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TELEMATIC INTERFACE WITH DIRECTIONAL TRANSLATION

The inventive arrangements relate to robot methods and systems, and
more particularly to telematic controls for such systems.

Simple user interface systems can provide a separately operable
control for each movable joint of a robot or robotic manipulator. More complex
systems can include hand controllers (sometimes in the form of a pistol grip), which
sense the movement by a user’s hand. The hand controller generates one or more
control signals which are then used for actuating various motion operations of the
robot. The control system of the robot will respond to these control signals by
activating certain servo-motors, solenoids, or other devices within the robotic
manipulator to produce the desired action.

An imaging sensor, such as a video camera, can be used to provide
visual information to a remote operator regarding a work piece and/or the
environment surrounding the robotic manipulator. In such applications, the imaging
sensor is mounted at one or more locations on the robot and/or on a robotic
manipulator arm. In a system involving a robotic manipulator arm attached to an
unmanned ground vehicle (UGV), imaging sensors can be provided at one or more
points on the body of the UGV, mounted to a robotic arm attached to the UGV, and
adjacent to a grasping device associated with the robotic arm. An operator may
choose to view at a remote display monitor a video feed associated with a particular
one of these imaging sensors providing a view that is most helpful for a given task.

Haptic technology or haptics involves tactile feedback provided by a
device to a user. The tactile feedback is typically provided by applying forces,
vibrations and/or motions to one or more portions of a user interface device. Haptics
are sometimes used to enhance remote control devices associated with machines and
devices. For example, U.S. Patent No. 5,831,408 to Jacobus et al. discloses that force
feedback systems are sometimes used to communicate forces generated on a robotic
hand back to a user, through a hand controller. If the robotic hand impacts an object,

the impact is felt by the user’s hand.
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The invention concerns a method and system for telematic control of a
slave device. A physical displacement of a user interface control is sensed with
respect to a control direction. The control direction can be any direction that is useful
for changing a pose of a slave device, such as a robot arm. As such, the control
direction can include linear directions defined with respect to as many as three
orthogonal linear axes, and rotational directions defined as many as three rotational
axes. In some embodiments, the linear and rotational axes can be aligned.. A first
directional translation converts data specifying the control direction to data specifying
a slave direction. The slave direction is generally different from the control direction
and defines a direction that the slave device should move in response to the physical
displacement of the user interface. As with the control direction, the slave direction
can generally include linear directions defined with respect to as many as three
orthogonal linear axes, and rotational directions defined as many as three rotational
axes.

The first directional translation is determined based on a point-of-view
of an imaging sensor associated with the slave device. For example, the imaging
sensor can be mounted to a portion of the slave device. The imaging sensor point-of-
view information is determined based upon a position and/or an orientation of the
imaging sensor. For example, in some embodiments, the orientation of the imaging
sensor can vary about as many as three orthogonal axes of rotation (e.g. pitch, roll,
and yaw). In some embodiments, the point-of-view can be determined based on a
sensed position of one or more movable joints comprising the slave unit.

The method also includes automatically dynamically modifying the
first directional translation that is performed when the point-of-view is modified. The
directional translation can include linear and rotational translation. Imaging sensor
point-of-view can be modified by changing the position or orientation of a imaging
sensor. Imaging sensor point-of-view can also be modified in response to a user
selection of an image obtained from a second imaging sensor in place of the first
imaging sensor, where the second imaging sensor has a different point-of-view as

compared to the first imaging sensor.
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The slave device includes a robotic arm having a plurality of joints for
facilitating movement of a portion of the robotic arm in the slave direction responsive
to the user interface control. As noted above, the user interface control can be
arranged to measure a control input with as many as six degrees of freedom for
controlling a pose of the robotic arm. In some embodiments, a mounting point for the
imaging sensor moves with the robotic arm, such that the point-of-view of the
imaging sensor changes concurrently with movement of the robotic arm.

One or more sensors associated with the slave device are also used to
generate a signal representing a force applied to the slave device in a sensed direction.
The sensed direction can include linear forces defined with respect to as many as three
orthogonal linear axes, and rotational forces or torques defined with respect to as
many as three rotational axes. Consequently, a second directional translation can be
performed to convert data specifying the sensed direction to data specifying a haptic
feedback direction. The second directional translation can include directional
translation of forces defined with respect to the one or more linear axes, and/or forces
defined with respect to the one or more rotational axes. The resulting haptic feedback
direction will generally be different from the sensed direction and can define a
direction of force to be generated by at least one component of the user interface.
Significantly, the second directional translation is also determined based on a point-
of-view of a imaging sensor used to visualize the operations of the robot slave device.

The method also includes automatically dynamically modifying the
second directional translation that is performed when the point-of-view is modified.
Data representing at least one of the sensed direction and the haptic feedback
direction is communicated to the user interface to generate a linear or rotational force
using at least one component of the user interface.

A robot system is also provided for implementing the method
described above. The robot system includes a control interface having at least one
sensor for sensing a displacement of a user interface control in any linear control
direction defined with respect to a three-dimensional set of coordinate axes. The user

interface can also include at least one sensor for sensing a displacement of the user
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interface in any rotational control direction defined with respect to as many as three
orthogonal axes of rotation. Accordingly, the user interface is configured for sensing
user control inputs with as many as six degrees of freedom. A slave device is also
provided. The slave device is configured for moving in response to control signals
generated at the control interface. For example, the slave device can be configured to
move with as many as six degrees of freedom in response to signals from the user
interface.

A control processor is coupled to the control interface and configured
to perform a first directional translation. The directional translation involves
converting data specifying the control direction to data specifying a slave direction,
which is different from the control direction. The directional translation can include
linear translation and rotational translation. The slave direction defines the direction
that the slave device should move in response to the physical displacement of the user
interface. The first directional translation can be determined based on a point-of-view
of a first imaging sensor mounted to a portion of the slave device. The control
processor can also be configured for automatically dynamically modifying the first
directional translation that is performed when the point-of-view is modified. In some
embodiments, the control processor is advantageously configured to determine the
point-of-view based on information obtained from one or more position sensors. The
control processor can also be configured to automatically dynamically modify the first
directional translation in response to a user input. For example, the user input can
include selecting an image obtained from a second imaging sensor in place of the first
imaging sensor, where the second imaging sensor has a different point-of-view as
compared to the first imaging sensor.

At least one sensor associated with the slave device generates a signal
representing a force applied to the slave device in a sensed direction. The control
processor is programmed for performing a second directional translation to convert
data specifying the sensed direction to data specifying a haptic feedback direction.
The directional translation is determined based on the point-of-view of the first

imaging sensor so that the haptic feedback direction is different from the sensed
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control processor. Such haptic force generator is configured for generating a haptic
force aligned with the feedback direction. The control processor in such
embodiments is configured to automatically dynamically modify the second
directional translation that is performed when the point-of-view is modified. The
point-of-view can be modified by a change of imaging sensor position/orientation.
However, the control processor can also be programmed such that the second
directional translation is automatically modified in response to a user input selection
of an image obtained from a second imaging sensor in place of the first imaging
sensor, where the second imaging sensor has a different point-of-view as compared to
the first imaging sensor.

Embodiments will be described with reference to the following
drawing figures, in which like numerals represent like items throughout the figures,
and in which:

FIG. 1 is a drawing showing a robot and associated control system that
is useful for understanding the invention.

FIG. 2 is a drawing showing a robot and associated control system
that is useful for understanding the invention.

FIG. 3 is a conceptual drawing that is useful for understanding
directional control translation processing.

FIG. 4 is a conceptual drawing that is useful for understanding haptic
sensor translation processing.

FIG. 5 is a block diagram showing a robot control system and an
associated robot slave unit that is useful for understanding the invention.

FIG. 6 is a block diagram showing the control processor and data link
in FIG. 5 in greater detail.

FIG. 7 is a flowchart that is useful for understanding the invention.

FIG. 8 is a drawing of a manipulator arm that is useful for

understanding the invention.
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The present invention is described with reference to the attached
figures, wherein like reference numbers are used throughout the figures to designate
similar or equivalent elements. The figures are not drawn to scale and they are
provided merely to illustrate the present invention. Several aspects of the invention
are described below with reference to example applications for illustration. It should
be understood that numerous specific details, relationships, and methods are set forth
to provide a full understanding of the invention. One having ordinary skill(s) in the
relevant art, however, will readily recognize that the invention can be practiced
without one or more of the specific details or with other methods. In other instances,
well-known structures or operation are not shown in detail to avoid obscuring the
invention. The present invention is not limited by the illustrated ordering of acts or
events, as some acts may occur in different orders and/or concurrently with other acts
or events. Furthermore, not all illustrated acts or events are required to implement a
methodology in accordance with the present invention.

When a robotic manipulator is operated at a location remote from a
user, one or more imaging sensors are often used to provide visual information to the
operator regarding a work piece and/or the environment surrounding the robotic
manipulator. At a remote display monitor, an operator may choose to view an image
associated with or generated by the imaging sensor that is most helpful for a given
task. The present invention concerns robotic manipulator systems and robot
manipulator control systems in which control signals that are communicated to a
robotic manipulator are automatically modified in response to variations in position
and/or orientation of a imaging sensor providing an image used for controlling the
robot manipulator. The position and orientation of the imaging sensor define the
imaging sensor’s point-of-view. The term “orientation” as used herein can include
variations in sensor rotation around as many as three orthogonal axes of rotation (e.g.
pitch, roll, and yaw). A different imaging sensor point-of-view can result from the
same imaging sensor being moved to a different position or rotated to a different
orientation. For example, this can occur when the imaging sensor is attached to a

movable robotic manipulator arm. Alternatively, the imaging sensor point-of-view



WO 2012/099686 PCT/US2011/066822

10

15

20

25

30

can change due to a user input selection of a image feed from a first imaging sensor,
and a subsequent user input selection of a image feed for a second imaging sensor,
where the first imaging sensor and the second imaging sensor have different
orientations and/or different relative positions. Note that the image displayed to the
user can be a still image or a video image.

If a user interface is to operate in a natural or intuitive way, then
operator initiated forces applied to the interface control will ideally correspond to a
reference direction associated with the video image appearing on the display screen.
For example, consider the situation where a distal end of a robotic arm appears in a
center of a video image display screen, and an operator wishes the distal end to move
in a downward direction, toward the bottom of the image displayed on the screen. In
such a scenario, the desired downward motion of the distal end of the robotic arm is
ideally obtained by a corresponding downward motion applied to a user interface
control. When the displayed image, the motion of the robotic manipulator, and the
control interface are all coordinated in this way, the operation of the robotic arm will
be most natural for the operator, and the system will be most easily controlled.

Still, there are problems that occur when attempting to implement a
system which operates as previously described. For example, when a video image is
obtained from an imaging sensor having a first position and orientation, the operator
may conclude that in order to move the distal end of a robotic arm in a first desired
direction, a user interface control needs to move in a direction which is toward the
display screen on which the image is displayed. However, the operator’s sense of
which direction to move the controller is based on the point-of-view of the imaging
sensor. If the imaging sensor has a different point-of-view, then it may appear to the
operator that a different set of user inputs are necessary. The problem is that the
frame of reference utilized by the operator is variable depending upon the point-of-
view of the imaging sensor.

As used herein, the phrase “frame of reference” refers to a three
dimensional coordinate system which is generally defined based on an orientation of

an image in a display unit, where the image is provided by an imaging sensor having a
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particular point-of-view. Within a particular frame of reference, relative directional
terms such as up, down, left, and right can have well understood meanings. For
example, the relative directional terms up, down, left, right can be generally
understood as corresponding to the top, bottom, left and right sides of an image
presented on a screen of a display unit. Forward can be understood as the direction
toward the screen. Reverse or backward can be understood as the direction away
from the screen. Notably, the frame of reference and associated coordinate system
can change as a result of a change in imaging sensor position and/or orientation.

Similarly, within a particular frame of reference, relative directional
terms such as clockwise rotation and counter-clockwise rotation can have well
understood meanings. In the same way, rotation of the user interface control can have
an intuitive meaning for the user with respect to as many as three different axes of
rotation. However, these directions are intuitively meaningful to the user only with
respect to the frame of reference that the user observes on the screen, which is of
course a function of imaging sensor position and/or orientation.

The control problem relating to imaging sensor point-of-view and
operator frame of reference can be more readily understood by referring to FIGs. 1
and 2. FIGs. 1A and 2A show a UGV 102 with a robot arm 104 and an imaging
sensor 106. The imaging sensor can include any device that converts an optical image
to an electric signal. For example, the imaging sensor can include devices that use
video camera tubes, charge coupled devices, or a complementary metal-oxide-
semiconductor (CMOS) active pixel sensors, without limitation, to convert an optical
image to an electric signal. The imaging sensor can also include devices that perform
thermal imaging, multi-spectral imaging, gamma cameras, and sensor arrays for x-
rays. In some embodiments, the imaging sensor 106 can be a video camera, but the
invention is not limited in this regard. In FIGS. 1B and 2B respectively there is
shown a display unit 108 which can display a video image obtained from the imaging
sensor 106. For example, the display unit 108 can be a laptop computer. A hand
control 110 senses linear and rotational input control motions of a user 112 and

communicates user input signals to a control system (not shown). In response, the
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control system communicates control signals to the UGV for controlling the
movement of the robot arm.

In FIG. 1A, with the imaging sensor 106 mounted as shown, an
operator wishes to move the distal end of the robotic arm in the x direction shown by
the arrow. With the imaging sensor 106 positioned and oriented as shown, the x
direction is forward in the image as observed by the operator on the display unit 108.
Thus, it would be natural for the operator to expect that pushing a hand control 110
forward (toward the image) would move the distal end of the arm in the x direction.
This motion of the hand control 110 is illustrated by the arrow in FIG. 1B.

However, consider now the situation shown in FIG. 2A. In FIG. 2A,
an operator 1s again observing a video output of imaging sensor 106 and wishes to
move the distal end of the robotic arm 104 in the y direction shown by the arrow.
With the imaging sensor 106 oriented as shown, the y direction is forward in the
image observed by the operator on the video display 108. Accordingly, it would be
natural for the operator to expect that pushing the hand control 110 in the forward
direction (toward the displayed image) would move the distal end of the robotic arm
104 in the y direction. This motion of the hand controller 110 is shown in FIG. 2B.
Notice that in each of these two situations, the operator will naturally move his hand
in the same direction as shown in FIG. 1B and 2B, but the actual motions desired in
FIG. 1A and 2A are along two entirely different axes. This same problem can occur
with respect to linear and rotational movements of the hand controller by the user.

Referring again to Fig. 2A and 2B, it should be appreciated that the
same problem as described above will also occur if an operator switches from
imaging sensor 106 having a first point-of-view, to imaging sensor 107 having a
different point-of-view. Consequently, in FIG. 2A, an operator viewing a work object
in FIG. 2A, will have a different frame of reference depending on whether he is
observing the work object using imaging sensor 106 as compared to imaging sensor
107.

A similar problem also occurs when haptic technology is incorporated

into a control interface. Specifically, when the imaging sensor point-of-view changes,
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the direction of feedback forces applied by the haptic technology may no longer seem
to be correctly aligned with respect to the operator’s frame of reference as defined by
the imaging sensor point-of-view. This will result in haptic feedback forces which
provide a tactile experience to an operator that is inconsistent with the operator’s
frame of reference.

The present invention solves the foregoing problems by providing a
control system which will automatically modify control signals that are
communicated to a robotic manipulator. The control signals are modified in response
to variations in an operator’s frame of reference as defined by a imaging sensor point-
of-view. Specifically, such frame of reference is based on the point-of-view of a
imaging sensor which generates an image displayed to a control operator for purposes
of controlling the robotic manipulator. In some embodiments, the control system will
also automatically modify haptic control signals for providing operator feedback so
that such haptic feedback correctly corresponds to the operator’s frame of reference as
defined by an imaging sensor point-of-view.

Referring now to FIG. 3, a conceptual drawing is provided which is
useful for understanding an embodiment of a robotic manipulator system and method
according to the present invention. For the purposes of clarity in this example, the
concept will be described exclusively with reference to linear control directions and
rotational components are not shown; however, it should be understood that the
invention is not limited in this regard.

In FIG. 3, a user moves a hand controller 110 to control a pose of
robotic arm 104, which is mounted on UGV 102. In order to determine the movement
that is required of the robotic arm 104, the operator relies on visual information (i.c. a
video image obtained from imaging sensor 106) which is presented to the operator on
display unit 108. However, the operator’s frame of reference will vary with changes
in the point-of-view of a imaging sensor 106. As explained above, such variations in
frame of reference can result in the operator expecting the robotic arm to respond in
different ways to the same input control motions. Accordingly, in the embodiment of

the invention shown in FIG. 3, directional control translation processing 300 is

-10-
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performed so that robotic arm motions are made consistent with operator
expectations.

In FIG. 3, when an operator manipulates hand controller 110, the
direction of motion sensed by the motion of the hand controller is specified by one or
more vector components defined with respect to coordinate axes x, y, z. These vector
components are defined in coordinate system 301, as X301, Y301, Z301. To facilitate
understanding of the invention, rotational movement directions are omitted in FIG. 3;
however, the invention is not limited in this regard. The combination of the vector
components X3o1, y3o1, Z301 define the direction of movement that the operator desires
from the distal end of robotic arm 104. But note that the operator’s sense of which
direction the robotic arms needs to move is based on the operator’s frame of
reference. The operator’s frame of reference is based on the image presented on
display unit 108, and will vary depending on the point-of-view of the imaging sensor.
Consequently, the input vector components X301, Y301, Z301 sensed by the hand control
110 must be modified before they can be used to effect the desired motion of robotic
arm 104. This modification involves a directional translation.

For the purposes of FIG. 3, it can be assumed that the coordinate
systems 301, 302 are fixed with respect to the world. It can also be assumed that
image sensor 106 is the source for images displayed on display unit 108, and the point
of view of image sensor 106 thereby defines the frame of reference for the user. As a
result of directional control translation processing 300, the input vector component set
X301, Y301, Z301 18 translated to output vector component set Xso2, Y302, Z302 . Thus, the
direction the robot arm is actually commanded to move can appear to have little
relation to the motion sensed by the hand controller 110. Further, it should be noted
that the specific directional translation performed will vary depending on input
information which defines the imaging sensor point-of-view. In other words, the
directional translation performed will be different depending on the point-of-view of
the imaging sensor 106. Similarly, a different directional translation can be
performed if the operator is utilizing imaging sensor 107 instead of imaging sensor

106. In either case, it should be understood that while only linear directional

-11-
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translation is illustrated in FIG. 3, the present invention is intended to include
translation of linear and rotational motion commands.

Referring now to FIG. 4, there is shown a conceptual drawing that is
similar to FIG. 3. In FIG. 4, sensors in the robotic arm 104 will generate feedback
signals that can be used to control haptic technology associated with the hand
controller 110. For example such feedback signals can result in a force being applied
to the hand controller 110 by one or more actuators (not shown). However, if the
force is applied by the haptic technology to the hand controller 110 without regard for
the variable operator frame of reference discussed above, then such haptic response
can be confusing to the operator. More particularly, such haptic forces can appear to
have little or no relation to the scene that the operator observes on display unit 108.

For the purposes of FIG. 4, it can be assumed that the coordinate
systems 401, 402 are fixed with respect to the world. It can also be assumed that
image sensor 106 is the source for images displayed on display unit 108, and the point
of view of image sensor 106 thereby defines the frame of reference for the user. In
FIG. 4, the signals obtained from sensors in the robot arm indicate that the distal end
of robot arm 104 experiences resistance to movement in a defined direction. This
resistance is represented in FIG. 4 by the vector component forces show in coordinate
system 402. For simplicity in understanding the invention, rotational forces are not
shown in coordinate system 402; however, it should be understood that the forces
measured by sensors in the robot arm can also include such rotational force
components.

The component vector forces in coordinate system 402 are defined
along the x, y, and z axis which together represent a frame of reference at the UGV
102. .Still, the operator may have a frame of reference that is different as compared to
a frame of reference of the UGV 102. As explained above, the operator’s frame of
reference will often change as the position and orientation of a imaging sensor 106 is
varied. Likewise, the operator’s frame of reference will vary depending on whether
the operator is observing a video output from imaging sensor 106 as compared to

imaging sensor 107. Accordingly, if the vector forces in coordinate system 402 are to

-12-
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be meaningful to a user or operator in an interface where haptic technology is used,
such forces must be translated. Specifically, the vector components in coordinate
system 402 must be translated from the frame of reference of the UGV 102, to the
operator’s frame of reference as determined by the point-of-view of the imaging
sensor (imaging sensor 106 in this example). This modification is advantageously
performed by haptic sensor translation processing 400.

Referring to the example in FIG. 4, the vector components X4g2, yao2,
Z407 are translated by haptic sensor translation processing 400 to vector components
X401, Y401, Z401 as shown in coordinate system 401. This translation function is
performed based on input received from the UGV 102 relating to imaging sensor
point-of-view information. Following such translation, the direction of force applied
by the haptic technology at hand controller 110 can appear to have little relation to the
actual direction of forces applied to the distal end of robot arm 104. However, these
haptic forces will be meaningful to the operator because they have been translated to
the operator’s frame of reference as defined by the point-of-view of the imaging
sensor through which he is observing the operation of the robotic arm. Notably, the
actual translation performed by haptic sensor translation processing 400 will not be a
static function since the point-of-view associated with imaging sensor 106, 107 may
be constantly changing. A different translation will be performed when the imaging
sensor is moved from a first point-of-view to a second point-of-view.

Those skilled in the art will appreciate that the examples shown in
FIGs. 3 and 4 have been greatly simplified for ease of understanding the invention. In
practice, input signals from multiple sensors can be evaluated for purposes of
determining the direction and magnitude of position displacement experienced by the
hand controller 110. Similarly, multiple sensors can be used to determine resistance
or other forces experienced by the robot arm 104. Also, the translation process
described herein can be performed with respect to rotational control commands
generated by the user interface and with respect to the rotational forces experienced

by the robot arm.
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Finally, the vector representation diagrams in FIGS. 3 and 4 are
provided for purposes of conceptually illustrating the inventive systems and methods;
but it should be understood that the invention is not limited in this regard. In some
embodiments, the data representing position displacement or applied forces which are
to be translated can consist partially or entirely of raw or processed sensor output
signal data in any format. As will be appreciated by one skilled in the art, such
displacement or force data can be represented in any convenient form.

Referring now to FIG. 5, there is provided a simplified block diagram
showing a robotic system 500 that includes a robot control system 501 and a robot
502. A data communication link is provided between the control system 501 and
robot 502. The data communication system allows the control system 501 to
communicate commands to robot 502, and allows the control system to receive
feedback information from the robot 502.

The control system 501 includes an operator control interface 503, a
data processing system 504, and a data link 506. In some embodiments, the operator
control interface 503 can be a hand control which can be grasped by a user. In some
embodiments, the hand control can detect hand movement along one, two or three
orthogonal axes of linear motion and as many as three axes of rotational motion.
Hand controls of this type are well known in the art. For example, six-axis hand
controls for sensing motion along six different directions are described in U.S. Patent
No. 6,104,158. The hand control can have one or more sensors (not shown) for
detecting movement of the hand control as effected by the user. Still, it should be
understood that the invention is not limited to any particular type of operator control
interface 503. Instead, any user interface device that is known in the art now or in the
future can be used, provided that such user interface device is capable of generating
output signals in response to user input commands for purposes of remotely
controlling a robotic device.

Data processing system 504 and data link 506 will be described in
further detail in relation to FIG. 6. However, it should be noted that in some

embodiments, data processing system 504 can include a portable computer
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programmed with a set of instructions. The data processing system 504 can have an
integrated display unit 505 as shown for purposes of displaying video images.
However, the invention is not limited in this regard, and a separate display unit (not
shown) can also be used with the data processing system. Data link 506 can be any
type of wired or wireless transceiver suitable for communicating data to and from data
link 508 provided in robot 502. Such data can include commands directed to robot
502, feedback data communicated from robot 502 to the data processing system 504,
and video data communicated from the robot 502, to the data processing system 504.

Robot 502 can be any type of remotely controlled slave device or robot
system capable of performing moving, manipulating or grasping actions based on
telematic commands received from control system 501. Robot 502 includes an on-
board controller 510. The on-board controller 510 is in communication with data link
508, which can provide communication capabilities similar to those described herein
with regard to data link 506.

In some embodiments of the invention, the robot 502 includes a
remotely controlled manipulator 512 including a robot arm with one or more
mechanical joints. The manipulator 512 is shown in more detail in FIG. 8. The robot
arm 512 can also include a grasping device 519 . The manipulator 512 can include
one or more servos 514, 514,, . .. 514, or other suitable motivating devices for
moving one or more mechanical joints of the manipulator. The servos are controlled
by commands communicated to the robot 502 by control system 501.

The feedback information communicated from robot 502 to control
system 501 can include position information with regard to the one or more movable
joints of the manipulator 512. The position information can be provided by one or
more sensors 5161, 516,, . ..516;. In some embodiments, imaging sensors 518,
518,, . . .518; can be mounted to movable portions of the manipulator 512. Sensors
5171, 517, . . .517 can be provided for detecting forces exerted upon the manipulator
512. For example, sensors 517, 517;, .. .517 can detect forces exerted upon the
robot arm 512 and associated grasping device. The data from sensors 5164, 516,, . . .

516; and 5171, 5175, . . .517 1s communicated to the on-board controller 510, which

-15-



WO 2012/099686 PCT/US2011/066822

10

15

20

25

performs any necessary data formatting before communicating the data to data link
508. The information is then communicated by data link 508 to the control system
501.

Imaging sensor point-of-view information can be generated by any
suitable means presently known in the art, or known in the future. In general, imaging
sensor point-of-view information will include a position of a imaging sensor and/or its
orientation. Position information can be fixed if the imaging sensor is mounted to a
fixed point on the robot 502. However, the imaging sensor can also be attached to a
position that is movable relative to the chassis of the robot. For example, one or more
imaging sensors 518;, 518,, . . .518; can be attached to a portion of a movable robot
arm as shown in FIGS. 3 and 4.

The position information for the imaging sensor can be determined
based on information obtained from sensors 5164, 516,, ... 516; provided at one or
more movable joints associated with the robot arm. The orientation of the imaging
sensor can also be obtained using one or more sensors 5165, 516,, . . . 516; mounted
within or near the imaging sensor. Such sensors can detect a imaging sensor
orientation with respect to one, two or three defined coordinate axes of rotation. In a
preferred embodiment, the imaging sensor position and orientation can be determined
based on information obtained from sensors provided at one or more movable joints
associated with the robot arm.

The methods used to perform the translation processing will vary
depending on the particular system. Still, a brief discussion is provided to explain one
possible way that the translation processing could be performed.

Referring now to FIG. 6, there is provided a detailed block diagram of
the data link 506 of FIG. 5. Notably, the data link 506 may include more or less
components than those shown in FIG. 6. However, the components shown are
sufficient to disclose an illustrative embodiment implementing the present invention.
The hardware architecture of FIG. 6 represents one embodiment of a representative

data link configured to permit bi-directional data communication.
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As shown in FIG. 6, the data link 506 comprises an antenna 602 for
receiving and transmitting Radio Frequency (RF) signals. A receive/transmit (Rx/Tx)
switch 604 selectively couples the antenna 602 to the transmitter circuitry 606 and
receiver circuitry 608 in a manner familiar to those skilled in the art. The receiver
circuitry 608 decodes the RF signals received from a communication device (e.g., the
communication device 508 of FIG. 5) to derive information therefrom. The receiver
circuitry 608 is coupled to control processor 504 via an electrical connection 634.

The receiver circuitry 608 provides decoded RF signal information to the control
processor 504. The control processor 504 uses the decoded RF signal information in
accordance with the function(s) of the invention as described herein.

The control processor 504 also provides information to the transmitter
circuitry 606 for encoding information and/or modulating information into RF signals.
Accordingly, the control processor 504 is coupled to the transmitter circuitry 606 via
an electrical connection 636. The transmitter circuitry 606 communicates the RF
signals to the antenna 602 for transmission to communication device 508 of FIG. 5).

As shown in FIG. 6, the control processor 504 comprises a system
interface 624, a user interface 622, a Central Processing Unit (CPU) 614, a system bus
612, a memory 616 connected to and accessible by other portions of the control
processor 504 through system bus 612, and hardware entities 618 connected to system
bus 612. System interface 624 allows the control processor 504 to communicate
directly with data link 506, network equipment and other data links via a wired
communications link. At least some of the hardware entities 618 perform actions
involving access to and use of memory 616, which may be a random access memory
(RAM), a disk drive, and/or a compact disc read only memory (CD-ROM).

Hardware entities 618 may include microprocessors, application
specific integrated circuits (ASICs) and other hardware. Hardware entities 618 may
include a microprocessor programmed for facilitating the provision of data
communication services and robot control processing as described herein. In this
regard, it should be understood that the microprocessor can access and run robot

control processing including directional translation processing as described in FIGS.
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3-4, and 7. The communication operations can include, but are not limited to, signal
receiving operations, signal processing operations, signal generation operations, and
signal communication operations.

As shown in FIG. 6, the hardware entities 618 can include a disk drive
unit 626 comprising a computer-readable storage medium 628 on which is stored one
or more sets of instructions 620 (e.g., software code) configured to implement one or
more of the methodologies, procedures, or functions described herein. The
instructions 620 can also reside, completely or at least partially, within the memory
616 and/or within the CPU 614 during execution thereof by the data link 506. The
memory 616 and the CPU 614 also can constitute machine-readable media. The term
"machine-readable media", as used here, refers to a single medium or multiple media
(e.g., a centralized or distributed database, and/or associated caches and servers) that
store the one or more sets of instructions 620. The term "machine-readable media", as
used here, also refers to any medium that is capable of storing, encoding or carrying a
set of instructions 620 for execution that cause the control processor 504 to perform
any one or more of the methodologies of the present disclosure.

As evident from the above discussion, the control processor 504
implements one or more method embodiments of the present invention. Exemplary
method embodiments of the present invention will now be described in relation to
FIG. 7.

Referring now to FIG. 7, there is provided a flow chart that is useful
for understanding a processing method for implementing the present invention. The
processing method can begin in step 702 and continues with step 704. In 704, a
current video image source imaging sensor is determined.

Point-of-view data for the source imaging sensor is determined at 706.
Such point-of-view data can include a position and an orientation of the source
imaging sensor. For imaging sensors on a stationary mount, the position information
will generally be fixed. However, if the source imaging sensor is mounted on a
movable structure, such as on a portion of a robot arm, then the position information

can change as the position of the robot arm is changed. Imaging sensor orientation
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can be defined in any suitable way. The source imaging sensor orientation can be
represented as a set of vectors with respect to a set of three-dimensional coordinate
axes, as a set of sensor output data, or in any other convenient manner. For example,
in some embodiments, the orientation can be defined in terms of a imaging sensor
rotation around three orthogonal axes so as to define imaging sensor pitch, yaw, and
roll. Yaw, pitch and roll in such case would represent rotations around the y-axis
(yaw), around the x-axis (pitch) and around the z-axis (roll). Still, the invention is not
limited in this regard.

Updated user interface control position data is obtained at 708. Such
data can represent a position of a user interface control which results from a user
input. For example, such data can represent a position of a six-axis hand control that
is capable of sensing movement in six different directions (e.g., up, down, left, right,
forward, backward). The user interface control position for purposes of the present
invention can vary in three dimensions. The control position allows a user to identify
a direction of desired movement to be performed by a slave device, such as a robot
manipulator arm.

Following step 708, the process continues with 712, where user
interface control signals are optionally converted to data suitable for translation
processing in step 712. This step can be omitted if the user interface control signals
are already in a suitable form for directional control translation processing.

At 714, directional control translation processing is performed to
translate the control direction defined by the user interface control, to a slave direction
defining a direction that a robot slave device will move. The directional control
translation can include translation of linear motion commands and rotational motion
commands. In order to perform such directional control translation, the process will
rely upon information relating to the point-of-view of the source imaging sensor. The
slave direction will generally be different from the control direction. However, the
resulting slave direction will vary depending on imaging sensor point-of-view. In
other words, the directional control translation will vary dynamically in response to

the imaging sensor point-of-view.
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The directional control data is communicated to a robotic slave device
in step 716. Note that the directional translation can be performed before or after the
directional control data is communicated to the robot device. In this regard it should
be understood that the directional control translation processing can be performed by
a processor located at a control point (near the user), or at a remote location associated
with the robot (e.g. at an onboard processor provided with the robot).

In step 718, haptic feedback data is obtained from the robotic slave
device. The haptic feedback data can include any information which is used to cause
a force, vibration or other tactile feedback signal to be reproduced at a user interface
control. The haptic feedback data can include data derived from force or pressure
sensors at the robot slave unit, its associated manipulator arm, or its grasping device.
Still, the invention is not limited in this regard, and any other suitable data can be used
for this purpose.

In step 720 the process continues by converting haptic feedback data to
a format suitable for directional translation processing. This is an optional step, and
in some embodiments it may not be necessary if the haptic feedback data is already in
a suitable format for directional translation processing. Thereafter, haptic directional
translation processing is performed at 722. This directional translation processing is
similar to the directional control translation processing in step 714. The haptic
directional translation processing uses imaging sensor point-of-view information to
determine a haptic feedback direction. The haptic feedback direction is the direction
of a force (linear and/or rotational) applied by the user interface to provide a user with
tactile feedback from the robot device. The directional translation performed by the
process at this step will change depending on imaging sensor point-of-view
information. Thereafter, the haptic feedback signals are communicated to one or
more haptic actuator devices associated with the user interface control in step 724.

A determination is made at 726 as to whether the process should be
terminated, for example in response to a user input. If so, [726: YES] then the
process terminates at 728. If the process is not to be terminated [726: NOJ, then the

process returns to step 704.
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Note that in some embodiments, directional control translation can be
performed without haptic feedback and/or without haptic directional translation
processing. In other embodiments of the invention, haptic feedback and haptic
directional translation processing can be performed without directional control
translation processing. Accordingly, the invention is not limited to systems which
perform both types of processing.

The directional translation performed for motion control (714) and
haptic feedback (722) can be performed using any suitable method. In this regard, it
should be understood that the invention is not limited to any particular mathematical
or computational processing. All that is needed is a combination of sensor inputs and
processing sufficient to transform motion control commands and/or haptic feedback
signals as previously described. Notwithstanding the foregoing, one possible
technique for performing the necessary directional translation processing shall
hereinafter be described.

As an example, consider the case of a manipulator arm such as the one
shown in Fig. 8§ that has » joints (520;, 520,, . . . 520,) and an arbitrary number of
cameras (5184, 518;, ... 518;). Let an arbitrary camera 518, be attached to a link of
the manipulator and let there be m joints of the robot arm that are between the camera
and the base 802 of the robot 502. In other words, all joints 1 through m can
potentially cause motion of the camera, while joints m+1 through n cannot, as they are
located at distal points on the manipulator that extend beyond the location of the
camera 518,. For each joint 7 (I <7 <m) we can define a 3x3 rotation matrix R, that
defines the relative orientation of link / with respect to the vehicle. In general each R;
is a function of the displacement of joint i. Then we define a 3x3 rotation matrix
R/ which defines the relative orientation of the camera coordinate frame (i.e. the
camera point of view) with respect to the link it is attached to. Let the velocity of the

user’s hand be vi..0 and the velocity of the grasping device 519 of the robot be v,oper:
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X X
Y Y
z z
Vhand = ) Vrobot = ) (1)
x x
C{)y a)}’
a)Z C{)Z robot

where x, y,and Z are linear velocities along the global x, y, and z axes,
respectively, and @, , @, , and @, are angular velocities about the global x, y, and z

axes, respectively. Similarly, let the haptic force and torque exerted on the user’s
5  hand (by the user interface 110) be Fj,,s and the force and torque exerted on the
grasping device 519 of the robot (by the environment) be Fopor:

F, F,
F y F y
Fiua = Zj Fopor = Zj (2)
Ty Ty
Tz hand TZ robot

where F_, F ,and F, are forces along the global x, y, and z axes, respectively, and

T

x?

7,,and 7 are torques about the global x, y, and z axes, respectively. Then the

10 translation of Vi tO Vieser fOr camera ¢ 1s:

Rc/link ) R IEEED R2 ) Rl = Rc,motion (3)

m

_ Rc,motion O3><3 4
Vrobot - O R ) Vhand ( )
3%3 c,motion

Where 03,3 1s a 3x3 matrix of zeros. The translation of F,pp0: t0 Frang fOr camera c is:

RC‘,FT = Rc,motionT (5)
R 0
15 Fhand = o e ) Frobot (6)
03><3 RC‘,FT
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It should be appreciated that while embodiments of the invention have
been described in terms of a robot slave device such as a UGV and a robotic
manipulator arm, the invention is not intended to be so limited. Instead, the remotely
controlled slave device can include any type of device, provided that such device is

5  capable of being remotely controlled by an operator through the use of telematic
systems. As used herein, the phrase telematic system can include any technology
capable of sending, receiving, and storing information via telecommunication devices

in conjunction with effecting control on remote objects.
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CLAIMS

1. A method for telematic control of a slave device, comprising:

sensing a physical displacement of a user interface control in any control
direction defined with respect to a three-dimensional set of coordinate axes;

performing a first directional translation to convert data specifying said control
direction to data specifying a slave direction defined with respect to said three-
dimensional set of coordinate axes, said slave direction different from said control
direction and defining a direction that said slave device should move in response to
said physical displacement of said user interface;

wherein said first directional translation is determined based on a point-of-

view of a first imaging sensor mounted to a portion of said slave device.

2. The method according to claim 1, wherein said control direction comprises
one or more of a linear direction and a rotational direction with respect to said three-

dimensional set of coordinate axes.

3. The method according to claim 1, further comprising automatically
dynamically modifying said first directional translation that is performed when said

point-of-view is modified.

4. The method according to claim 1, further comprising determining said point-
of-view based upon at least one condition selected from the group consisting of a

position and an orientation of said first imaging sensor.

5. The method according to claim 1, further comprising generating with at least
one sensor associated with said slave device a signal representing a force applied to
said slave device in a sensed direction;

performing a second directional translation to convert data specifying said

sensed direction to data specifying a haptic feedback direction defined with respect to
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said three-dimensional set of coordinate axes, said haptic feedback direction different
from said sensed direction and defining a direction of force to be generated by at least
one component of said user interface;

wherein said second directional translation is determined based on a point-of-

view of said first imaging sensor.

6. The method according to claim 5, wherein said sensed direction of said force
comprises one or more of a linear sensed direction and a rotational sensed direction

with respect to said three-dimensional set of coordinate axes.

7. The method according to claim 6, wherein said haptic feedback direction
comprises one or more of a linear haptic direction and a rotational haptic direction

with respect to said three-dimensional set of coordinate axes.

8. The method according to claim 5, further comprising automatically
dynamically modifying said second directional translation that is performed when said

point-of-view is modified.

9. The method according to claim 5, further comprising determining said point-
of-view based on a sensed position of one or more movable joints comprising said

slave unit.

10. A robot system, comprising:

a control interface having at least one sensor for sensing a physical
displacement of a user interface control in any control direction defined with respect
to a three-dimensional set of coordinate axes;

a slave device configured for moving in response to control signals generated
at said control interface;

a control processor coupled to said control interface and configured to perform

a first directional translation to convert data specifying said control direction to data
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specifying a slave direction defined with respect to said three-dimensional set of
coordinate axes, said slave direction different from said control direction and defining
a direction that said slave device should move in response to said physical
displacement of said user interface;
5 a communication link for communicating motion control information between
said control interface and said slave device; and
wherein said first directional translation is determined based on a point-of-

view of a first imaging sensor mounted to a portion of said slave device.
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