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TITLE
SEMI-AUTONOMOUS MULTI-USE ROBOT SYSTEM AND METHOD OF
OPERATION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of United States Provisional Application No.
61/255,257, filed October 27, 2009, the disclosure of which is incorporated herein by

reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
[0002] This invention was made with U.S. Government support under Contract No.
WOI1CRB-04-D-0016/DO 0003 awarded by the Department of the Army. The

Government has certain rights in this invention.

BACKGROUND OF THE INVENTION
[0003] This invention relates in general to robotic systems and in particular to a semi-
autonomous multi-use robot system and a method for cost effective operation of the
system within an enclosed space.
[0004] Aircraft integral fuel tanks are internally coated to prevent corrosion, and
operational aircraft are flying with tank coatings that are as much as 40 years old. Coating
degradation, including peeling, swelling, puckering, and blistering, has been observed in
some tanks. To prevent fuel system clogging and damage from dislodged paint chips and
corrosion products, tank coatings must be examined, assessed, and repaired or replaced as

they age.
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[0005] Existing tank inspection, cleaning, stripping, and recoating techniques are
predominantly manual and are not easily automated using existing industrial robotic
technologies due to the lack of accurate, structured knowledge of the environment, which
is especially true of legacy systems. This is because the use of modern industrial robots to
perform maintenance on legacy systems is typically not cost-effective because the
geometric data required to define a structured environment is typically not available. For
example, military aircraft produced in the 1960s were designed on a drawing board and
therefore no electronic technical data of the structure exists. Even if the data did exist,
current industrial robots rely on accurate and fixed tooling for location and a scripted
software plan for the motion of the robot. Because no two locations are alike, a scripted
software plan would be required for each separate work location. Furthermore, manual
tank inspections are more expensive because they are labor intensive and less efficient due
to the limited access for personnel to enter and maneuver within the tank. The confined
space also creates human factors issues, including stringent safety requirements for
personnel entering and working in the tanks. Accordingly, it would be desirable to provide
an alternative to the use of maintenance personnel within aircraft fuel tanks to carry out

these duties, such as industrial robot technology.

SUMMARY OF THE INVENTION
[0006] This invention relates to a semi-autonomous multi-use robot system and a method
for operation of the system within an enclosed space.
[0007] The present invention is directed toward a semi-autonomous multi-use robotic
system that provides a cost-effective means for employing industrial robotic technology in
the maintenance and repair of legacy systems including aircraft integral fuel tanks. In
order for industrial robotic technology to be cost-effective for maintenance of legacy
systems, the present invention contemplates a new and novel approach to overcome the
lack of digital data, the requirement for fixed tooling, and the need to generate scripted

path planning algorithms. Accordingly, the present invention contemplates a robot system
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that acquires the geometrical data to define the required “structured environment” in order
to perform operations without the need for fixed tooling, i.e., using “virtual tooling”.
[0008] The invention contemplates using a laser scanning device to gather digital
information that will be used to define the required structured environment. Also, the
invention contemplates combining the data gathered from the laser scanning device with
the “user-defined” geometric data that defines the robotic system, to calculate the precise
relative location between the robotic system and the work piece. This relative location is
updated as the robotic system moves, which ensures that the robot “understands” its
environment at all times for collision free operation without fixed tooling

[0009] The invention contemplates the use of a Rapidly-exploring Random Tree (RRT)
motion planning algorithm to control movement of the robot within an enclosed area.
More specifically, the invention utilizes a combination of the precise relative location of
the robotic system, the specific method of laser scanning the interior surfaces of an
enclosed space, and the scanned data that defines the enclosed space, within the RRT
algorithm to define collision-free paths within the enclosed space to efficiently move a
robot and a robot mounted tool to a selected point within the space.

[0010] Although a robot system in accordance with the present invention is unlikely to
completely eliminate human intervention, it should sharply reduce the amount of time that
personnel must spend inside aircraft fuel tanks and improve tank maintenance productivity,
efficiency, and effectiveness. The present invention contemplates a semi-autonomous
Multi-Use Robotic System (MURS) that will enable aircraft maintenance personnel to
remain outside a fuel tank, guiding the robotic system using an integrated positioning and
vision system and remote controls.

[0011] The present invention contemplates a robot system that includes a robot with an
arm having multiple degrees of freedom of movement, the robot being carried by a
movable carriage. The system also includes a scanner mounted upon an end of the robot
arm, the scanner being operational to record the environment surrounding said robot, and

an operator station located remotely from the robot arm, the operator station being
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operable to control movement of said robot arm and carriage. The invention further
includes a track upon which the carriage is mounted, the track guiding the movements of
the carriage.

[0012] The invention also contemplates combining data gathering with a laser device and
the use of a Rapidly-exploring Random Tree (RRT) motion planning algorithm to control
movement of the robot within an enclosed area. More specifically, the invention utilizes a
combination of the specific method of laser scanning the interior surfaces of an enclosed
space and using the scanned data with the RRT algorithm to define surfaces within the
enclosed space and paths for efficiently moving a robot and a robot mounted tool to a
selected point within the space. Alternately, the collected data is voxelized to define
surfaces within the robot operating environment and outer bounds of the robot. Voxelized
data is then utilized to determine the paths for the carriage and the robot arm that avoid any
collision between the arm and carriage with the operating environment surfaces. The
alternate approach may be used for either an enclosed or a non-enclosed space.

[0013] Various objects and advantages of this invention will become apparent to those
skilled in the art from the following detailed description of the preferred embodiment,

when read in light of the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Fig. 1 is a schematic drawing of a Multi-Use Robot System (MURS) in
accordance with the present invention that includes a robot having six degrees of freedom
for movement.
[0015] Fig. 2 illustrates a movable carriage the carries the robot included in the MURS
shown in Fig. 1.
[0016] Fig. 3 illustrates a piece of sectional track that carries the carriage shown in Fig. 2.
[0017] Fig. 4 illustrates a clamp with three degrees of freedom that is utilized to secure

the sectional track shown in Fig. 3 within a working environment.
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[0018] Fig. 5 illustrates a clamp with two degrees of freedom that is utilized to secure the
sectional track shown in Fig. 3 within a working environment.

[0019] Fig. 6 illustrates a tool mount carried by the robot shown in Fig. 1.

[0020] Fig. 7 is a flow chart for an algorithm for operating the MURS shown in Fig. 1.
[0021] Fig. 8 illustrates a display screen for operation of the MURS shown in Fig. 1.
[0022] Fig. 9 illustrates a display screen as utilized by an operator operating the MURS
shown in Fig. 1.

[0023] Fig. 10 is a flow chart for an algorithm for developing job data that is used in the
algorithm shown in Fig. 7.

[0024] Fig. 11 illustrates an example of voxelized data scanned by the robot.

[0025] Fig. 12 illustrates the first step of the process for creating a coverage trajectory
over the work surface by clicking and dragging a mouse to create a rectangular patch on
the surface.

[0026] Fig. 13 is a plan view of a coverage trajectory for the selected rectangular patch
from Fig. 12 that includes the specified row spacing, sampling distance and end-effector
offset.

[0027] Fig. 14 is a side view of the coverage trajectory shown in Fig. 13.

[0028] Fig. 15 is a plan view of a trajectory preview for the coverage trajectory computed
in Fig. 13.

[0029] Fig. 16 s a side view of the trajectory preview shown in Fig. 15.

[0030] Fig. 17 illustrates a freehand trajectory created without selecting a rectangular

patch by clicking and dragging a mouse to generate the freehand trajectory.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
[0031] Referring now to the drawings there is illustrated in Fig. 1 a Multi-Use Robotic
System (MURS) 10 in accordance with the present invention. The MURS 10 includes a
compact industrial robot 12 having an arm 14 capable of providing six degrees of freedom

comprising movement along three orthogonal axes (X, Y and Z) as well as rotation about
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three axes (pitch, roll and yaw) to a device mounted upon the operational end 15 of the
arm. The robot 12 is mounted upon a movable carriage 16 that is carried upon a sectional
track 18. The sectional track 18 includes two parallel rails for guiding the carriage 16.

The movable carriage 16 is shown in Fig. 2 and traverses the track 18 to add a degree of
coarse motion to the MURS 6-degree of freedom robot 12 by moving the robot into
position for finely tuned robotic moves. The carriage 16 includes a servo motor (not
shown) that drives a gear. The gear engages a rack (not shown) on the track 18 to move
the carriage 16 along the track. The servo motor is reversible to allow bi-directional
movement of the robot 12 along the track 18. Use of sectional track 18 allows tailoring the
length of the MURS installation to fit a specific application by combining two to four, or
more, sections of track.

[0032] A section of the track is illustrated in Fig. 3. A calibration plate (not shown) is
incorporated into the end rail to section for set-up calibration of the MURS. The track 18
is held in place by a plurality of support clamps 20 (one shown) that are secured to frame
members of an aircraft’s internal wing structure. The invention contemplates two different
support clamps. A first support clamp 24, which is shown in Fig. 4 pivots with three
degrees of freedom to allow an installer to adjust the track rails and afford easy alignment
with the second clamp. The second clamp 26, which is shown in Fig. 5, pivots with less
freedom and stabilizes the rail assembly when tightened into position. These two clamps
facilitate installation and set-up of the MURS within a confined space. The clamps were
designed so that each can attached to any section of the rail at any point along the length of
the section. This design eliminates a requirement of a third, center rail support.

[0033] Returning to Fig. 1, a tool mounting bracket 28 is attached to the operational end
15 of the robot arm 14 and carries a tool which is shown as a three-dimensional (3D)
scanner. The invention contemplates using a commercially available 3D scanner, such as,
for example, Mesa Imaging’s Swiss Ranger 4000 (SR4000, depicted in Fig. 17), which has
been integrated with the system. This particular 3D scanner is smaller, lighter, and faster

than some other commercially available 3D laser scanners, and has a frame rate of over 50



WO 2011/056633 PCT/US2010/054225

Hz. However, the SR4000 has much lower resolution and accuracy than other available
scanners, but the lower resolution and accuracy are not critical for acquiring the
surrounding environment for collision-free path planning. Accordingly, other 3D scanners
may be utilized with the MURS 10 if more accuracy is required, including a 3D laser
scanner from 3DDigital Corp. which has a depth resolution of 0.007 inches and as shown
in Fig. 9.

[0034] Fig. 5 illustrates the mounting bracket 28 in greater detail. Multiple considerations
drove the design of the mounting for the 3D scanner. First of all, rough handling can
knock the internal optics in the 3D scanner out of alignment, so the scanner mounting
bracket 28 had to enable the operator to install the scanner and be reasonably sure that it
was properly positioned before letting go of it. Furthermore, the mounting bracket 28 also
had to provide support the 3D scanner because the light gauge material of the scanner
housing may flex and bend as the robot moved the scanner from vertical to horizontal
positions and back. Finally, the 3D scanner mounting bracket 28 had to prevent improper
installation since a "rotated” orientation could prove detrimental to MURS operation.
[0035] Additionally, the mounting bracket 28 was designed as a Manfrotto rapid connect
camera mount, such as a COTS mounting system; however, it will be appreciated that the
invention also may be practiced utilizing other mounting hardware. This mount, designed
for quick mounting of a camera onto a tripod, employs three contact faces for fast,
repeatable connection and tool-less operation. A clamping arm engages a passive portion
of the mounting apparatus and snaps into position with a notable and definite click. The
mounting bracket 28 includes a modified hexagonal design of the passive mount as a
simplified tab and slot to "key" the installation, thus ensuring that the 3D scanner 30 can
only be installed in the correct position. The tab also captures the scanner when the
installer presses it into position. If the latching mechanism fails to snap into position, the
scanner will sit at a noticeable "tilt" to indicate to the installer that it is not properly

secured, yet the tab assures that the scanner does not fall if it is inadvertently released.
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[0036] A mounting plate (not shown) attached to the bottom of the 3D scanner 30
provides additional rigidity to the scanner. The mounting plate also holds a COTS digital
camera (not shown) to provide the digital picture for overlay of the scan files. Accurate
positioning of the camera is necessary for proper registration of the overlay to the scanned
image and the mounting plate provides the required alignment. The invention also
contemplates including lights on the robot to illuminate the work place for the digital
camera.

[0037] The present invention also contemplates that the 3D scanner may be either
replaced by a job specific tool (not shown) or may carry a job specific tool. The tool
mount is perpendicular to the robot’s J6 axis of rotation, thus providing an additional
degree of freedom for scanner positioning.

[0038] An umbilical cable 32 connects the robot 12 and carriage 16 to an operator control
station, which is shown generally at 34 in Fig. 1. In the preferred embodiment, fiber optic
cable is utilized instead of typical twisted pair cable because the twisted pair cable may pick
up noise from the carriage drive motor that could drown out communications with the
scanner. A cable trough (not shown) is included at the base of the robot 12 to manage the
loose portion of cable 32. This trough provides a workable solution, acting to control the
lower portion of the cable 32 to prevent it from becoming entangled in the carriage drive
motor as the robot travels to the extremes of its motion. Mounting the trough at the proper
working level requires a "riser” that is designed to provide a double duty as a handle for
carrying the robot. Clips (not shown) are provided to hold the cable 32 onto the robot and
are installed along the robot to reduce the chance of snagging the cable on an external
structure.

[0039] The operator control station 34 includes a personal computer 36 that is responsive
to a control algorithm stored in a computer hard drive 38 to control the MURS 10.
Operator interface with the computer 36 is shown as being provided with a display screen
40, a keyboard 42 and a mouse 44. It will be appreciated that the operator interface may

utilize different components than are shown. For example, a touch screen display may
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replace the display screen, keyboard and mouse. Additionally, a dedicated processor may
be utilized in place of the personal computer 36. As shown in Fig. 1, the umbilical cable
32 is connected to the computer 26 to provide communication with the robot 12 and
carriage 16. The invention contemplates that the track, carriage and robot would be
installed within the aircraft fuel tank by means of an access hatch. The umbilical cable 32
would pass through the access hatch (not shown) to allow placement of the operator station
34 outside of the fuel tank. The invention also contemplates optional use of transmitters
and receivers (not shown) in place of the umbilical cable to allow placement of the
operator station at a location remote from the aircraft.

[0040] Key to the operation of the MURS is a MURS Geometry Manager (MGM) which
comprises an algorithm that controls system movements, numerous user interface
enhancements, integration of the 3D scanner and the digital camera, and motion planning
and collision avoidance strategies. The digital camera provides color imagery used in a
photographic overlay. Common 3D graphics texturing techniques integrate 2D color
information from the digital camera with the 3D geometry obtained by the scanner to
provide a “photo-textured” 3D model, which is displayed on the control station screen 40.
[0041] A flow chart for the MURS MGM control algorithm is shown in Fig. 7. Before
activating the control algorithm, the track 18, carriage 16 and robot 12 are installed within
the aircraft fuel tank being serviced. As described above, one or more job specific tools
may be attached to the end 15 of the robot arm14. For example, an infrared camera may
be utilized to “see through™ a coating. A conventional handheld or robotic laser head may
be mounted upon the end of the robot arm for coating and sealant removal from the fuel
tank surfaces. Additionally, tools for drilling, painting, paint removal, inspection,
polishing, grinding, grasping and/or marking may be attached to the end of the robot arm.
[0042] The algorithm is entered via block 50 and proceeds to functional block 52 where a
specific job is activated by the operator requesting stored data for a specific job. The
algorithm then advances to decision block 54 where it is determined whether or not data

for the job is available. If the data is not available, the algorithm transfers to functional
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block 56 where data for the specific job is developed and saved, as will be described
below. The algorithm then advances to functional block 58 to carry out the specific job.
Returning to decision block 54, if the data for the specific job is available, the algorithm
transfers directly to functional block 58 to carry out the specific job.

[0043] In functional block 58, a "mixed-reality" 3D display of the MGM, as illustrated in
Fig. 8 is displayed upon the screen 40 and provides the primary way for the operator to self-
orient to the position and pose of the robot 12 within the wing tank. The system 10
includes an operator-controlled "Virtual camera” that can be set at orthogonal view (front,
back, left side, right side, top, and bottom) presets, or dragged around to arbitrary
viewpoints. The virtual camera positions may be activated by means of the preset buttons
shown at the bottom of the screen in Fig. 8. Various operator prompts are also shown in
Fig. 8 along the right side of the display. Wing tank walls are acquired by the 3D scanner
and rendered in perspective on the display. Similar to a cut-away illustration, wing tank
walls which are between MURS and the virtual camera position are not rendered, so that
the virtual camera need not be confined to views within the volume of the wing tank.
[0044] The 3D display shown in Fig. 8 is fundamental to tool positioning where an
operator clicks in this view on the surface that the robotic tool will point at, as illustrated in
Fig. 9. This implies that the view contains the surface of interest; the operator must
therefore be able to select a view containing the desired tool destination. For a stand-off
tool such as the 3D scanner, the destination position may lie along the tool-pointing axis
within a range of distances from the work surface. MURS can support other tools which
require a precise offset. Once the job is completed, the algorithm exits through block 60.
[0045] Returning to functional block 56, an algorithm for developing data for a specific
job is illustrated in Fig. 10. The algorithm of Fig. 10 may also be utilized in a standalone
manner to initially develop data for a new job. The algorithm is entered through block 70
and proceeds to functional block 72 where carriage homing is carried out. Since two,
three, four, or more, rail sections of any length may be used in a MURS installation, the

software needs to discover its permitted travel length along the rail. Accordingly, in

10
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functional block 72, the operator commands MURS carriage homing after installation, and
the carriage moves end-to-end on the rail, recording a travel length that is stored in the
software. This operation has been optimized with the system automatically determining
the number of rails in use and can then reliably translate the system along the rail with high
precision and repeatability.

[0046] While the truth of the rail-referenced 3D points depends on the integrity of the
measurements of the rail position and robot arm angles, collision avoidance depends on the
accuracy of these 3D points. Once homing is complete, the MURS software advances to
functional block 74 and prompts the operator to perform a Scanner Calibration operation to
validate the installation and configuration of the scanner. During this check, the robot is
commanded to point the scanner at a known point on the rail. The algorithm then
advances to decision block 76 where the system compares the result obtained from the
scanner to the actual location of the known point. If the known point appears at the correct
3D location in each dissimilar scanner orientation, the system is functioning properly and
the algorithm transfers to directly to functional block 78. If this test fails, the system must
be validated before use and the algorithm advances to functional block 80.

[0047] In functional block 80, the scanner is validated. During validation, a least squares
regression algorithm uses the system check data to determine the precise true position and
orientation of the reference point of the 3D scanner with respect to the robot arm. This
validation process will normally be performed once in a controlled environment outside
the wing tank and then repeated if the scanner validation test fails. Once validation is
completed, the algorithm advances to functional block 78.

[0048] In functional block 78, the operator will typically initiate a Survey Scan. This
triggers a sequence of scans of the surrounding tank elements that builds up the
surrounding geometric volume in the software. The Survey Scan commands a sequence of
robotic moves resulting in varied 3D scanner positions, allowing the system to "have a look
around" its bay in order to acquire the surrounding environment geometry. During the

Survey Scan, the software operates the robot within a restricted volume to minimize risk of
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collision against tank surfaces not yet acquired. Thus, the laser scanner provides the
system with direct knowledge of its surroundings. To compensate for its limited field of
view, the scanner takes multiple scans and integrates them to detail the tank volume.
Apart from electrical and signal aspects, laser scanner integration consists of taking the
scanner-relative 3D points and translating them into MURS coordinates by applying the
known robot end-effector position and orientation, as defined by robotic system angles and
rail positions. In addition to being registered by the software, the acquired array of 3D
points is also formed into a mesh. The operator monitors this automated process through
the in-tank overview cameras and the virtual display. The virtual display, included as part
of the MURS MGM, renders the current position of the robot arm and the current rail
position. In addition, the virtual display renders the wing tank meshes acquired during the
Survey Scan.

[0049] The invention contemplates that all meshes and photographs developed by the
MURS during the Survey Scan are stored on the hard drive of the control station personal
computer (PC) as shown by the dashed line extending from functional block 78 to block
84. This historical information can be recalled and displayed on the PC at a later date.
Historical meshes and photographs can also be referenced within the optional robotic
simulation mode, affording system training even when the robotic elements are not
installed.

[0050] Once the Survey Scan is complete, the algorithm proceeds to decision block 82,
where the operator may choose to operate the MURS to complete a task or exit the
application. If the operator chooses to not operate the MURS, the algorithm exits through
block 60. However, if the operator chooses to operate the MURS, the algorithm transfers
to functional block 86, where the operator may manually change the end-effector for the
desired task, if necessary. If the operator changes the end-effector, the operator must also
choose the new end-effector from a list of pre-populated choices within the MGM software
to ensure that the Motion Planning (MP) module computes collision-free paths with the

correct end-effector geometry. The algorithm then proceeds to functional block 88. During
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this step, the operator selects a discrete location on the acquired meshes in the MGM
software to position the end-effector for the given task. This is done by pointing and
clicking the mouse on the desired location of the rendered mesh. This is referred to as
“point-and-click robotic positioning,” which is one of the benefits afforded by the present
invention. The algorithm then advances to functional block 90.

[0051] In functional block 90, the MGM software computes a series of motions required
to move the end-effector to a desired standoff distance from the surface of the tank. The
target direction of the end-effector will be normal to the surface of the tank with the end-
effector rolled to one of several acceptable angles that is configurable by the user. The
algorithm then advances to decision block 92.

[0052] In decision block 92, the algorithm determines if the series of motions can be
executed based on whether a collision-free solution was found. If no collision-free
solution was found, the algorithm transfers to decision block 82, where the operator can
choose a different point or exit the application. If, in decision block 92, it is determined
that a collision-free solution was found, the algorithm transfers to functional block 94,
where the actual robot arm and carriage execute the series of points found from the MP
module. This positions the tool at the desired location and offset from the work surface.
At this point, the actual end-effector operation will be enacted to complete the task in
functional block 58. This may consist of inspection, polishing, paint stripping, recoating,
or other actions. The algorithm then returns to decision block 82, in which the operator
may continue or exit the application.

[0053] Coordinating the motions of mechanical components, the MURS software must
not only command and sequence the movements of the MURS, but must also ensure that
the movements do not cause collisions between the robot and the wing tank. The collision
avoidance approach utilized with MURS is essentially a form of Look-Ahead Verification.
The MURS software calculates a series of target waypoints for the end-effector's travel and
then simulates the joint rotations required to traverse the path. The simulation is sampled

at regular intervals within the path to ensure that no collision between any two parts of the
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robot and between any part of the robot and any part of the wing tank is possible during the
motion. If the desired path would not cause any collisions, it is sent to the robot and the
carriage controllers to be executed. If the simulation recognizes a chance of collision, the
path is rejected and additional path refinement heuristics are used to determine a new path.
This approach contrasts with prior art direct collision avoidance, in which a number of
sensors would be mounted on the robot to indicate "close to collision” or "touching."

Thus, the approach used in the present invention eliminates the sensor integration and
maintenance complexities of prior art direct collision avoidance approaches.

[0054] Perhaps the most significant feature of the software is the inclusion of an advanced
MP algorithm module that finds collision-free robot trajectories into confined areas where
prior art strategies could not. Based on Kuffner and Lavalle's Rapidly-Exploring Random
Tree (RRT) algorithm, the MP module is activated in functional block 90 and uses
random-search with a tree-structured approach to efficiently find paths between a start and
goal location in joint space. At each step, the corresponding robot configuration is
checked for collision using a bounding box approach. Robot elements are contained in
virtual boxes that are checked against each other and against the surrounding tank
geometry for intersection. If any robot bounding box indicates a collision, with either
another robot bounding box or the surrounding tank geometry, then the collision check
fails and the motion path is rejected. Pre-collision avoidance ensures that a chosen tool
path will not drive the robot into the structure, either at the end of the movement or during
the repositioning. A greedy heuristic is then added to encourage optimal straight-line paths
through joint space whenever possible. As a variation of the algorithm, the robot joint
space is partitioned into the robot arm joint space and the rail translational space such that
motion can occur in only one subspace at a time. This precludes having to coordinate arm
and rail motion simultaneously if not required for the given task. Tests of the MP
algorithm have demonstrated that complex, non-straight-line trajectories into highly

confined spaces are now possible.
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[0055] To facilitate the search for collision-free paths, a refined and enhanced Inverse
Kinematics (IK) algorithm determines candidate goal positions for the robot. The IK
algorithm module is utilized so that a number of different IK configurations are generated
for a given tank inspection point. These configurations include alternative scanner
orientations and offset distances from the virtual tank wall in order to increase the number
of possible robot arm/rail position configurations and maximize the probability of finding a
collision-free path to at least one. This set of goal positions is ordered in terms of
"distance” in joint space from the current configuration, i.e., in terms of how similar each
configuration is to the current one. The ordered set of possible IK solutions is then passed
to the MP module, which attempts to find a path to at least one. During the search,
intermediate preset positions are considered in order to facilitate the search.

[0056] In general, the MP module is capable of finding solutions to extremely challenging
poses, although search time is obviously an issue. To encourage efficiency, the maximum
number of search steps for each path is limited while the number of different possible
routes is increased. On average, this allows the MP module to quickly find solutions to
most locations inside the tank, with simple moves taking a few seconds and relatively
complex moves taking less than a minute.

[0057] In order to find safe paths, the MP module must evaluate potential robot
configurations against its current estimate of the tank working volume. Before the Survey
Scan is completed, this volume is initially computed based on certain minimum clearances
from the installed rail sections to provide the robot with just enough space to translate
along the rail in a tucked position and rotate the scanning head without colliding with the
tank. The installer must guarantee that this “default” volume is safe for operation by
ensuring that the robot can translate along the rail in a tucked position without colliding
with the tank. However, this volume is generally too small to permit arbitrary positioning
of the system for inspecting different locations throughout the bay. Consequently, after the
initial overview scan, the scanned data from the tank is used to compute a larger, better

fitting estimate of the tank volume. Since fitting a three dimensional volume to the
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scanned data is a highly-nonlinear, nondeterministic polynomial-time hard (NP-hard)
problem, evolutionary search was selected as the optimization method. Evolutionary
search is a stochastic optimization approach based on artificial evolution where candidate
solutions from a population are evaluated against a fitness function. Depending on the
variant of the evolutionary algorithm, the best solutions "survive" and are used to generate
new solutions during subsequent trials, or generations. Evolutionary search has been well-
accepted in a variety of fields because of its ability to efficiently generate acceptable
solutions in large-dimensional, non-linear, and unknown search spaces.

[0058] In this instance, an evolutionary search is used to find the largest tank volume that
fits snugly inside the scanned vertices without any scanned vertex actually piercing the
volume. The fitness function is constructed such that there is a heavy penalty for intrusion
of scanned vertices into the working volume. This encourages the algorithm to quickly
find solutions that are at least acceptable, with no intruding vertices. After a number of
generations, the fit is improved as the fitness function rewards larger volumes. Typically,
a suitable volume can be computed in twenty generations using 100 individuals in the
population, which requires two to three minutes of computation time on the MURS PC.
[0059] The MP module is integrated with the action-related moves and scripts in the
MGM algorithm in order to prevent dangerous, unchecked robot moves. To provide
ultimate flexibility in unforeseen circumstances, a limited number of "unsafe”, i.e., not
collision checked, moves are still permitted-but are intended for advanced, knowledgeable
operators only. These moves are clearly marked as not collision-checked and thoroughly
documented in the MURS manual.

[0060] It will be appreciated that the algorithms shown in Figs. 8 and 10 are intended to
be exemplary and that the invention also may be practiced with algorithms that differ from
the ones shown in the figures.

[0061] Because the robot umbilical is not rigid, it does not remain consistently within a
reasonably-sized bounding box, and it is thus not amenable to Pre-Collision Avoidance

calculations. Responsibility for umbilical clearance remains on the system operator, who
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sees the umbilical through the operator station display of an in-tank overview video
camera.

[0062] To be acceptable, a system must be usable, so MURS is intended to be as simple
to use as possible. However, simplicity needs to be balanced by flexibility, utility, and
interactivity if the system is to meet requirements. For example, although a single operator
command for "setup” might be desirable, a three setup command that reflects the three
different ways the robot moves during the three setup steps is utilized. Similarly, although
the operator might prefer to click a position and have the robot respond immediately, the
current design allows the user to confirm the software's choice of robotic position before
starting the move.

[0063] The MURS software characterizes the direction of rail travel as the X-axis, with
the X-Y plane horizontal and the Z-axis pointing up. The MURS software considers a
wing tank to be "installed" around itself, and wing tank surfaces thus are referenced to the
XYZ coordinate system defined by the rail. As a result, translating MURS installation-
specific coordinates to aircraft-referenced coordinates would be a separate effort that
would likely require operator input or selection from a database of places where the MURS
could be installed on the aircraft.

[0064] This aside, however, MURS graphical point-and-click tool positioning markedly
simplifies operation of the robotic system. In MURS, the operator need not be concerned
with choosing robotic arm angles or determining the precise XYZ coordinates of the end-
effector. Instead, the operator chooses the desired location and allows the system to
automatically determine how to point a tool at the desired location and how to find a
collision-free path from its current pose to the desired pose.

[0065] The present invention also contemplates an alternate method for collision-
checking the surrounding environment. For the method described above, the environment
is scanned and a parameterized volume fitted to the scanned data. This volume was then
used to perform collision checking for path planning. Although this approach was

efficient, it may be limited to applications in which a similar volume could be used to
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describe the environment, namely, confined space applications. With the alternate method,
scanned data is voxelized by boxing the data into 3D volumetric pixels, called voxels.

This is the equivalent of 3D rasterization and produces a 3D occupancy grid of the scanned
data. The robot bounding boxes are then voxelized as well, and all voxels occupied by the
robot are checked to ensure that they don’t overlap voxels occupied by the scanned data, as
illustrated in Fig. 11. Thus, the alternate method provides a much more general approach,
which allows the robot system to be operated in almost any environment, including both
confined spaces and non-confined spaces. Additionally, the alternate method utilizes a
Graphics Processor Unit (GPU), which supports vector operations and greatly reduces
computation times, for collision avoidance processing.

[0066] Although the baseline path planning algorithm remains the same, the alternate
method contemplates executing the algorithm in parallel using a High-Performance
Computing (HPC) cluster. Multiple computing nodes are connected via Ethernet and each
computing node includes multi-core processors with multiple GPUs. The path planner
generates many potential paths to different candidate goal configurations and distributes a
set of these paths to each computing node. Each computing node spawns multiple threads
to find potential paths using available computing cores and GPUs. Each computing node
then returns its results to a head node. As soon as a solution is found, the head node
notifies all computing nodes to stop processing.

[0067] One of the major additions to the original MURS MGM software is the ability to
generate collision-free continuous trajectories for contour following. Under the original
MURS software, only paths to a discrete point could be found. Multiple points could be
selected on the surface, although the motion planner would find individual paths to each
point, which would not, in general, produce the expected straight-line motion of the end-
effector in Cartesian space. In order to produce continuous trajectories for contour
following, it is necessary to find collision-free candidate “seed” solutions. Then, using
standard pseudo-inverse Jacobian control, compute the required joint angles and rates to

achieve the desired path of the end-effector while maintaining the proper orientation and
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path speed, i.e., commonly known as resolved motion rate control. As before, each step in
the trajectory must be collision-checked to ensure that no part of the robot contacts any
other part of the robot, i.e., experiences a self-collision, and that no part of the robot
contacts the surroundings, i.e., experiences an external collision. Using a large number of
seed solutions increases the probability of finding acceptable solutions that meet the
following criteria:
e are collision-free,
e follow the desired path within a certain tolerance,
¢ maintain the desired orientation within a certain angle,
® maintain the desired path speed within a certain tolerance, and
¢ do not violate any joint limits or joint rate limits.
If no solution can be found, the best solution is returned based upon weighting scores for
the various criteria. The following steps are part of the process:
e Adjust the simulator view so that the work surface is roughly orthogonal to the
view.
¢ C(Click and drag the mouse over the work surface to define a rectangular “coverage
patch” in which processing will occur, as illustrated in Fig. 12. The patch should be
topologically simple, meaning that there are no holes or obstacles contained within.
e C(Create the coverage trajectory by selecting row spacing, point spacing, and end-
effector offset as shown in Figs. 13 and 14.
e Compute the trajectory and preview the results as shown in Figs. 15 and 16.
e If acceptable, execute the trajectory.
[0068] An optional mode for creating trajectories is a “free-hand” approach, where the
user can click the mouse over the desired work surface to “draw” the desired trajectory on
the work surface, in a manner similar to other graphics editing software, as illustrated in
Fig. 17. The invention also contemplates utilization of the free-hand approach to create

different shapes such as, for example, arcs, ellipses, circles, etc., within the defined region.
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If an ellipse is desired, the user would click and drag to create a bounding rectangle and
select an ellipse to fill it. This feature would be useful for manually created trajectories for
avoiding holes or other complex surface features.

[0069] The invention also contemplates facilitating motion planning by synchronization
of the rail and the robot arm movements. By utilizing an upgraded robot controller with
extended axis control capability (a common feature among many robot manufacturers),
both the arm and the rail can be moved synchronously to permit contour following along
longer surfaces that lie parallel to the rail. In addition, the extra Degree Of Freedom
(DOF) with the extended axis control capability provides redundancy in the system, which
allows for more robust trajectory planning that includes standard singularity and joint limit
avoidance. These improved features are realized by improvements to the existing
software.

[0070] In accordance with the provisions of the patent statutes, the principle and mode of
operation of this invention have been explained and illustrated in its preferred
embodiment. However, it must be understood that this invention may be practiced
otherwise than as specifically explained and illustrated without departing from its spirit or
scope. Thus, while the invention has been illustrated and described for use within aircraft
fuel tanks, it will be appreciated that the invention also may be utilized within any

confined space that is accessible to the robot system.
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What is claimed is:
1. A robot system comprising:
a robot that includes an arm having multiple degrees of freedom of movement;
a movable carriage for carrying said robot;
a scanner mounted upon an end of said robot arm, said scanner operational to
collect data regarding an operating environment surrounding said robot; and
an operator station located remotely from said robot arm, said operator station

operable to control movement of said robot arm and said carriage.

2. The robot system according to claim 1 wherein said scanner is a laser device
operable to gather said environmental data and further wherein said operator station
includes a computer and associated software that is operable to use of a Rapidly-exploring
Random Tree (RRT) motion planning algorithm in combination with said data gathered
with said laser device to control movement of said robot arm and said carriage within an

enclosed area.

3. The robot system according to claim 2 wherein said computer and associated
software is operative to acquire geometrical data regarding the operating environment of
said robot and further wherein computer and associated software is also operative to utilize
said geometrical data to perform operations within said operating environment with virtual

tooling.

4, The robot system according to claim 2 wherein said computer and associated

software is operative to define surfaces within the operating environment of said robot.

5. The robot system according to claim 4 wherein said computer and associated
hardware is operative to define paths within an enclosed space for efficiently moving said

robot arm and said carriage to a selected point within said space while also avoiding
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collision with any of the operating environment surfaces defined by said data collected by

said scanner.

6. The robot system according to claim 4 wherein said computer and associated
hardware is operative to produce continuous trajectories for contour following by first
finding a plurality of collision-free candidate solutions and then using standard pseudo-
inverse Jacobian control methodology to compute required joint angles and rates to
achieve a desired path for an end-effector while also maintaining the proper orientation

and path speed.

7. The robot system according to claim 5 further including a digital camera
mounted upon said robot arm and a display device, said digital camera and display device
operational to provide a pictorial view of the robot operating environment as an aid to

guiding movement of said robot.

8. The robot system according to claim 7 including a track upon which said

carriage is mounted, said track operative to guide the movements of said carriage.

0. The robot system according to claim 8 wherein said robot arm is adapted to

carry at least one tool.

10.  The robot system according to claim 1 wherein said scanner is a laser device
operable to gather said environmental data and further wherein said operator station
includes a computer and associated software that is operable to voxelize said scanned data
and to utilize said voxelized data to define surfaces within said robot operating
environment and outer bounds of said robot and further wherein said computer and

associated hardware is operative to utilize said voxelized data to define movements of said
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carriage and said robot arm within said environment that also avoid collisions between said

carriage and said robot arm with said surfaces within said robot operating environment.

11.  The robot system according to claim 10 further including multiple computing
nodes connected by Ethernet, said nodes spawning multiple threads to determine potential

paths for movement of said robot.

12. 38 The robot system according to claim 11 including a track upon which said

carriage is mounted, said track operative to guide the movements of said carriage.

13.  The robot system according to claim 12 wherein said robot arm is adapted to

carry at least one tool.

14.  The robot system according to claim 13 wherein said robot operating

environment defines a non-enclosed space.

15.  The robot system according to claim 13 wherein said robot operating

environment defines an enclosed space.

16. A method for operating a robot system that comprises the steps of:

(a)  providing a robot system that includes:

an arm having multiple degrees of freedom of movement;

a movable carriage for carrying the robot;
a scanner mounted upon an end of the robot arm; and
an operator station located remotely from the robot arm, the operator station operable to
control movement of the robot arm and the carriage;

(b) collecting data regarding an operating environment surrounding said
robot with the scanner;
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(c) utilizing the scanned data to define surfaces within the robot

operational environment;

(d) selecting a desired position for the robot within the operational
environment;
(e) determining a path for moving the robot to the desired position

selected in step (d) that avoids any collisions between the robot and the surfaces defied in
step (c); and
(f) moving the robot carriage to the position selected in step (d) via the

path determined in step (e).

17.  The method according to claim 16 wherein the operator station provided in
step (a) includes a display screen in communication with a mouse with the display screen
displying a cursor controlled by the mouse and further wherein step (d) includes using the
mouse to position a cursor upon the display screen at the desired position for the robot and
then depressing a button on the mouse to notify the operator station of the desired position

for the robot.

18.  The method according to claim 16 wherein step (e) also includes determining
a desired deployment of the robot arm to a desired position without incurring any
collisions between the robot arm and the surfaces defined in step (c) and further wherein

step (f) includes deploying the robot arm as determined in step (e).

19.  The method according to claim 18 wherein the robot performs a desired

operation once the carriage and robot arm have moved to the positions selected in step (d).
20.  The method according to claim 19 wherein the data collected in step (b) is

voxelized to define surfaces within the robot operating environment in step (c) and outer

bounds of the robot and further wherein the computer and associated hardware is operative
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to utilize the voxelized data to determine the paths of the robot arm and the carriage in step

(e).

21.  The method according to claim 19 wherein the operator station includes a
computer and associated software that is operable to use a Rapidly-exploring Random Tree
(RRT) motion planning algorithm in combination with the data gathered with the scanner

to control movement of the robot arm and the carriage within an enclosed area.

25



WO 2011/056633
1/13

14

[ ]
16

28

12\

22

10
32

18

20

44

40
42

/34
\

),

0
©/\ : :-/"or)
98]

SUBSTITUTE SHEET (RULE 26)

PCT/US2010/054225

—I'1G. 1




—+'1G. 2

SHEET (RULE 26)



WO 2011/056633 PCT/US2010/054225
3/13

+'1G.5

SUBSTITUTE SHEET (RULE 26)



—+'1G.6

SUBSTITUTE SHEET (RULE 26)



WO 2011/056633
5/13

PCT/US2010/054225

(' ENTER )./50

52

ACTUATE
JOB

/

58
\ !
CARRY OUT
JOB

[

( EXT )

56
L/
MAP
WORK
SPACE
<
60
T'1G.7

SUBSTITUTE SHEET (RULE 26)



WO 2011/056633 PCT/US2010/054225

)

%
2

ezmnéiry Mma‘gér {%f

—1'1G. 8

Ris (5

J;

Wik

f

Figure -1,

SUBSTITUTE SHEET (RULE 26)



PCT/US2010/054225

WO 2011/056633

7/13

6 Ol 1—

o

7

UDIIE0
PRI

aheisiesy
[HAR 04
10 BBHRUSE
PRIEINES- WO

S0y Uassty)

BBV DEADY
suyerads

]

SUBSTITUTE SHEET (RULE 26)



WO 2011/056633 PCT/US2010/054225
8/13

o~ETED

"2\]  cARRIAGE —1
HOMING +'1G.10

v

74\] SCANNER
CALIBRATION

80 \
VALIDATE
SCANNER

STORE ([ ] SURVEY |
DATA SCAN

(Optional)
CHANGE
TOOL

y

POINT-AND-
4 CLICKTOOL
POSITIONING

90 y

\—| MOTION
PLANNING

60

COLLISION -
REE PAT

94\ |EXECUTE PATH
TO POSITION
TOO

:

S8\[EXECUTE
JOB

SUBSTITUTE SHEET (RULE 26)



PCT/US2010/054225

WO 2011/056633

4

4

]

i

3

SIAE JO BHIETRNGA [0 3

-

i

SKh

i

LB

L

SUBSTITUTE SHEET (RULE 26)



PCT/US2010/054225
10/13

WO 2011/056633

Ol

"BARLANS NI0M DU 0AG BER0 oyy Suyilduap puv B4 BAEEIARY

i,

PR

S R

.
\\\\ s i
- .\ . \\\\\&&

7

G Z

\\\
%

\ \
\» \\ .\x\\\\s.
.

L
Sl

SUBSTITUTE SHEET (RULE 26)



PCT/US2010/054225
11/13

WO 2011/056633

P v
U550 Y9505 % A4 EAEG Y YRNG5S 4485055 4y
222227 % Y3 Yl e 4447 %2 5657 5%% (XA LR X add ¥
m\\\\\\ \..ﬁ\m.a\m\m MR A \v\\\ 37055 \oxx\\&..m\\\\ “\\

i A

i
-
i \\\.\\\\N Z

e
i \\\..\&.m&“o

A
i
s
G
e

s

S
.

i
s
77

.\muv: 2

2 7

Ww\ \N\
G

3

N
R

R

R

o

RN

=

X

AR

N

N

N

RN

R
S

R

N

N

R

R

o
W

R

R

R

R

SUBSTITUTE SHEET (RULE 26)




WO 2011/056633 PCT/US2010/054225
12/13

R
R
N

AR
RN
3 K\\\ X

R

G

’,’ﬁ/”

-

—1'1G. 16

e
e

7

iz

Al
LR

i
o

2

2

e,
Z

Y

—x'1G. 15

I,

SUBSTITUTE SHEET (RULE 26)



PCT/US2010/054225
13/13

WO 2011/056633

i 7
.0\&&\

e
s
R

7,

%7

.
W
27

.

2 / : 2 \\\..Nw\%..

R
.

7
5
i

\

R

G s S \“.\\&“v.\w\«.u‘“&..\ Z
3 R R

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2010/054225

A. CLASSIFICATION OF SUBJECT MATTER

INV. B25J5/06
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

B25J

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

paragraph [0039]

[US]) 28 September 2006 (2006-09-28)

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 5 416 321 A (SEBASTIAN RICHARD L [US] 1,3-10,
ET AL) 16 May 1995 (1995-05-16) 13-20
Y column 4, line 10 - column 9, line 68 2,11,12,
21
X US 6 113 343 A (GOLDENBERG ANDREW [CA] ET 1,16
AL) 5 September 2000 (2000-09-05)
the whole document
Y JP 2009 211571 A (SONY CORP) 2,21
17 September 2009 (2009-09-17)
* abstract
Y US 2006/218680 Al (BAILEY ANDREW D III 11

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
merr:ts, such combination being obvious to a person skilled
inthe art.

"&" document member of the same patent family

Date of the actual completion of the international search

8 February 2011

Date of mailing of the international search report

18/02/2011

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Mingrino, Alessandra

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

[FR]) 21 November 2008 (2008-11-21)
the whole document

PCT/US2010/054225
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y WO 93/00261 Al (CONCEPTUAL SOLUTIONS INC 12
[US]) 7 January 1993 (1993-01-07)
page 13, Tine 5 - line 15
A FR 2 916 152 Al (ROBOSOFT SA [FR] ROBOSOFT 1-21

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2010/054225
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 5416321 A 16-05-1995  NONE
US 6113343 A 05-09-2000  NONE
JP 2009211571 A 17-09-2009  NONE
US 2006218680 Al 28-09-2006  CN 101175612 A 07-05-2008
CN 101817179 A 01-09-2010
JP 2008535256 T 28-08-2008
KR 20070114395 A 03-12-2007
US 2010024186 Al 04-02-2010
WO 2006104842 A2 05-10-2006
WO 9300261 Al 07-01-1993 US 5490646 A 13-02-1996
us 5318254 A 07-06-1994
FR 2916152 Al 21-11-2008 EP 2155443 A2 24-02-2010
WO 2008149018 A2 11-12-2008
US 2010312390 Al 09-12-2010

Form PCT/ISA/210 (patent family annex) (April 2005)




