems
are necessary. In most applications a pilot resides at the surface
while a remotely-operated vehicle (ROV) carries out func-
tions below. Munitions remediation, oil and gas operations,
studies of hydrothermal vent colonies, and construction of
ocean observatories are a subset of underwater applications
that require teleoperation. In particular, manipulation is often
necessary for operating tools, opening valves, mating cables,
or simply moving objects from one place to another. Subsea
manipulation is a challenging and expensive endeavor that
relies on expert pilots with substantial experience. The cost
of operating ships and robotic systems often drives crews to
operate 24 hours/day and underscores the importance of avoid-
ing mistakes. Advanced tools that lower the burden on pilots,
increasing safety, reliability and efficiency of operations, has
potential to dramatically reduce cost and increase feasibility
of complex tasks performed underwater.

Perception is paramount to efficiently and safely carry-
ing out complex tasks remotely. We make use of virfual
fixtures to provide haptic feedback to a remote operator
of a robotic device underwater. Haptic virtual fixtures are
computer-generated constraints that limit the motion of a
robot in space. Violation of these constraints is opposed
by a resistive force, communicated to the pilot by a haptic
device (input device that conveys reaction forces to the user).
Forbidden Regions act as force fields that push back on the end

Fig. 1.
sensor data. The operator interacts with the virtual environment using a W5D
haptic device (Entact Robotics) (1). RGB data of the underwater scene (2).
Depth data of the same underwater scene (3).

Interaction with haptic virtual fixtures generated from underwater

effector to avoid constraints, allowing for sensitive objects to
be protected. If the pilot commands the end effector into a
forbidden region, a resistive force is rendered — preventing
violation of the constraint. Guidance Virtual Fixtures help the
pilot move toward a desired object to be manipulated.

In this work we demonstrate our ability to generate vir-
tual fixtures in an underwater environment from non-contact
(camera) sensors to provide haptic feedback to a remote pilot
of a subsea manipulator. We focus on the application of
remotely opening and closing valves underwater. This task is
representative of operations that would be carried out by ROV's
on oil rigs or in subsea infrastructure maintenance. It may be
necessary to service one valve while not disturbing an adjacent
valve. When valves are close in proximity this presents a
challenge to the pilot. By using both guidance fixtures and
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forbidden regions we are able to assist the pilot in servicing a
valve while avoiding undesired contact or collisions with other
objects in the environment.

Our approach makes use of a 3D camera (or sonar) to create
a model of the environment. The haptic rendering algorithm
runs in the virtual environment to compute reaction forces
which are fed to the pilot. This leverages the natural perceptive
capability of pilots and simplifies remote manipulation tasks.

We note that many ROVs have been equipped with tools
for haptic feedback, but suffer from limitations. The standard
approach to providing haptic feedback requires contact forces
to be measured after contact. For subsea applications, latency
and a subsequent instability arise driving many ROV pilots to
switch off the haptic feedback function. Even when function-
ing properly, a significant burden is placed on pilots as they
must predict points of contact by inferring three-dimensional
structure through a series of two-dimensional displays. With
our approach, the pilot receives feedback before contact is
made. Further, virtual fixtures can be used to assist a pilot
in and around tight corners, or toward targets (i.e. handles,
knobs, interfaces), as well as away from sensitive objects.

The contributions of this paper include:

o A method for rendering of six degree-of-freedom (6-
DOF) forbidden-region haptic and visual virtual fixtures
from streaming point cloud data.

e« A method for rendering of 6-DOF guidance virtual
fixtures generated from streaming point cloud data, in
combination with forbidden region virtual fixtures.

o A demonstration of virtual fixture rendering for a relevant
underwater tool positioning task.

II. RELATED WORK

This paper builds upon efforts in virtual fixture-, marine
robotics- as well as haptics literature. Related work in each
area is presented below.

A. Virtual Fixtures

The term virtual fixtures was first defined in [1] as “ab-
stract sensory information overlaid on top of reflected sensory
feedback from a remote environment.” The reflected sensory
information can for instance be visual, auditory, haptic (as
implemented in this paper) or any combination of these. Haptic
virtual fixtures have been investigated by many groups, e.g.,
[2], [3], [4], [5]. Although these efforts successfully imple-
mented simpler virtual fixtures (such as virtual rulers etc.),
virtual fixtures in a un-modeled and dynamic environment
remain a challenge. A method for generating adaptive haptic
virtual fixtures, which this paper builds upon, was presented
in [6] where 3-DOF haptic feedback was rendered to the user
upon violation of virtual fixture constraints. In that work, an
RGB-D camera was used in real-time to capture the three-
dimensional structure of the task space. Color segmentation
was then used to define the virtual fixtures and the algorithm
allowed for haptic forces to be rendered.

B. Underwater Robotics

The concept of virtual fixtures and assisted teleoperation
is well-studied in many areas of robotics, yet underwater,
remotely-operated vehicles (ROVs) lack this capability. As
a result, and to the best of the authors’ knowledge, there
exists little work on rendering of dynamic virtual fixtures
for underwater applications. However, sonars and subsequent
three-dimensional imagery are often used for navigation and
collision avoidance. Thus, there exists a set of relevant efforts
that will be useful towards achieving our goal of implementing
haptic rendering for underwater applications.

Work in underwater survey and mapping, where macro
imagery is collected with underwater cameras or sonar, often
focuses on simultaneous location and mapping (SLAM) [7],
[8]. Eustice et. al. [9], [10], [11] have used ROVs for ship hull
inspection, developing three-dimensional models of structures
underwater with both visual and sonar data. The authors of
[12] used a sonar-equipped ROV to map ancient cisterns on
the islands of Malta and Gozo where it is important to avoid
potentially damaging collisions. Collision avoidance for AUVs
(autonomous underwater vehicles) was evaluated in [13] using
a 3D sonar and path planner that was updated at each time
step. In [14], robust state estimation was achieved using a 3D
sonar.

In this work we are focused on high-resolution, small-
scale imagery to support dextrous manipulation of objects
underwater. In [15], a static point cloud was constructed using
a laser scanner and then used for grasp planning. Similar in
spirit to rendering fixtures in a virtual environment, in [16] an
offline simulator for ROV/AUV intervention was presented.
In the UNION project [17], dynamic disturbance rejection as
well as robust underwater color segmentation was achieved.
In [18] and [19], a method for underwater target localization
using sonar and vision was presented. This information was
then used to position an ROV or AUV relative to the target.

C. Haptic Rendering of Streaming Sensor Data

The ‘virtual coupling’-method [20] is the most common
theoretical framework for haptic rendering methods today.
The ‘god-object’” method [21] and the proxy method [22]
for 3-DOF rendering are based upon this idea that a virtual
object can be used to simulate the ideal outcome of haptic
interaction in a virtual environment. That is, the virtual object
never violates any collision constraints (such as forbidden
region virtual fixtures) in the virtual environment. Forces are
then calculated as translational (and torsional for the 6-DOF
case) springs between this ideal tool configuration and the
configuration of the haptic device, which behaves non-ideally.
A method for 3-DOF haptic interaction with streaming sensor
data was presented in [23]. This idea was then used in [6]
where forbidden-region virtual fixtures (captured by a depth
sensor) were haptically rendered by superimposing spherical
constraint around delicate objects. There exist several methods
for 6-DOF haptic interaction with voxels [24], polygons [25],
implicit surfaces [26], static point clouds [27] and streaming
point cloud data [28] (which this paper builds upon).



III. S1X DEGREE-OF-FREEDOM HAPTIC VIRTUAL
FIXTURES IN UNDERWATER ENVIRONMENTS

In this paper, we present a novel method for rendering of
6-DOF haptic forbidden-region virtual fixtures and guidance
virtual fixtures based on real-time sensor data. Essentially this
is done by running a real-time simulation of robot motions
in the actual environment to calculate the effect of haptic
virtual fixtures. This is then presented to the operator. This
work extends the method of rendering 3-DOF forbidden-
region virtual fixtures of [6], to the 6-DOF case. In [6], the
haptic feedback was based solely on the desired position of
the robotic end effector, not taking rotations or torques into
account. This was done by approximating the robotic end
effector as a simple bounding sphere, which is not always
a good approximation. The forbidden-regions were further
defined by superimposing spherical regions where each sphere
corresponded to a point in the point cloud captured by the a
depth sensor overlooking the robot task space.

In this work, the three-dimensional structure of the robot’s
task space is captured in real time. The forbidden-regions
are defined in a similar fashion by finding the points that
correspond to a virtual fixture and then produce a forbidden
region sphere around each of those points. Rendering of haptic
virtual fixtures then simply corresponds to conventional haptic
rendering of spheres (typically a large number of time-varying
spheres) using a virtual-coupling method. The guidance virtual
fixture can then simply be implemented as a spring to a desired
target configuration.

There are several real-world challenges in rendering of
haptic virtual fixtures that depend upon properties of the robot
task space. These include:

1) Registration: The environment around the robot needs
to be captured using some type of sensor with depth
sensing capabilities. This sensor further has to be reg-
istered to the robot base frame. When the sensor is
mounted on the robot itself, this is trivial (as the dis-
placement can be easily measured). When, instead, the
sensor is at another location, registration markers can be
used.

2) Processing of sensor data: The sensor data needs to
be processed (transformation to base frame and filtering
etc.) and the virtual fixtures must be defined in real-time.
Parallel processing is typically necessary to achieve this.

3) Defining virtual fixtures: The virtual fixtures have to
be defined implicitly by the sensor data. Therefore, a
method for choosing the data that corresponds to a
guidance virtual fixture or a forbidden-region virtual
fixture is needed. For instance, this can be a simple color
segmentation algorithm.

4) Speed of haptic rendering: In order to meet the
1000H z recommended haptic rendering rate, an efficient
rendering method is needed. As haptic rendering can be
seen as a simplified physics simulation, a fast collision
detection method is required. A parallel collision detec-
tion method can be used in combination with a sphere

tree data structure [29].

To generate virtual fixtures for an underwater task space,
sensor data was captured underwater using an RGB-D sensor
(RGB + depth). The data was transformed to the robot base
frame and spatially low pass filtered. A color segmentation
algorithm was used to define the haptic virtual fixtures and
package them in a sphere tree data structure that could
efficiently be used for haptic rendering. The haptic rendering
then uses the desired configuration of the robot end effector
in combination with the virtual fixtures to present the force to
the operator.

As this work focuses on rendering of virtual fixtures rather
than system integration on a robot system, the results here
are presented in simulation. However, the objects involved
are obtained from streaming point clouds from the camera.
Our justification for this is that the virtual fixture rendering
essentially runs a real-time simulation of the robot plus its
surroundings. In the next phase of this work we will be incor-
porating a five degree of freedom submersible manipulator. If
the registration and the simulation is correct we can assume
that the robot is very close to where the operator commands
it to be using the haptic device.

IV. CAPTURING AND PROCESSING UNDERWATER DATA

Before virtual fixtures can be constructed and haptic feed-
back can be given to the operator, the RGB-D sensor data has
to be processed. This is done in two steps by first transforming
and filtering the data and then defining the virtual fixtures.

A. Processing

Since image processing (both depth and RGB) is highly par-
allel work, it is efficient to utilize modern graphics processors
(GPUs). Our method is to first transform the depth image into
a point cloud using the camera parameters and then spatially
low-pass filter using a bilateral filtering approach [30] such
that the depth values are weighted using the Cartesian distance
to neighboring points. That is, for a given depth value vy
corresponding to a point in space pg, the filtered depth value
v}, is calculated as:
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where o is a design parameter. The spatial bilateral filtering
approach is preferable as it does not induce any time delay
(unlike temporal filtering).



B. Defining virtual fixtures

With the data filtered and transformed into a point cloud,
virtual fixtures can be assigned to either protect certain re-
gions, or guide the operator towards certain regions. A color
segmentation method is used to find the point that should
be assigned to either a forbidden-region virtual fixture or
a guidance virtual fixture. This is done by converting the
RGB (red, green and blue) values to corresponding HSL (hue,
saturation and lightness) values and then selecting points based
on their hue value (which is orthogonal to the lightness value).
This technique is very useful in environments with varying
lighting conditions. As a result, a forbidden-region can for
instance be defined around all red points and a guidance virtual
fixture can for instance be generated based on all yellow points.
Due to local memory constraints on typical GPUs, the data is
processed in patches of 16x16 pixel which due to required
overlapping results in some redundant work. This approach is
chosen as it is one to two orders of magnitude faster to read
from local memory than from global memory.

1) Defining the Forbidden-Region Virtual Fixture: For each
point (corresponding to some physical object) that is assigned
as a forbidden-region virtual fixture, a spherical forbidden
region (with a radius chosen by the application) is constructed.
Thus, a distance constraint can be maintained in all directions.
The final forbidden-region virtual fixture is then constructed
by superimposing multiple spherical regions, as was done in
[6], see Fig 2. For purposes of rapidly being able to query
this virtual fixture using a tree structure, a bounding sphere is
generated around each 16x16 patch. Rather then generating a
perfectly fitting sphere, a simple bounding sphere is generated
such that the center is at the mean location s of the forbidden-
regions and the radius such that:

f:mkax||sk—§|| + 7 3)

where sy and 7, is the location and radius of the k-th spherical
virtual fixture respectively.
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Fig. 2. Illustration of a forbidden-region virtual fixture obtained by super-
imposing three spherical fixtures. [6]

2) Defining the Guidance Virtual Fixture: The guidance
virtual fixture is implemented as a desired 6-DOF configura-
tion (position and orientation) in space. In terms of processing,
all points with a certain hue value are selected and the mean
location is chosen as the location of the guidance virtual
fixture. If the selected points correspond to a plane, a normal
vector can be estimated and the orientation of the virtual
fixture can be based on this. Otherwise, the orientation can
simply be fixed relative to the robot base frame as done in
this work.

V. RENDERING OF HAPTIC VIRTUAL FIXTURES

Since the forbidden-region virtual fixture constraints are
defined by superimposing spheres and since the virtual model
of the robot arm can be stored in a sphere-tree (for purposes
of collision detection), the most straightforward method for
haptic rendering is a sphere-tree to sphere-tree haptic rendering
method. The optimized sphere-tree containing the virtual tool
is generated prior to operation using the Sphere Tree Toolkit
[29]. The sphere-tree containing the forbidden regions is
generated on-the-fly every time a frame arrives from the sensor
system.

Since the haptic feedback is based on the difference (in
configuration space) between the configuration of the haptic
device and the configuration of an ideal virtual tool that does
not penetrate any forbidden-regions, a method for moving
the virtual tool is needed. Therefore, at each haptic time
step (1ms), the virtual tool is moved iteratively towards the
configuration of the haptic device. If this configuration is
inside a forbidden region, the virtual tool stays at the boundary
of the forbidden region and locally minimizes the distance
(in configuration space) between the virtual tool and the
configuration of the haptic device. This is done using a ‘quasi-
static’ simulation as suggested for haptic rendering by [25].
The force and torque on the haptic device is then defined
by two virtual springs (one translational and one torsional)
between these two configurations. When new sensor data
arrives, the virtual tool might be at a configuration inside a
forbidden region, in that case the virtual tool will move away
from the forbidden region. This is similar to the approach for
moving a voxelized tool out of point cloud constraints in [28].

The guidance virtual fixture is used to guide the operator,
using force feedback, towards a desired configuration in the
robot’s task space. An efficient method of implementing this
is to simply augment the force contributed by the forbidden-
regions with the guidance force such that the operator is pulled
towards the guidance configuration by a virtual spring.

A. Collision detection and forming constraints

When the operator controls the robot (using the haptic
device) and no forbidden-regions are violated, the virtual tool
matches the configuration of the haptic device. But when
the operator guides the robot into a forbidden region, this
effectively forms a set of linear constraints on the virtual tool.
These constraints can be found by recursively checking for
collisions between the virtual tool (a sphere tree) and the
forbidden regions (another sphere tree); denote these trees
Ti001 and T respectively. This is done by first using a depth-
first search of T},,;, querying against the highest level of Trg,
until the leaf node is reached. Then any occurrence of collision
in Trg is expanded in a similar depth-first fashion by querying
against the leaf nodes of T},,. If a collision has occurred
between a leaf node in T},, and a leaf node in Trg, this
effectively forms a linear motion constraint on the tool, of the
following form:

nTa+ (rxn)Ta>d 4)



where a and « are the tool’s unconstrained translational and
rotational acceleration, respectively. n is the normal to the
constraint, r is the vector from the tool’s center of rotation to
the point of collision and d is the penetration depth (see Fig.
3). No constraints are formed on the velocities as the velocity
is considered zero in a quasi-static simulation.

Virtual tool
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Tool center
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Fig. 3. Illustration of a collision constraint between a forbidden-region virtual
fixture (the dashed line) and a virtual tool constructed by a sphere tree (where
solid circles represent the leaf nodes). Here n is the normal to the constraint,
r is the vector from the tool’s center of rotation to the point of collision and
d is the penetration depth. The penetration is exaggerated for clarity as the
penetration typically is very small.

B. Moving the virtual tool with respect to virtual fixture
constraints

Given a haptic device configuration, a virtual tool configu-
ration and a set of linear collision/contact constraints, the goal
is to minimize the distance in configuration space between
the configuration of the haptic device and the configuration of
the virtual tool with respect to the virtual fixture constraints.
Such a minimization process can be solved as a nearest-point
problem and results in a vector pointing in a feasible direction
(in configuration space). Unfortunately, since the constraints
are linearized, this feasible direction is only valid in a small
neighborhood around the tool. Therefore, this process must be
repeated iteratively such that a new minimization process is
performed every time a new constraint/collision occurs. The
full derivation of this minimization process is outside the scope
of this paper, but can be found in [31].

C. Calculating force feedback

The resulting force feedback is calculated as a function
of the difference between the haptic device and virtual tool
configuration. That is, the force and torque are chosen as the
springs that would bring the configuration of the haptic device
to the configuration of the virtual tool.

VI. RESULTS

The proposed virtual fixture rendering method was imple-
mented on a Core 17-3930K CPU (Intel Corp.) with Radeon
HD 6990 GPU (Advanced Micro Devices, Inc.). The force
was rendered at 1000 Hz and sent to a W5D haptic device
(Entact Robotics) with 6-DOF sensing and 5-DOF actuation
(no actuation on the roll joint). The streaming point cloud data
was captured in a water tank at the University of Washington
Applied Physics Lab. The GPU processed the point cloud in
real-time at 30H 2z using the OpenCL API (Khronos Group);

this includes transformation and filtering of depth and RGB
data, color segmentation, as well as generation of sphere trees
corresponding to the virtual fixtures. The collision detection
is performed in parallel on four cores on the CPU. Depth and
RGB data was captured using a Xtion Pro depth + RGB sensor
(Asus) and recorded using the Robot Operating System (ROS).

We evaluate the proposed method by evaluating two dif-
ferent scenarios. First, two forbidden-region virtual fixtures
and secondly a guidance virtual fixture in combination with a
forbidden-region virtual fixture.
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Fig. 4. The top and bottom traces show the norm of the force and torque
respectively while the operator performs the first task (A-D). A) The operator
starts at the initial position. B) The operator pushes the haptic device towards
the left forbidden-region virtual fixture and experiences a repelling force. C)
The operator pushes the haptic device towards the right virtual fixture and
experiences a similar force. D) The operator moves away from the virtual
fixture.

A. Evaluation of Guidance Virtual Fixtures

A forbidden-region virtual fixture in combination with a
guidance virtual fixture is evaluated in a similar fashion such
that the left valve is protected by a forbidden-region virtual
fixture. A guidance virtual fixture is placed automatically,
using color segmentation, in front of the right valve. It is
activated by a key press from the operator. Fig. 5 illustrates
a sequence where the operator first pushes the haptic de-
vice towards the forbidden-region and then, around 3000ms,



activates the guidance virtual fixture. As can be seen, the
torque never reaches zero even though the user moves the
haptic device towards the configuration of the guidance virtual
fixture. This occurs partly because the operator somewhat
resisted the guidance force and mainly because the WS5D
haptic device can not exert force on the roll joint, resulting
in a residual error that only can be corrected visually.
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Fig. 5. The top and bottom traces illustrate the force and torque during the
second task (A-D). A) The operator is at the initial position. B) The operator
moves towards the left valve which is protected by a forbidden-region virtual
fixture, a repelling force is therefore sent to the haptic device. C) The guidance
virtual fixture is activated with a key press and the operator experiences forces
and torques pushing towards the right valve. When activated, the guidance
virtual fixture is visualized in blue. D) The haptic device at the configuration
of the guidance virtual fixture.

B. Evaluation of Forbidden-Region Virtual Fixtures

The implementation of forbidden-region virtual fixtures is
evaluated by considering an application of ROV operations that
involves the opening and closing of valves. In this example
task, we have a series of distinct valves in a water tank that
are close to one another.

The depth and RGB data was then segmented such that
only points sensor data corresponding to the two valves were
selected. Two 4cm virtual fixtures were then defined around
the two valves. As a result, the operator feels a repelling force
when pushing the haptic device into the forbidden regions.

Every time depth sensor data is captured, the virtual fixtures
are updated to match the most recent data, thus allowing for
adaptive virtual fixtures to be generated. A sequence when the
operator, using a virtual representation of a tool, first tries to
push the haptic device towards the left valve and then the right
valve is shown in Fig. 4.

VII. WORK IN PROGRESS: SUBMERSIBLE TEST BED
IMPLEMENTATION

To test these ideas and algorithms for actual underwater use,
we have begun system integration with a 5E Mini submersible
manipulator by ECA Robotics. This is a five degree-of-
freedom submersible, all-electric (no hydraulics) manipulator
developed by ECA Robotics. As a first step of this system
integration we have successfully established communication
between the manipulator and a PC running Linux over serial
RS-485 using our own drivers. In addition, we have created a
simulation of the manipulator with its full inverse kinematics
running in ROS (Robot Operating System). In this simulation,
we have also imported streaming RGB-D data, see Fig. 6.

Fig. 6. Submersible manipulator simulation augmented with RGB-D data
of a hybrid, wet-mate connector. Note: data captured in an indoor laboratory
environment.

Since the encoders on the manipulator are relative, an
initialization sequence (manipulator homing) will be needed to
complete the system integration. This is necessary for registra-
tion in order to make the modeled manipulator (in the virtual
space) match the physical manipulator (in the task space).
The modeled manipulator is used within the virtual space
to implement haptic rendering so that interactions between
the manipulator and the environment (not just end effector)
are captured by the algorithm. It will also be important to
implement low-level safety features such as motor current
limits in this implementation.

This work represents the first steps required to adapt our
haptic rendering algorithm to function with this particular
manipulator. To achieve this, the virtual model of the SE Mini



manipulator is imported into the haptic rendering module.
Special considerations are made to account for the fact that the
arm (in effect) has only four degrees-of-freedom plus grasp.
The full 6-DOF rendering algorithm presented in this paper
will still be useful in this case since force feedback can be
used to constrain the operator to movements that are feasible
with respect to the limited kinematics.

The system integration will be tested by implementing a
forbidden-region virtual fixture and then a guidance virtual fix-
ture in an indoor setting. This demo will then be submerged in
APL/UW test tank facilities to demonstrate this technology’s
value for underwater use.

VIII. CONCLUSION

We have presented a method for rendering of six-degree
of freedom forbidden-region and guidance virtual fixtures
defined by streaming point cloud data from an RGB-D sensor
in an underwater environment. The method is applicable to
many underwater robotic applications such as opening valves,
positioning tools or mating cables. Forces and torques are
successfully rendered at 1000H z with sensor data captured
at 30Hz. We demonstrate that an operator can be guided,
using haptic feedback, towards a desired tool configuration
while avoiding unintended collisions with the environment.
Future work includes integration with the subsea manipulator
and sonar system as well as an improved camera design (with
HD overlay on depth data) and customization.
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