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Title: Robotic Systems and Methods of Operating Robotic Systems

Cross-Reference to Related Patent Applications

[11  This application claims the benefit of U.S. Provisional Application No.
61/977,886, filed on April 10, 2014; U.S. Provisional Application No. 61/989,020,
filed on May 6, 2014; and U.S. Provisional Application No. 62/094,138, filed on
December 19, 2014. The complete disclosure of each of U.S. Provisional Application
No. 61/977,886, U.S. Provisional Application No. 61/989,020, and U.S. Provisional
Application No. 62/094,138 is incorporated herein by reference.

Field
[2] The described embodiments relate to robotic systems and methods of
operating the robotic systems. Specifically, some embodiments relate to remote-

controlled robotic systems and methods of operating thereof.

Background

[3] Robotic systems are increasingly used to assist humans in different
situations. In particular, robotic systems can be important in situations during which
direct human contact can be dangerous, or even life-threatening.

[4] Over the years, robotic technologies have evolved substantially to facilitate
robotic systems that can involve multiple master devices (or primary devices) for
controlling various different slave devices (or secondary devices). Since the primary
devices can receive commands via a user interface, operators can be located at
various different locations.

[5] One example application of the robotic systems is for Improvised Explosive
Device Disposal (IEDD). IEDD technology has evolved from initial approaches that
involve humans directly handling the Improvised Explosive Devices (IEDs) to the
more recent remote-controlled robotic systems that involve some direct human
interaction with the IEDs. Most existing robotic systems, however, continue to be
limited in their applications due to the primitive controls that are provided for
operating the robotic system and the limited amount of data that can be retrieved

and processed.
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Summary

[6] Various embodiments described herein generally relate to robotic systems
and methods for operating the robotic systems described herein.
[7] In accordance with some embodiments, there is provided a robotic system
including: an input module operable to receive a set of input signals from one or
more primary devices, the set of input signals including one or more input signals;
a storage module operable to provide a configuration profile, the configuration
profile comprising a set of operational parameters for the robotic system; a
processing module configured to generate one or more control commands based on
at least the set of input signals and the configuration profile, the one or more control
commands being generated for one or more secondary devices, the processing
module being in electronic communication with the input module and the storage
module, each control command being indicative of an operation to be conducted by
at least one secondary device of the one or more secondary devices; and a set of
control modification modules for managing an operation of the robotic system, each
control modification module managing an operation of a respective secondary
device, each control modification module being configured to: detect whether the
operation of the respective secondary device fails to comply with the set of
operational parameters; in response to detecting the operation of the respective
secondary device fails to comply with the set of operational parameters, identify a
non-compliant control command from the one or more control commands, the non-
compliant control command being a control command causing the operation of the
respective secondary device to be non-compliant with the set of operational
parameters; and generate a modifier to adjust the non-compliant control command
to comply with the set of operational parameters; wherein the robotic system is
responsive to the one or more control commands and each modifier generated by
the respective control modification modules.
[8] In some embodiments, the robotic system further includes an output module
for combining the one or more control commands and the modifier to provide an
output signal, the robotic system being responsive to the output signal. The output
module can, in some embodiments, be located at the respective one or more

secondary devices.
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[8] In embodiments when the configuration profile includes a mapped association
between each primary device and the at least one secondary device, and each input
signal is associated with a primary device identifier corresponding to the primary
device providing that input signal, the processing module can be configured to
generate the one or more control commands by, for each input signal, identifying,
from the configuration profile, the at least one secondary device in mapped
association with the primary device corresponding to the respective primary device
identifier; and associating that input signal with the identified at least one secondary
device.

[10] In some embodiments, the processing module is further configured to, for
each secondary device, determine whether that secondary device is associated with
two or more input signals; and in response to determining that secondary device is
associated with two or more input signals, combine the two or more input signals to
generate the respective control command for that secondary device.

[11] In embodiments where the two or more input signals include a first input
signal defining a first aspect of the operation to be conducted by the respective
secondary device and a second input signal defining a second aspect of the
operation to be conducted by the respective secondary device, the second aspect is
different from the first aspect.

[12] In some embodiments, the input module is further operable to receive a state
change indicator from the at least one secondary device, the state change indicator
representing an adjustment of at least one of the primary device and the secondary
device; and the robotic system further includes a mapping module for updating the
configuration profile in response to the state change indicator.

[13] In some embodiments, the storage module stores a plurality of configuration
profiles, each configuration profile comprising a different respective set of
operational parameters; and the mapping module is further configured to select one
of the plurality of configuration profiles based on the state change indicator.

[14] The adjustment of the at least one of the primary device and the secondary
device can include a change to a mapped association between a primary device and

a respective secondary device. The adjustment of the at least one of the primary
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device and the secondary device can include an occurrence of a closed kinematic
loop at the secondary device.

[15] In some embodiments, each control modification module is further configured
to: generate an operational model based on the one or more control commands;
identify, from the operational model, a collision between at least one of the one or
more secondary devices and one or more segments of a secondary device; and in
response to identifying the collision, generate the modifier for preventing the
collision, the modifier including a removal of one or more components of the non-
compliant control command causing the collision based on the operational model.
[16] In some embodiments, the configuration profile includes a compliance
threshold; and each control modification module is further configured to: receive a
sensed value from the secondary device, determine whether the sensed value
exceeds the compliance threshold; and in response to determining the sensed value
exceeds the compliance threshold, generate the modifier for reducing at least one of
a force and a torque exerted by the secondary device, the modifier including a
removal of one or more components of the non-compliant control command causing
the sensed value to exceed the compliance threshold.

[17]1 In some embodiments, the configuration profile includes a singularity
threshold; and each control modification module is further configured to: receive a
pose information associated with the secondary device, the pose information
including a position data and an orientation data; determine whether the pose
information exceeds the singularity threshold; and in response to determining the
pose information exceeds the singularity threshold, generate the modifier for
reducing a movement of the secondary device to reduce a change in the pose
information, the modifier including a removal of one or more components of the non-
compliant control command causing the pose information to exceed the singularity
threshold.

[18] In some embodiments, the processing module may be further configured to
provide sensory indicators indicating a relative spatial reference frame between the
processing module and the one or more secondary device.

[19] In accordance with some embodiments, there is provided a method for

operating a robotic system. The method including: receiving, at an input module, a
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set of input signals from one or more primary devices, the set of input signals
including one or more input signals; providing a configuration profile, the
configuration profile comprising a set of operational parameters for the robotic
system; generating, by a processing module, one or more control commands based
on at least the set of input signals and the configuration profile, the one or more
control commands being generated for one or more secondary devices, each control
command being indicative of an operation to be conducted by at least one
secondary device of the one or more secondary devices; managing, by a set of
control modification modules, an operation of the robotic system, each control
modification module managing an operation of a respective secondary device, the
managing including: detecting whether the operation of the respective secondary
device fails to comply with the set of operational parameters; in response to
detecting the operation of the respective secondary device fails to comply with the
set of operational parameters, identifying a non-compliant control command from the
one or more control commands, the non-compliant control command being a control
command causing the operation of the respective secondary device to be non-
compliant with the set of operational parameters; and generating a modifier to adjust
the non-compliant control command to comply with the set of operational
parameters; wherein the robotic system is responsive to the one or more control
commands and each modifier generated by the respective control modification
modules.

[20] In some embodiments, the method further includes: combining the one or
more control commands and the modifier to provide an output signal, the robotic
system being responsive to the output signal.

[21] In some embodiments, the method further includes: receiving, at the input
module, a state change indicator from the at least one secondary device, the state
change indicator representing an adjustment of at least one of the primary device
and the secondary device; and generating the one or more control commands
comprises updating, by a mapping module, the configuration profile in response to
the state change indicator. Some of the described methods can include operating

the mapping module to select one of a plurality of configuration profiles based on the
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stafe change indicator, each configuration profile in the plurality of configuration
profiles including a different respective set of operational parameters.

[22] In some embodiments, the adjustment of the at least one of the primary
device and the secondary device includes a change to a mapped association
between a primary device and a respective secondary device. In some
embodiments, the adjustment of the at least one of the primary device and the
secondary device includes an occurrence of a closed kinematic loop at the
secondary device.

[23] In some embodiments, managing the operation of the robotic system includes
operating each control modification module to: generate an operational model
based on the one or more control commands; identify, from the operational model, a
collision between at least one of the one or more secondary devices and one or
more segments of a secondary device; and in response to identifying the collision,
generate the modifier for preventing the collision, the modifier including a removal of
one or more components of the non-compliant control command causing the
collision based on the operational model.

[24] In some embodiments, the configuration profile includes a compliance
threshold; and managing the operation of the robotic system comprises operating
each control modification module to: receive a sensed value from the secondary
device; determine whether the sensed value exceeds the compliance threshold; and
in response to determining the sensed value exceeds the compliance threshold,
generate the modifier for reducing at least one of a force and a torque exerted by the
secondary device, the modifier including a removal of one or more components of
the non-compliant control command causing the sensed value to exceed the
compliance threshold.

[25] In some embodiments, the configuration profile includes a singularity
threshold; and managing the operation of the robotic system includes operating
each control modification module to: receive a pose information associated with the
secondary device, the pose information comprising a position data and an
orientation data; determine whether the pose information exceeds the singularity
threshold; and in response to determining the pose information exceeds the

singularity threshold, generate the modifier for reducing a movement of the
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secondary device to reduce a change in the pose information, the modifier including
a removal of one or more components of the non-compliant control command
causing the pose information to exceed the singularity threshold.

[26] In some embodiments, generating the one or more control commands
includes providing sensory indicators indicating a relative spatial reference frame
between the processing module and the one or more secondary device.

[27] In accordance with some embodiments, there is provided a robotic system
including: one or more primary devices for receiving input signals; a processing
module for generating one or more control commands based on the input signals
and a configuration profile, the configuration profile comprising a set of operational
parameters, each control command being indicative of an operation to be conducted
by at least one secondary device of the one or more secondary devices; and a
set of control modification modules for managing an operation of the robotic system,
each control modification module managing an operation of a respective secondary
device, each control modification module being configured to: detect whether the
operation of the respective secondary device fails to comply with the set of
operational parameters; in response to detecting the operation of the respective
secondary device fails to comply with the set of operational parameters, identify a
non-compliant control command from the one or more control commands, the non-
compliant control command being a control command causing the operation of the
respective secondary device to be non-compliant with the set of operational
parameters; and generate a modifier to adjust the non-compliant control command
to comply with the set of operational parameters; wherein the robotic system is
responsive to the one or more control commands and each modifier generated by
the respective control modification modules.

[28] In accordance with some embodiments, there is provided a method for
operating a robotic system. The method including: receiving, at an input module,
input signals; generating, by a processing module, one or more control commands
based on the input signals and a configuration profile, the configuration profile
comprising a set of operational parameters, each control command being indicative
of an operation to be conducted by at least one secondary device of the one or more
secondary devices; and managing, by a set of control modification modules, an
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operation of the robotic system, éach control modification module managing an
operation of a respective secondary device, the managing including: detecting
whether the operation of the respective secondary device fails to comply with the set
of operational parameters; in response to detecting the operation of the respective
secondary device fails to comply with the set of operational parameters, identifying a
non-compliant control command from the one or more control commands, the non-
compliant control command being a control command causing the operation of the
respective secondary device to be non-compliant with the set of operational
parameters; and generating a modifier to adjust the non-compliant control command
to comply with the set of operational parameters; wherein the robotic system is
responsive to the one or more control commands and each modifier generated by
the respective control modification modules.

[29] In accordance with some embodiments, there is provided a method, and
associated systems configured to implement the methods, for providing relative
spatial data for a robotic system. The method including: determining a spatial
relationship between an imaging reference frame of an imaging sensor at the robotic
system and an operator reference frame of the operator of the robotic system, the
imaging sensor being remotely controlled by the operator and the imaging sensor
being rotatable; detecting a current imaging orientation of the imaging sensor
relative to the operator reference frame; and providing at least one visual cue
representing the current imaging orientation relative to the operator reference frame.
[30] In some embodiments, determining the spatial relationship between the
imaging reference frame and the operator reference frame includes: comparing the
imaging reference frame with the operator reference frame; and in response to
determining the imaging reference frame is aligned with the operator reference
frame, defining the initial spatial relationship as an aligned relationship, otherwise,
determining a reference frame translation for converting spatial data in the imaging
reference frame to the operator reference frame, and defining the initial spatial
relationship according to the determined reference frame translation.

[31] In some embodiments, providing the at least one visual cue representing the

current imaging orientation includes: providing one or more visual cues representing
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one or more different views of the imaging sensor relative to the operator reference
frame.

[3Zj In some embodiments, the one or more different views of the imaging sensor
relative to the operator reference frame includes: one of a side view of the imaging
sensor relative to the operator reference frame and a top view of the imaging sensor
relative to the operator reference frame.

[33] In some embodiments, providing the at least one visual cue representing the
current imaging orientation includes: providing an extension visual cue representing
a current degree of extension of an imaging arm on which the imaging sensor is
mounted.

[34] In embodiments when the extension visual cue is a side view of the imaging
arm, the method further includes: providing a direction visual cue representing a
direction from which the side view of the imaging arm is shown relative to a base of
a robotic device on which the imaging arm is mounted.

[35] In some embodiments, detecting the current imaging orientation of the
imaging sensor relative to the operator reference frame includes: determining an
imaging position of the imaging sensor according to the imaging reference frame;
and translating the imaging position to the operator reference frame based on the
determined spatial relationship between the imaging reference frame and the
operator reference frame.

[36] In some embodiments, providing the at least one visual cue representing the
current imaging orientation includes: displaying the at least one visual cue at a
display viewable by the operator.

[37] Various embodiments and aspects are described below with reference to

several example embodiments.

Brief Description of the Drawings

[38] Several embodiments will now be described in detail with reference to the
drawings, in which:
FIG. 1A is a block diagram of a robotic system in accordance with an example

embodiment;
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FIG. 1B is a block diagram of a robotic system in accordance with another
example embodiment;

FIG. 2 is a graphical representation of an example embodiment of the robotic
system of FIG. 1B;

FIG. 3A illustrates an example control station in accordance with an example
embodiment;

FIG. 3B is an example stereo vision view provided by the control station of
FIG. 3A;

FIG. 3C is a screenshot of an example three-dimensional model provided by
the control station of FIG. 3A,

FIG. 3D is a screenshot of an example user interface for the control station of
FIG. 3A;

FIG. 4A is a stereo vision view of an object provided by an imaging sensor;

FIG. 4B is a version of the stereo vision view of FIG. 4A provided by a rotated
imaging sensor;

FIGS. 5A and 5B are stereo vision views that correspond to the respective
stereo vision views of FIGS. 4A and 4B with visual cues in accordance with an
example embodiment;

FIGS. 6A to 6C are stereo vision views with different example visual cues in
accordance with an example embodiment;

FIG. 7A illustrates an example robotic device in accordance with an example
embodiment;

FIG. 7B illustrates an example imaging sensors at the robotic device of FIG.
TA;

FIG. 7C illustrates an example sensing arm for the robotic device of FIG. 7A;

FIGS. 8A and 8B illustrate an example embodiment of an application of a
method of providing singularity avoidance as described herein;

FIGS. 9A and 9B illustrate an example embodiment of an application of a
method of providing collision detection and avoidance as described herein;

FIGS. 10A and 10B illustrate an example embodiment of an application of a
method of providing compliance control as described herein;

10
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FIGS. 11A and 11B illustrate an example embodiment of an application of a
method of providing constrained motion as described herein;

FIG. 12A illustrates an example operator reference frame;

FIG. 12B illustrates an example robotic device reference frame;

FIG. 12C illustrates an example controller reference frame;

FIGS. 13A to 13F Iillustrate example tasks by one manipulator of a robotic
device in accordance with various embodiments;

FIGS. 14A to 14F illustrate other example tasks by one manipulator of a
robotic device in accordance with various other embodiments;

FIG. 15A illustrates an example task by one manipulator of a robotic device in
accordance with another example embodiment;

FIG. 15B illustrates an example attachment for a manipulator of a robotic
device in accordance with an example embodiment;

FIGS. 16A to 16D illustrate example tasks by multiple manipulators of a
robotic device in accordance with various embodiments; and

FIG. 17 illustrates an operation of a robotic device in accordance with an
example embodiment of some of the methods and systems described herein.
[39] The drawings and images, described below, are provided for purposes of
illustration, and not of limitation, of the aspects and features of various examples of
embodiments described herein. For simplicity and clarity of illustration, elements
shown in the drawings and images have not necessarily been drawn to scale. The
dimensions of some of the elements may be exaggerated relative to other elements
for clarity. It will be appreciated that for simplicity and clarity of illustration, where
considered appropriate, reference numerals may be repeated among the drawings

and images to indicate corresponding or analogous elements or steps.

Description of Example Embodiments

[40] It will be appreciated that numerous specific details are set forth in order to
provide a thorough understanding of the example embodiments described herein.
However, it will be understood by those of ordinary skill in the art that the
embodiments described herein may be practiced without these specific details. In

other instances, well-known methods, procedures and components have not been

11
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described in detail so as not to obscure the embodiments described herein.
Furthermore, this description and the drawings are not to be considered as limiting
the scope of the embodiments described herein in any way, but rather as merely
describing the implementation of the various embodiments described herein.

[41.] The various embodiments described herein generally relate to robotic
systems, and methods (and associated systems configured to implement the
methods) for operating the various robotic systems.

[42] The described robotic systems, and associated methods, are generally
directed to augmenting the capabilities of and information available to a remote user
of the robotic systems. As a result, direct human involvement or interaction with a
field of interest can be substantially minimized. This can be particularly crucial in
situations that are possibly life-threatening or associated with an unknown level of
risk, such as the disposal of Improvised Explosive Devices (IEDs), operations in
certain sites, such as nuclear areas or underground (e.g., for mining, or pipeline
assembly or maintenance). The described robotic systems, and associated
methods, may also be useful in time-constrained, unconstrained and/or unknown
environments situations such that the ability to conduct paraliel tasks or operations
can be helpful for resolving the situation. The described robotic systems, and
associated methods, may also be used for facilitating operations in environments
with physical constraints (e.g., dimensions, geometry, weight, etc.) and/or hazards.
The ability to involve multiple robotic devices to maneuver those physical constraints
can be useful.

[43] In some embodiments, the described robotic systems, and associated
methods, can facilitate a certain degree of operator input due to safety reasons.

[44] The described methods involve applications of platforms that enable multiple
input teleoperation and a high degree of immersiveness to a user of the robotic
system. In some embodiments, the described robotic systems can include multiple
manipulators.

[45] The multiple input teleoperation involves various control methods and
systems that can facilitate at least some actions, such as constrained motion,
collision avoidance and singularity avoidance, and minimize oscillations arising from

any impact.

12
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[46] The immersiveness experienced by the user can be provided by sensory
feedback generated based on dynamic three-dimensional (3D) information (e.g., 3D
stereo vision and 3D model of the environment), haptic and/or auditory feedback.
[47] It should also be noted that the terms “coupled” or “coupling” as used herein
can have several different meanings depending on the context in which the term is
used. For example, the term coupling can have a mechanical or electrical
connotation. For example, as used herein, the terms “coupled” or “coupling” can
indicate that two elements or devices can be directly connected to one another or
connected to one another through one or more intermediate elements or devices via
an electrical element, electrical signal or a mechanical element such as but not
limited to, a wire or a cable, for example, depending on the particular context. In
another example, the term coupling can also have a software connotation. That is,
the terms “coupled” or “coupling” can indicate that certain software components are
connected directly or indirectly through the passing or sharing of data or through
another software component or algorithm or in another manner that coordinates their
operation.

» o

[48] It should be noted that terms of degree such as “substantially”, “about” and
“approximately” as used herein mean a reasonable amount of deviation of the
modified term such that the end result is not significantly changed. These terms of
degree should be construed as including a deviation of the modified term if this
deviation would not negate the meaning of the term it modifies.

[49] Furthermore, the recitation of any numerical ranges by endpoints herein
includes all numbers and fractions subsumed within that range (e.g. 1 to 5 includes
1, 1.5, 2, 2.75, 3, 3.90, 4, and 5). It is also to be understood that all numbers and
fractions thereof are presumed to be modified by the term "about" which means a
variation up to a certain amount of the number to which reference is being made if
the end result is not significantly changed.

[50] The various embodiments of the devices, systems and methods described
herein may be implemented in hardware or software, or a combination of both.
These embodiments may be implemented in part using computer programs
executing on programmable devices, each programmable device including at least

one processor, an operating system, one or more data stores (including volatile
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memory or non-volatile memory or other data storage elements or a combination
thereof), at least one communication interface and any other associated hardware
and software that is necessary to implement the functionality of at least one of the
em'bodiments described herein. For example, and without limitation, the computing
device may be a server, a network appliance, an embedded device, a computer
expansion module, a personal computer, a laptop, a personal data assistant, a
cellular telephone, a smart-phone device, a tablet computer, a wireless device or
any other computing device capable of being configured to carry out the methods
described herein. The particular embodiment depends on the application of the
computing device.

[51] In some embodiments, the communication interface may be a network
communication interface, a Universal Serial Bus (USB) connection or another
suitable connection as is known by those skilled in the art. In embodiments in which
elements are combined, the communication interface may be a software
communication interface, such as those for inter-process communication (IPC). In
still other embodiments, there may be a combination of communication interfaces
implemented as hardware, software, and combination thereof.

[62] Program code may be applied to input data to perform the functions
described herein and to generate output information. The output information may be
applied to one or more output devices, for display or for further processing.

[53] Each program may be implemented in a high level procedural or object
oriented programming and/or scripting language, or both, to communicate with a
computer system. However, the programs may be implemented in assembly or
machine language, if desired. In any case, the language may be a compiled or
interpreted language. Each such computer program may be stored on a storage
media or a device (e.g. ROM, magnetic disk, optical disc) readable by a general or
special purpose programmable computer, for configuring and operating the
computer when the storage media or device is read by the computer to perform the
procedures described herein. Embodiments of the system may also be considered
to be implemented as a non-transitory computer-readable storage medium,

configured with a computer program, where the storage medium so configured
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causes a computer to operate in a specific and predefined manner to perform the
functions described herein.

[54] Furthermore, the system, processes and methods of the described
embodiments are capable of being distributed in a computer program product
comprising a non-transitory computer readable medium that bears computer usable
instructions for one or more processors. The medium may be provided in various
forms, including one or more diskettes, compact disks, tapes, chips, wireline
transmissions, satellite transmissions, internet transmission or downloadings,
magnetic and electronic storage media, digital and analog signals, and the like. The
computer useable instructions may also be in various forms, including compiled and
non-compiled code.

[55] Reference is first made to FIG. 1A, which illustrates a block diagram of a
robotic system 10.

[56] As shown in FIG. 1A, the example robotic system 10 can include a remote
storage module 12, an auxiliary station 14, a robotic device 20 and a control station
40. Each of the remote storage module 12, the auxiliary station 14, the robotic
device 20 and the control station 40 can communicate with each other over a
network 16.

[57] The robotic device 20 can include various modules, such as a mechanical
component module 22, a device storage module 24, a device processing module 26,
a device interface module 28, a power module 30, and an applications module 32.
[58] It will be understood that in some embodiments, each of the mechanical
component module 22, the device storage module 24, the device processing module
26, the device interface module 28, the power module 30 and the applications
module 32 may be combined into fewer number of modules or may be separated
into further modules. Furthermore, the mechanical component module 22, the
device storage module 24, the device processing module 26, the device interface
module 28, the power module 30 and the applications module 32 may be
implemented in software or hardware, or a combination of software and hardware.
Also, although only one robotic device 20 is shown in FIG. 1A, it will be understood

that more than one robotic device 20 can be provided in the robotic system 10.
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[69] The mechanical component module 22 can include the various hardware
components (e.g., the arms, manipulators, various attachments provided at the
arms, imaging sensors, etc.) provided at the robotic device 20 and the applications
module 32 can include software components (e.g., applications and programs, etc.)
for operating those mechanical components. Examples of the mechanical
component module 22 and the applications module 32 will be described with
reference to FIGS. 7A, 7B and 13A to 16D.

[60] The device storage module 24 can include RAM, ROM, one or more hard
drives, one or more flash drives or some other suitable data storage elements such
as disk drives, etc.

[61] The device processing module 26 may be configured to control the operation
of the robotic device 20. The device processing module 26 can include one or more
suitable processor, controller or digital signal processor that can provide sufficient
processing power depending on the configuration, purposes and requirements of the
robotic device 20. For example, the device processing module 26 may include
multiple high performance general processors. In alternative embodiments, the
device processing module 26 can include more than one processor with each
processor being configured to perform different dedicated tasks. In alternative
embodiments, it may be possible to use specialized hardware to provide some of the
functions provided by the device processing module 26.

[62] The device interface module 28 may be any interface that enables the robotic
device 20 to communicate with other devices and systems. In some embodiments,
the device interface module 28 can include at least one of a serial port, a parallel
port or a USB port. The device interface module 28 may also include at least one of
an Internet, Local Area Network (LAN), Ethernet, Firewire, modem or digital
subscriber line connection. Various combinations of these elements may be
incorporated within the device interface module 28.

[63] The power module 30 can include any suitable power source that provides
power to the robotic device 20 such as a power adaptor or a rechargeable battery
pack depending on the implementation of the robotic device 20 as is known by those
skilled in the art.
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[64] The control station 40 can include various modules, such as a controller
module 42, a storage module 44, a processing module 46 and an interface module
48.

[65] Similar to the robotic device 20, it will be understood that in some
embodiments, each of the controller module 42, the storage module 44, the
processing module 46 and the interface module 48 may be combined into fewer
number of modules or may be separated into further modules. Furthermore, the
controller module 42, the storage module 44, the processing module 46 and the
interface module 48 may be implemented in software or hardware, or a combination
of software and hardware.

[66] The controller module 42 can include various applications and programs for
implementing some of the methods described herein. For example, the controller
module 42 can include applications for further processing information received from
the robotic device 20, such as generation of 3D models of the environment of the
robotic device 20. The controller module 42 can include applications for interpreting
control inputs, or input signals, received via the interface module 48 and generating
corresponding actions at the robotic deviée 20. For example, as will be described,
the applications can enable various control methods, including stable and scaled
motion, singularity avoidance, hybrid control of the various arms at the robotic device
20, collision detection and avoidance, compliance control and constrained motion.
[67] The storage module 44 can include RAM, ROM, one or more hard drives, one
or more flash drives or some other suitable data storage elements such as disk
drives, etc. The storage module 44 can be used to store an operating system and
programs as is commonly known by those skilled in the art. For instance, the
operating system provides various basic operational processes for the control station
40. The programs include various user programs so that a user can interact with the
control station 40 to perform various functions such as, but not limited to, viewing
and manipulating data.

[68] The storage module 44 may further include one or more databases (not
shown) for storing information relating to, for example, the robotic device 20 or the
auxiliary station 14.
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[69] The processing module 46 may be configured to control the operation of the
control station 40. The processing module 46 can include one or more suitable
processor, controller or digital signal processor that can provide sufficient processing
power depending on the configuration, purposes and requirements of the control
station 40. For example, the processing module 46 may include multiple high
performance general processors. In alternative embodiments, the processing
module 46 can include more than one processor with each processor being
configured to perform different dedicated tasks. In alternative embodiments, it may
be possible to use specialized hardware to provide some of the functions provided
by the processing module 46.

[70] The processing module 46 can initiate and manage the operations of each of
the other modules in the control station 40, such as the controller module 42. The
processing module 46 may also determine, based on received data, stored data
and/or user preferences, how the control station 40 may operate.

[71] Similar to the device interface module 28, the interface module 48 at the
control station 40 may be any interface that enables the control station 40 to
communicate with other devices and systems. As will be described, the devices and
systems may include various input devices, such as haptic devices. In some
embodiments, the interface module 48 can include at least one of a serial port, a
parallel port or a USB port. The interface module 48 may also include at least one of
an Internet, Local Area Network (LAN), Ethernet, Firewire, modem or digital
subscriber line connection. Various combinations of these elements may be
incorporated within the interface module 48.

[72] The interface module 48 may also include one or more suitable displays
operable to provide information depending on the configuration of the control station
40. For instance, the displays can be a cathode ray tube, a flat-screen monitor, a
Liquid-Crystal Display (LCD) and the like if the control station 40 is provided as a
desktop computer. In other cases, the displays can be a display suitable for a laptop,
tablet or handheld device such as an LCD-based display and the like.

[73] The displays can show various views and models of the target of interest.
Also, the displays can operate to receive control inputs from various input devices,
such as, but not limited to, a mouse, a keyboard, a touch screen, a thumbwheel, a
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traék-pad, a track-ball, a joystick controller, a card-reader, voice and/or audio
recognition software installed at input devices (e.g., microphones, etc.), haptic
devices, and the like depending on the requirements and implementation of the
control station 40. Other example input devices can include neural and brain implant
controls, and motion and/or gesture-tracking systems.

[74] FIG. 1B is a block diagram of a robotic system 1000 in accordance with
another example embodiment. Similar to the robotic system 10, the robotic system
1000 can also include a control station 1040, a remote storage module 1012 and an
auxiliary station 1014. The robotic system 1000 can also include various robotic
devices 1020, such as master devices, or primary devices, 1020p and slave devices,
or secondary devices, 1020s. The various components of the robotic system 1000
can communicate via a network 1016.

[76] The primary devices 1020p can include any robotic devices 20 and controllers
that can provide input signals to the control station 1040. The secondary devices
1020s can include any robotic devices 20 and controllers that can operate based on
signals provided by the robotic system 1000, such as the control commands and
modifiers provided by the control station 1040.

[76] FIG. 2 illustrates a graphical representation 1100 of an example embodiment
of the robotic system 1000. As shown in FIG. 2, the primary devices 1020p can
include various different controllers, such as a joystick controller 1122¢, a head-
mounted display controller with head-tracking ability 1122a, haptic controllers 1122b
and 1122d, and other similar controllers (E.g., any tracking system based on the
operator's body or certain body parts). It will be understood that although only
certain combinations of the primary devices 1020p are shown in FIG. 2, other
different combinations can be provided.

[77] The secondary devices 1020s can also include various robotic devices, such
as robotic arms located on different machines, such as a helicopter 1120b, different
types of vehicles 1120b, 1120¢c and 1120d) and for various different purposes (e.g.,
industrial, military, medical, etc.), as illustrated in FIG. 2. It will be understood that
other secondary devices 1020s may similarly be used and that these are provided

merely as examples and are not intended to be limiting.

19



10

15

20

25

30

WO 2015/154172 PCT/CA2015/000243

[78] It will be further understood that certain primary devices 1020p can also be
secondary devices 1020s, and certain seéondary devices 1020s can also be primary
devices 1020p. For example, a controller device with haptic feedback capabilities,
such as 1122b and 1122d, can act as a primary device 1020p when actuated by a
user at the control station 1040, but act as a secondary device 1020s when receiving
a haptic signal from the control station 1040.

[79] Similar to the control station 40, the control station 1040 can include an
interface module 1048, a storage module 1044, a controller module 1042 and a
processing module 1046. In the example shown in FIG. 1B, certain example
controller modules 1042, such as a mapping module 1042b and one or more control
modification modules 1042a, are shown to be located remotely from a control sub-
station 1041. It will be understood that one or more of the controller modules 1042
can be located at the control sub-station 1041 and/or remotely away from the control
sub-station 1041 but in electronic communication with the control sub-station 1041.
[80] Similar to the interface module 48, the interface module 1048 may include
any interface that enables the control station 1040 to communicate with other
devices and systems. The interface module 1048 can include an input module for
receiving input signals from the primary devices 1020p and other types of signals,
such as a state change indicator from one or more secondary devices 1020s. The
state change indicator can represent an adjustment or change at the primary device
1020p or the secondary device 1020s. The various different adjustments identifiable
by the robotic system 1000 will be described with reference to the mapping module
1042b.

[81] The interface module 1048 can also be operable for providing the one or
more control commands to the respective one or more secondary devices 1020s.
The interface module 1048 may, in some embodiments, also provide modifiers
generated by the control modification modules 1042a to the respective secondary
devices 1020s.

[82] The storage module 1044 can store information related to the operation of the
robotic system 1000, such as information associated with the various robotic devices
1020s, 1020p and the auxiliary station 1014. For example, the storage module 1044

can store or be operable to provide (e.g., from the remote storage module 1012 via
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the network 1016) one or more different configuration profiles for the robotic system
1000. Each configuration profile can include various definitions or operational
parameters associated with the operation of the robotic system 1000. For example,
the configuration profile can pfovide the mapped associations between each primary
device 1020p and the secondary devices 1020s. The mapped associations can
indicate which primary device 1020p provides input signals to which secondary
device 1020s. The input signals received from each primary device 1020p may
include a primary device identifier.

[83] Each configuration profile can define a set of operational parameters that is
different from another configuration profile. As will be described with respect to the
mapping module 1042b, the control station 1040 can operate in accordance with
different configuration profiles based on different states of the secondary devices
1020s.

[84] For example, for a particular secondary device 1020s, a first configuration
profile can include mapped associations in which a left controller at the control
station 1040 provides input signals to a left robotic arm at the secondary device
1020s and a right controller at the control station 1040 provides input signals to a
right robotic arm at the secondary device 1020s. A second configuration profile can
include different mapped associations, such as the left controller and the second
controller both providing input signals to the left robotic arm. The input signals may
include multiple different input signals directed at different aspects of the operation
of the secondary device 1020s. For example, the input signals can include a first
input signal defining a first aspect of the operation of the secondary device 1020s
(e.g., a displacement) and a second input signal defining a second aspect of the
operation of the secondary device 1020s (e.g., an orientation). Another example
configuration profile can include mapped associations in which one controller
provides input signals to multiple secondary devices 1020s. The secondary devices
1020s can then move in synchronization with each other.

[86] The processing module 1046 can operate in a similar manner as the
processing module 46. For example, the processing module 1046 can determine
how the control station 1040 may operate based on the information available via the

other components in the robotic system 1000, such as the mapping module 1042b,
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the interface module 1048, the storage module 1044 and the control modification
modules 1042a.

[86] The processing module 1046 can generate control commands based on
various different information, such as the received input signals and the
configuration profile for example. The control commands are indicative of an
operation to be conducted by the respective secondary device 1020s or multiple
secondary devices 1020s. v

[87] In some embodiments, for each input signal received by the control station
1040, the processing module 1046 can identify, from the configuration profile, which
secondary device(s) 1020s are in mapped association with the primary device 1020p
that provided the input signal. The processing module 1046 can then associate that
input signal with the identified secondary device(s) 1020s.

[88] Depending on the configuration profile, a secondary device 1020s can
operate based on input signals provided from one or more primary devices 1020p.
When the processing module 1046 determines that the secondary device 1020s is
associated with two or more input signals, the processing module 1046 can then
combine those input signals together to generate the control command for that
secondary device 1020s.

[89] As described with respect to the robotic system 10, the controller module 42
can include various applications and programs for implementing some of the
methods described herein. Example controller modules 42 include the control
modification modules 1042a and the mapping module 1042b.

[90] The control modification modules 1042a may manage the operation of the
robotic system 1000. The robotic system 1000 can include a different control
modification module 1042a for each secondary device 1020s. The control
modification module 1042a can be provided as a software component, a hardware
component or a combination of a software and hardware component. For example,
the control modification module 1042a can include one or more server computers
located at the control sub-station 1041 or remotely from the control sub-station 1041.
[91] Each control modification module 1042a can manage the operation of a
respective secondary device 1020s by determining whether an operation of that

secondary device 1020s will cause non-compliance with the operational parameters
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defined by the configuration profile. For example, in some embodiments, the control
modification module 1042a can detect that an operation of the secondary device
1020s based on the control commands provided by the processing module 1046 will
fail to comply with the operational parameters. Based on the detection of the failure
to comply, the processing module 1046 can then identify the non-compliant control
command, that is, the control command that will cause the operation of the
secondary device 1020s to be non-compliant with the configuration profile. Example
of non-compliance will be described with reference to FIGS. 8A to 11B.

[92] After identifying the non-compliant control command, the control modification
module 1042a can generate a modifier to adjust the non-compliant control command
in order for the secondary devices 1020s to operate in compliance with the
configuration profile. The modifier can include various different signals, such as a
signal for removing a component of the control command, a signal to vary a degree
of the control command (e.g., in a gradual manner or in a steep manner), and other
signals for modifying the control command accordingly.

[93] With the various control modification modules 1042a, the described control
station 1040 can accommodate multiple control objectives prior to providing the
output signal to the respective secondary devices 1020s. The various control
objectives can be provided in the configuration profile or from the operator via the
user interface 106, for example. The output signals correspond to the control
commands modified by the various modifiers to facilitate the various control
objectives required for the tasks or operations to be conducted by the secondary
devices 1020s. For example, the modifiers can be incorporated into the control
commands to generate the output signals. As will be described, the modifiers can
apply different adjustments to the one or more of the control commands, such as
removal of a component of at least one control command. The adjustment resulting
from the application of the modifiers can be gradual, in some embodiments. As a
result, the secondary device 1020s will unlikely be subjected to any spurious motion
commands or conflicting control signals.

[94] As shown in FIG. 1B, the processing module 1046 can provide the generated
control commands to the respective secondary devices 1020s via the network 1016.
The control modification modules 1042a can provide the modifiers to the respective
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secondary devices 1020a directly via the network 1016 or indirectly via the control
sub-station 1041. The control commands and modifiers are received at an output
module. The output module operates to combine the control commands and
modifiers to provide an output signal that corresponds to the operation of the
secondary device 1020s.

[95] In some embodiments, the output module is located at the respective
secondary device 1020s. In some other embodiments, the output module is located
at the control station 1040 so that the secondary device 1020s receive the output
signal and not separate control commands and modifiers

[96] The mapping module 1042b can facilitate a response, by the robotic system
1000, to changes at the primary device 1020p and secondary devices 1020s, or the
association between the devices 1020s, 1020p. For example, when the control
station 1040 receives the state change indicator, the mapping module 1042b can
update the configuration profile based on that state change indicator. As described,
the state change indicator may indicate that an adjustment took place at the relevant
primary device(s) 1020p and secondary device(s) 1020s. In some embodiments, in
response to the state change indicator, the mapping module 1042b may select
another configuration profile to accommodate the change identified by the state
change indicator.

[97] Example adjustments can include a change to a mapped association
between a primary device 1020p and a respective secondary device 1020s. In
response to the adjustment in the mapping association, the mapping module 1042b
can identify the configuration profile corresponding to the new mapped association.
For example, when a sensing arm at the secondary device 1020s is moved to face
an opposite direction from an initial direction, a corresponding state change indicator
can be received by the control station 1040. The mapping module 1042b can adjust
the configuration profile or select a different configuration profile accordingly. That is,
the mapping module 1042b can adjust the configuration profile so that the robotic
arms at the secondary device 1020s operate based on input signals provided by the
opposite controllers (e.g., the right robotic arm would operate based on input signals
provided by the left controller, and the left robotic arm would operate based on input
signals provided by the right controller).
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[98] Another example adjustment can be an occurrence of a closed kinematic loop
at the secondary device 1020s. In response to the closed kinematic loop, the
mapping module 1042b can identify the configuration profile that can adapt the
secbndary device 1020s to the closed kinematic loop. For example, the mapping
module 1042b can adjust the configuration profile so that one controller at the
control station 1040 provides input signals to the robotic arms involved in the closed
kinematic loop for synchronized motion control.

[99] An example embodiment of the control station 40, 1040 will now be described
with reference to FIG. 3A. FIG. 3A illustrates an example control station 100. The
control station 100 may act as a main control interface for the user’s interaction with
the robotic device 20. As shown in FIG. 3A, the control station 100 can include
various displays and input devices.

[100] As shown in the example of FIG. 3A, the displays can include one or more
views from different directions in respect of the target. For example, in FIG. 3A, the
control station 100 includes displays for a left view 102a, a front view 102b, a right
view 102c and a top view 102d.

[101] Other displays directed to three-dimensional view of the target and the control
area can also be provided. The various 3D displays 104a to 104c may be provided
in real-time.

[102] As shown in FIG. 3A, the control station 40, 1040 can show a 3D model 104a
of the target (e.g., a 3DRM viewer) and a 3D visualization 104b of the environment
of the target and the robotic device 20. A stereo vision view 104c¢ of the target can
also be provided (also shown in FIG. 3B). The stereo vision view 104¢, as shown in
FIG. 3B, includes a first vantage view 130a from a first vantage point and a second
vantage view 130b from a second vantage point. For example, the first vantage view
130a can be the view for the user’s left eye while the second vantage view 130b can
be the view for the user’s right eye. Based on the first and second vantage views
130a and 130b, a 3D view can be generated.

[103] The stereo vision view 104c can also be provided with various different visual
cues 132a, 132b, 134a, 134b, 136a, 136b, 138a, 138b, 140a and 140b. Examples of
the visual cues will be described with reference to FIGS. 4A to 6C.
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[104] The visual cues 132 to 140b may facilitate operation of the remote robotic
device 20 by providing relative spatial data or information between an imaging
reference frame, which is a frame of reference of an imaging sensor at the robotic
deVice 20, and an operator reference frame, which is a frame of reference of the
operator.

[105] For example, during operation of the robotic device 20, an imaging arm may
not be visible to the remote operator. The imaging sensor at the imaging arm can
also be rotatable in one or more different directions and/or translated in one or more
different directions. Also, the target can be associated with a target reference frame,
and the target reference frame can be different from one or both of the imaging
reference frame and the operator reference frame. The view of the target generated
by the imaging sensor can provide the relative spatial information between the target
reference frame and the imaging reference frame. However, a spatial relationship
between the imaging reference frame and the operator reference frame may be
unknown, and in some instances, the imaging reference frame and the operator
reference frame may not be aligned with each other. This can be particularly
problematic when control of the movement of the imaging sensor depends on a
movement of the operator (e.g., the imaging sensor is moved based on movement
of a head-mounted display worn by the operator).

[106] In embodiments when the imaging reference frame is not aligned with the
operator reference frame, the processing module 1046 can determine a reference
frame translation for converting spatial data in the imaging reference frame to the
operator reference frame based on a comparison of the imaging reference frame
and the operator reference frame. The processing module 1046 can then define the
spatial relationship between the imaging reference frame and the operator reference
frame according to the determined reference frame translation.

[107] Referring now to FIGS. 4A and 4B. FIGS. 4A and 4B each illustrate a
different stereo vision view 202 and 202’, respectively, of an object. The stereo
vision view 202 of FIG. 4A illustrates the instance in which the imaging reference
frame is aligned with the target reference frame and the operator reference frame so
that the imaging reference frame is in an aligned relationship with each of the target

reference frame and the operator reference frame. The stereo vision view 202’ of
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FIG. 4B, on the other hand, illustrates the instance when the imaging reference
frame is rotated 45 degrees clockwise relative to the target reference frame so that
the imaging reference frame is no longer aligned with the target reference frame and
the operator reference frame.

[108] If the operator begins operating the robotic device 20 when the imaging
sensor is at the position corresponding to the stereo vision view 202’ shown in FIG.
4B, or the current imaging orientation of the imaging sensor, the operator would not
appreciate how the imaging sensor is positioned relative to the object, a reference
frame of the robotic device 20 and the operator. That is, no known absolute
reference is available to the operator to facilitate alignment between the imaging
sensor, the operator and the object so that the operator can easily and accurately
initiate the desired teleoperation task.

[109] FIGS. 5A and 5B illustrate modified stereo vision views 212 and 212,
respectively, corresponding to the stereo vision views illustrated in FIGS. 4A and 4B.
In comparison with the stereo vision views 202 and 202’, the stereo vision views 212
and 212’ include example visual cues, 216a and 216b and 216a’ and 216b’,
respectively.

[110] The visual cues 216a and 216b and 216a’ and 216b’ indicate a relative
spatial orientation between the imaging sensor and the operator, that is, the current
imaging orientation relative to the operator reference frame.

[111] In particular, assuming that the object is aligned with the imaging sensor, the
visual cues 216a and 216b of FIG. 5A indicate that the imaging sensor is not rotated
with respect to the operator (e.g., there is zero rotation at the x-axis shown in FIG.
4A, or the roll angle is zero). The visual cues 216a’ and 216b’ of FIG. 5B, on the
other hand, indicate that the imaging sensor is rotated 45 degrees clockwise with
respect to the operator. The operator, therefore, can understand from the visual
cues 216a’ and 216b’ that the operator needs to rotate his/her frame of reference 45
degrees clockwise to be in alignment with the imaging sensor or the imaging sensor
needs to be rotated 45 degrees counter clockwise to be in alignment with the object.
[112] To determine the current imaging orientation relative to the operator reference
frame, the processing module 1046 can determine an imaging position of the
imaging sensor within the imaging reference frame. When the imaging reference
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frame is in an aligned relationship with the operator reference frame, the processing
module 1046 can translate the imaging position to the operator reference frame with
minimal further actions. When the imaging reference frame is not in an aligned
relationship with the operator reference frame, the processing module 1046 can
translate the imaging position to the operator reference frame based on, at least, the
reference frame translation determined for the imaging reference frame and the
operator reference frame.

[113] As shown in FIG. 3B and 6A, other visual cues may similarly be provided by
the control station 40, 1040. FIG. 6A illustrates another modified stereo vision view
222A corresponding to FIG. 4B with example visual cues.

[114] The modified stereo vision view 222A illustrates visual cues 232a, 234a,
236a, 238a and 240a in a first vantage view 230a and visual cues 232b, 234b, 236D,
238b and 240b in a second vantage view 230b. The visual cues 234a and 234b
correspond to the roll indicator described with reference to FIGS. 5A and 5B.
Similarly, visual cues 232a, 232b and 236a, 236b represent different‘relative angles,
namely the yaw angle (rotation about a Zg-axis of FIG. 12A) and the pitch angle
(rotation about the Yo-axis of FIG. 12A), respectively.

[115] The yaw indicator (or heading indicator) 232a, 232b can show the direction in
which the imaging sensor is pointed from a top view perspective. For example, when
the yaw indicator 232a points to the right, the imaging sensor is pointing to the right
side with respect to an operator reference frame.

[116] Similarly, the pitch indicator (or tilt indicator) 236a, 236b represents the
direction in which the imaging sensor is pointing from a side view perspective. For
example, when the pitch indicator 236a is pointing down, the imaging sensor is
pointing down with respect to the operator reference frame.

[117] Based on the roll indicator 234a, the yaw indicator 232a and the pitch
indicator 236a shown in FIG. 6A, an operator can easily understand that in order to
align the head-mounted display with the imaging sensor, the operator needs to
adjust the head-mounted display by approximately 45 degrees about the roll axis in
a clockwise (or positive) direction, approximately 45 degrees about the pitch axis in a
clockwise (or positive) direction and approximately 45 degrees about the yaw axis in
a clockwise (or negative) direction.
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[118] Visual cue 238a, 238b correspond to a side view of the robotic device 20
viewed from the direction provided in 240a and 240b. For example, the visual cue
238a, which may also be referred to as an extension visual cue, correspond to how
extended a robotic arm is at the robotic device 20. In the example shown in FIG. 6A,
the extension visual cues 238a, 238b represent a current degree of extension of the
imaging arm (robotic arm on which the imaging sensor is mounted). It will be
understood that the extension visual cues 238a, 238b may similarly be used to
represent an extension of other robotic arms at the robotic device 20.

[119] As shown in FIG. 3B, the visual cues 138a, 138b indicate that the
corresponding robotic arm is less extended than the robotic arm corresponding to
the visual cue 238a, 238b of FIG. 6A. That is, the visual cue 238a, 238b can indicate
that the robotic arm is close to a singular position and may not be able to reach any
further.

[120] Visual cue 240a, 240b correspond to a relative position of the arms of the
robotic device 20 relative to a base of the robotic device 20, from a top view
perspective of the robotic device 20 (e.g. the sensing arm 304 in FIG. 7A).

[121] The visual cues 238a and 240a, together, represent a pose of the robotic arm
in the operator’s reference frame. In the embodiments that visual cues 238a, 238b
represent a side view of the robotic arm, the visual cues 240a, 240b, which may also
be referred to as direction visual cues, can represent a direction from which that side
view is shown relative to the base of the robotic device 20.

[122] FIGS. 6B and 6C illustrate different versions of the modified stereo vision
view 222A. As briefly described, the visual cues may be directed at facilitating
operation of the robotic system 10, 1000 by providing a more user-friendly and
intuitive display and as a result, minimizing operator cognitive load and fatigue.
Therefore, the yaw, roll and pitch graphical indicators 232, 234 and 236 of FIG. 6A
can be replaced with more intuitive icons, such as those shown in FIG. 6B (i.e., a
representation of the imaging sensor) and FIG. 6C (i.e., a representation of an
operator head). Providing the visual cues as representations of the operator head
can be particularly helpful since the operator head representations can further
facilitate a feeling of immersion by the operator.
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[123] In some embodiments, the control station 1040 can generate 3D visual cues
based on the roll, pitch and yaw information.

[124] In some embodiments, other information may also be provided on the display.
For example, the other information can include a speed of the robotic device 20, a
distance between different objects or segments, a type or size of the target objects,
proximity to singularities, proximity to joint limits, relative spatial reference to nearby
robotic devices 20, and a distance to a ground plane.

[125] In some embodiments, the visual cues described can be replaced or
supplemented with feedback information, such as tactile or haptic feedback, auditory
feedback and vestibular feedback. The supplementary feedback may be especially
useful when visual information is not available (e.g., no imaging sensor is provided
at the robotic device 20, imaging data from the imaging sensor is unclear or the
operator is blind).

[126] For example, the control station 40 can generate tactile feedback to the
corresponding controller to indicate that there is a misalignment between the
operator reference frame and the robotic device reference frame. Different tactile
feedback (e.g., different frequencies, harmonics and amplitudes) can indicate
different movements. The various tactile feedback and the corresponding
movements can be defined and stored at the control station 40 or the remote
storage module 12, for example. If, for example, the control station 40 wants to
indicate that the operator should turn his/her head slightly in a certain way, the
control station 40 can provide that indicator by applying a low amplitude, low
frequency tactile feedback (e.g., pulse train).

[127] Referring now to FIG. 3C, which illustrates another example 3D model 104d
provided by the control station 40. The 3D model 104d can be rendered by the
controller module 42 and the processing module 46 at the control station 40, for
example. The 3D model 104d includes a trajectory of the imaging sensors, such as
imaging sensors 306 shown in FIG. 7B, at the robotic device 20 while the imaging
sensors are moved during the collection of the image data.

[128] A user interface 106 can also be provided in the control station 100 for
receiving inputs from the user. A screenshot of the example user interface 106 is
shown in FIG. 3D. The user interface 106 may be provided using LabVIEW ™.
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[129] The control station 40, 1040 can receive configuration profiles as defined by
the user via the user interface 106. As shown in the user interface 106, the various
different components at the robotic device 20 may be configured. The user interface
106 in this example is provided for the robotic device 300 (shown in FIG. 7A). It will
be understood that the user interface may be configured differently than shown and
that additional or fewer controls may be provided.

[130] Control of the robotic system 10, 1000 via the user interface 106 may be
enabled and disabled, also, via the toggle switch 148.

[131] In the user interface 106 of FIG. 3D, each of the arms 302a, 302b and 304
can be configured in a similar manner as shown generally at 1501, 150r and 150i,
respectively. The 3DRM viewer 104a shown in FIG. 3C can similarly be configured
based on controls shown generally at 150v. Additional controls for the 3DRM viewer
may also be provided via the user interface 106, as shown generally at 170.

[132] For ease of exposition, only the controls associated with the manipulator 302a
(“left arm”) is described. In respect of the manipulator 302a, the user interface 106
includes a reference frame control 151, an operation pose control 154, a mode
control 152, a controller (or primary device) selector 156, and a constraint control
158.

[133] The reference frame control 151 can receive a selection of a reference frame
with which the input signals are to be mapped. For example, the reference frames
can be selected from an operator reference frame, a command reference frame, and
an end-effector reference frame.

[134] The operation pose control 154 can receive a selection indicating how the
manipulator 302a, is to be positioned, such as an operation pose. In respect of the
imaging arm 304, different pose selections may be provided, such as an indication
of a direction in which the imaging sensor is to be directed (e.g., front view, left side
view, right side view or rear view, etc.).

[135] The mode control 152 can receive a selection indicating how the manipulator
302a should operate based on the received input signals. That is, the manipulator
302a can operate in strict accordance to the input signals or can operate based on a

variation of the input signals (e.g., the input signals can be scaled, etc.).
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[136] The controller selector 156 can receive a selection identifying the one or more
corresponding controllers that is to control the manipulator 302a. This selection is
used to provide the mapped associations described herein.

[137] The constraint control 158 can receive a selection identifying one or more
movements are restricted. That is, the constraint control 158 can receive inputs
indicating that the manipulator 302a should not move along the x-axis and the z-axis
—that is, the manipulator 302a can only move along the y-axis.

[138] In the example user interface 106 of FIG. 3D, a status of the various
configured components may also be provided at 160.

[139] The user interface 106 also includes different toggle switches for enabling
and disabling at least some of the control methods described herein. Example toggle
switches include compliance switch 162, collision avoidance switch 164, collision
force feedback switch 166 and singularity avoidance switch 168. When any one of
the switches 162 to 168 is enabled, the control station 40, 1040 can operate to apply
the respective control methods. It will be understood that controls other than the
toggle switches may similarly be used.

[140] The control station 100 can include one or more different controllers (or
primary devices 1020p) for providing input and/or receiving feedback from the
robotic device 20. The controllers may include various different input devices. FIG.
3A illustrates a first controller 110, a second controller 120a and a third controller
120b.

[141] The first controller 110 may control motion at the robotic device 20. For
example, the first controller 110 can control at least a linear and angular motion
control of an imaging arm provided at the robotic device 20. The first controller 110
may include a combination of different technologies, such as PHANTOM Omni™
and an Oculus Rift™ head-mounted display (HMD). The Oculus Rift HMD is
equipped with an integrated 3-axis gyroscope, accelerometers and magnetometers
that allow for absolute head orientation tracking with minimum drifts. It will generally
be understood that other controllers that can operate according to motion tracking
data (e.g., motion at the head or other body parts) can similarly be used.

[142] In some embodiments, one or more imaging filters may be provided at the
controller module 42 to enable operation with the first controller 110. For example, to
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integrate the Oculus Rift HMD with the robotic system 10, a barrel distortion filter is
included at the controller module 42 with OpenGL using shaders in order to render
3D video from HD data feeds.

[143] The second and third controllers 120a, 120b can be haptic devices. In the
example of FIG. 3A, the second and third controllers 120a, 120b are two respective
haptic input devices (e.g., Quanser HD*™) that can control two respective 7-degree-
of-freedom (DOF) manipulators at the robotic device 20. Providing haptic feedback
to the user at the control station 40 can enhance that user’s perception of the
operation of the robotic device 20. It will be understood that other types of haptic
input devices (e.g., PHANTOM Omni and a haptic joystick) may similarly be used
depending on the manipulators at the robotic device 20.

[144] Other controllers may also be provided at the control station 100. For
example, the control station 100 may include controllers for receiving auditory
command inputs. Auditory data may also be collected from sensors provided at the
robotic device 20 and received at the control station 100 for processing.

[145] Operation of any of these controllers may be varied. For example, one or
more controllers can be disabled and/or enabled via the user interface 106.

[146] Referring again to FIG. 1A, the auxiliary station 14 may be provided as a
computing device. The auxiliary station 14 may be used by an observing user to
provide additional assistance and support to the user at the control station 40.

[147] For example, the auxiliary station 14 can include a display for showing a 3D
model of the environment of the target, such as display 104a at the control station
40. The display at the auxiliary station 14 can be synchronized with the display 104a
at the control station 40 or independently controlled based on inputs received from
the observing user at the auxiliary station 14.

[148] In some embodiments, these computing devices may be a laptop or a
smartphone device equipped with a network adapter for connecting to the Internet.
[149] The computing device may be any networked device operable to connect to
the network 16. A networked device is a device capable of communicating with other
devices through the network 16. A network device may couple to the network 16

through a wired or wireless connection.
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[150] As noted, these computing devices may include at least a processor and
memory, and may be an electronic tablet device, a personal computer, workstation,
server, portable computer, mobile device; personal digital assistant, laptop, smart
phone, WAP phone, an interactive television, video display terminals, gaming
consoles, and portable electronic devices or any combination of these.

[161] The network 16 may be any network capable of carrying data, including the
Internet, Ethernet, plain old telephone service (POTS) line, public switch telephone
network (PSTN), integrated services digital network (ISDN), digital subscriber line
(DSL), coaxial cable, fiber optics, satellite, mobile, wireless (e.g. Wi-Fi, WiMAX),
SS7 signaling network, fixed line, local area network, wide area network, and others,
including any combination of these, capable of interfacing with, and enabling
communication between the various components shown in FIG. 1A, in particular the
robotic device 20 and the control station 40.

[152] The network 16 can support a video compression and transmission
framework that can provide multiple video streams with minimum apparent delay.
The video streams can be of different quality levels.

[153] In some embodiments, the network 16 can include at least two virtual network
connections between the robotic device 20 and the control station 40. One of the
virtual network connections can be for transmitting low-bandwidth control data that
can be time sensitive. The other of the virtual network connections can be for
transmitting high-bandwidth data, such as image data.

[154] The remote storage module 12 can include one or more databases (not
shown) for storing information relating to, for example, the robotic device 20, the
control station 40 and/or the auxiliary station 14. It will be understood that the remote
storage module 12 can be a backup storage component and include a copy of the
data available at the storage module 44 and the device storage module 24, for
example.

[155] Reference is now made to FIG. 7A, which illustrates a robotic device 300 in
accordance with an example embodiment.

[156] The robotic device 300 is a remotely-controlled device with three articulated
arms 302a, 302b and 304 mounted on a frame 310. The frame 310 may be mobile

or provided on a mobile platform. The frame 310 can be adjustable to different
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dimensions. It will be understood that other types and other numbers of arms may
similarly be provided at the robotic device 300.

[157] The three articulated arms include two manipulators 302a, 302b and one
sensing arm 304. The two manipulators 302a, 302b in this example are two
Kinova™ JACO™ 6-DOF articulated arms. It will be understood that other types of
arms may similarly be used. it is also possible that different types of manipulators
302 may be provided at the robotic device 300.

[158] One or more sensors may be mounted to the sensing arm 304 for collecting
various different information from the environment and/or in respect of the robotic
device 300, as will be described. Referring still to FIG. 7A, the sensing arm 304, like
the two manipulators 302a, 302b, may also be provided using a fully-articulated arm,
such as a JACO 6-DOF articulated arm. As will be described with respect to FIG.
7C, providing the sensing arm 304 as a full-articulated arm can enhance the quality
of sensing data that can be obtained by the sensing arm 304. The full articulation of
the sensing arm 304 can, in some embodiments, facilitate collection of information
from environments that would otherwise be occluded, such as inside a container,
underneath objects, or behind objects.

[159] For example, as shown in FIG. 7C, another embodiment of a sensing arm
304’ is provided. For ease of exposition, the sensing arm 304’ of FIG. 7C is shown
separately from the frame 310. It will be understood that the sensing arm 304’ can
be mounted to the frame 310 in a similar manner as the sensing arm 304 shown in
FIGS. 7A and 7B.

[160] The sensing arm 304’ in the example of FIG. 7C is being operated with
respect to a target 320’ in order to identify the contents of the target 320'. For ease
of exposition, the target 320 is transparent but it will be understood that the target
320’ may not be transparent so that the contents cannot be seen from outside. The
target 320 in this example is a narrow tubular structure containing an object 322. As
can be seen from FIG. 7C, since the sensing arm 304’ is provided as a fully
articulated arm, the sensing arm 304’ can maneuver with respect to the target 320’
in order to obtain information with respect to the contents of the target 320’, such as
the object 322.
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[161] Other example types of manipulators that may provide full articulation can
include, but are not limited to, Cartesian manipulators, serial manipulators (e.g.,
Selective Compliance Assembly Robot ARM (SCARA) and/or redundant
manipulators), parallel manipulators, cylindrical manipulators, and/or spherical
manipulators.

[162] Referring still to FIG. 7A, the sensing arm 304 in this example operates as an
imaging arm for receiving imaging data from the environment. As shown more
clearly in FIG. 7B, the imaging arm 304 can include a set 306 of imaging sensors
mounted to an end-effector of the imaging arm 304. The imaging sensor set 306 can
include various different imaging sensors and camera devices, such as high-
definition (HD) video sensors for providing one or more HD video feeds, red-green-
blue-depth (RGB-D) imaging sensors (e.g., a PrimeSense™ camera or Kinect™),
infrared (IR) imaging sensors, X-ray imaging sensors, ultrasonic sensors (e.g.,
ultrasonic transducers that operate based on time-of-flight), and/or laser sensors.
The imaging sensor set 306 can be controlled by control inputs provided by the user
at the control station 40 to obtain visual information of a target 320, such as the box
shown in FIG. 7A.

[163] The visual information obtained at the imaging arm 304 can include HD
stereo imaging data and RGB-D data from the respective sensors. The HD stereo
imaging data can be generated based on the data provided in the HD video feeds.
The HD video feeds may be provided in real-time. When the RGB-D data is received
from the robotic device 20, the control station 40 can provide a 3D model of the
target 320 accordingly. For example, the controller module 42 at the control station
40 can render the 3D model shown in the display 104a using colour and depth
information measured from the RGB-D data.

[164] As described, various different sensors 306’ can be coupled to the end-
effector of the sensing arm 304’. Example sensors in addition to the various
described imaging sensors can include radar sensors, sonar sensors, Light
Detection and Ranging (LIDAR) sensors, and/or noise or sound sensors (e.g.,
microphones). The types of sensors that may be provided at the sensing arm 304’
can vary depending on the intended use of the robotic device 300. For example, and

not of limitation, sonar sensors may be coupled to the sensing arm 304’ to obtain
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depth information for generating the 3D model of the target 320. The sonar sensors
may be used when the robotic device 300 will likely be operated in low light
environments.

[165] Referring again to FIG. 7A, various other imaging devices 312, such as
cameras 312a, 312b and 312c, can be mounted at various positions of the frame
310 to provide further information on an environment of the target 320 and a
workspace of the robotic device 20. The additional imaging data can further improve
the user's awareness of the situation and surrounding of the robotic device 20 and
the target 320.

[166] As noted, haptic feedback provided by the various controllers (such as the
second and third controllers 120a, 120b) can enhance the user's perception of the
remote environment even though that user is operating the robotic device 20 from
the control station 40. By providing the imaging arm 304 equipped with the imaging
sensor set 306, a further enhanced experience can be provided to the user at the
control station 40.

[167] For some of the described embodiments, the robotic system 10 can operate
based on at least a combination of real-time stereo imaging, appropriate visual
indicators and head-motion tracking. The combination of the various sensing data
and tracking data can help to improve the effectiveness of performing at least some
tasks by the robotic device 20, especially those requiring distance and depth
information.

[168] Various operations of an example embodiment of the robotic system 10 will
now be described.

[169] At start-up, the robotic system 10 may undergo a test sequence. The test
sequence may include one or more different procedures, and may be predefined.
For example, the test sequence can include a self-diagnosis procedure and a
calibration procedure. The self-diagnosis and calibration procedures can include a
test of the various sensors (e.g., the force and/or torque sensors) and manipulators
(e.g., the grippers) at the robotic device 20 independent of the initial system state or
initial poses of the robotic device 20. The self-diagnosis and calibration procedures

may also calibrate the various sensors and manipulators.
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[170] The initial state of the robotic device 20 (that is, before system start-up) can
include configuring the arms 302, 304 of the robotic device 20 in positions that are
safe for subsequent movement of the robotic device 20. The position of the arms
302, 304 can take into consideration the surrounding environment of the robotic
device 20. Accordingly, homing may not be required at the calibration stage.

[171] The robotic system 10 can notify the user at the control station 40 of any
problems and/or malfunction determined from the test sequence. For example, the
diagnostic information, including system warnings and hardware and software
malfunctions, can be presented to the user via the user interface 1086.

[172] The start-up process can typically be completed relatively quickly since the
robotic system 10 is intended to operate in time-sensitive situations, such as for
disposing IEDs.

[173] After a successful start-up, the robotic system 10 can be deployed for
investigating the target 320. The robotic device 20 can be driven, remotely, by the
control station 40 to the location of the target 320. During the operation of the robotic
system 10, various data is collected by the robotic device 20 and provided to the
control station 40. The robotic device 20 may, in some embodiments, process the
collected data prior to providing data to the control station 40.

[174] As noted, the various data can include imaging data received from the
imaging sensor set 306 and the other imaging devices 312 at the robotic device 20,
and drive telemetry information (e.g., device speed, heading, location, etc.). Haptic
feedback can also be provided to the second and third controllers 120a, 120b to
further provide the user with an immersive experience.

[175] Once the robotic device 20 is navigated to the location of the target 320, the
control station 40 can orient the robotic device 20 with respect to the target 320. For
example, the control station 40 can orient the robotic device 20 such that the target
320 is within a workspace defined by the arms 302, 304 of the robotic device 20. In
some embodiments, the control station 40 can orient the robotic device 20 to provide
a symmetric workspace for the two manipulators 302a, 302b. The symmetric
workspace is generally when the target 320 is located approximately halfway
between the two manipulators 302a, 302b. The symmetric workspace can facilitate
easier operation of the two manipulators 302a, 302b.
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[176] In some embodiments, the control station 40 can deploy the sensing arm 304
into an operating position while maintaining the two manipulators 302a, 302b in the
initial positions. As a result, the control station 40 can navigate the sensing arm 304
to collect different sensing data of the target 320 without running into potential
collisions with the two manipulators 302a, 302b.

[177] The robotic device 20 can perform an initial inspection of the target 320 and
its surrounding to determine the tasks to be conducted. The initial inspection can
involve collaboration between the control station 40 and the auxiliary station 14.
[178] Various components can be operational during the initial inspection. For
example, the device processing module 26 can initiate operation of a minimum jerk
trajectory application component at the applications module 32 for controlling any
sudden changes in the movement of the sensing arm 304 while sensing data is
being captured. The quality of the 3D models to be generated by the robotic device
20 can be affected by the movement of the sensing arm 304 during data collection.
[179] The device processing module 26 can also initiate operation of a 3D real-time
modeling (3DRM) application component at the applications module 32 for
generating a 3D model of the target 320. The 3D real-time modeling application can
include a machine-vision 3D reconstruction and mapping software based on the
collected RGB-D data. In some embodiments, the 3D model of the target 320 can
include a photo-realistic 3D model of the target 320.

[180] At the control station 40, the processing module 46 can initiate 3D real-time
modeling viewer software for displaying and receiving control inputs for manipulating
the 3D model generated by the 3D real-time modeling application. The control
station 40 can also initiate operation of the first controller 110 to provide a real-time
stereo vision with visual cues (such as the display shown in FIG. 3B) based on head
motion tracking.

[181] The initial inspection may involve a predefined series of steps by the sensing
arm 304. For example, the sensing arm 304 can perform multiple predefined
trajectories, such as circular or spiral trajectories. The trajectory 108 shown in FIG.
3C is an example. In some embodiments, the trajectory of the sensing arm 304 can

be circular so that symmetric data can be collected 360° around the target 320. The
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robotic device 20 can generate an initial 3D model of the target 320 based on the
data collected by the sensing arm 304.

[182] The robotic device 20 can then transmit the initial 3D model to the control
station 40 and/or the auxiliary station 14 for display. The model data can be
transferred incrementally to the control station 40 via various data transfer protocols
over the network 16, such as file-transfer-protocol (FTP). The initial 3D model can be
available at the control station 40 with minimum delay (for example, possibly within
five minutes from the start of the initial inspection). The robotic device 20 can
continue to transmit updated 3D model data over time. In some embodiments, the
robotic system 10 can continue to update the 3D model of the target 320 with new
data obtained from subsequent manual or pre-programmed automatic inspection
procedures.

[183] By sharing the initial 3D model between the different users at the control
station 40 and the auxiliary station 14 in real-time, discussion can be facilitated to
resolve the situation while minimizing risk. As a result, other experts and observers
can contribute to the situational analysis and assessment in parallel with the user at
the control station 40. The observing users at the auxiliary station 14 can leverage
additional resources and reference materials including data associated with
previously inspected targets (e.g., similar IEDs, etc.) to increase the effectiveness of
the inspection.

[184] The control station 40 can receive control inputs from the user for interacting
with the initial 3D model of the target 320. For example, the control station 40 may
display the initial 3D model on a touch screen display and can then receive the
control inputs via the touch screen display. The control inputs can include various
manipulations of the view angle and zoom level of the initial 3D model. Additionally,
the operator can extract distance and size measurements of the object under
inspection from the 3D model by specifying points of interest in the 3D model viewer.
[185] The initial 3D model can provide a high resolution, all-around view of the
target 320. The initial 3D model can facilitate in-depth inspection and analysis. At
least some details, including color, shape and dimension information, can be critical
for identifying the target 320 and assessing any associated risk.
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[186] In some embodiments, the control station 40 can receive control inputs for
navigating the sensing arm 304 to collect additional data in order to better
characterize the target 320 and determine the tasks required. As described, the
sensing arm 304 may be provided as a fully articulated arm in order to enhance the
extent of relative motion with respect to the target 320 and accordingly, the quality of
sensing data obtainable via the sensors mounted at the sensing arm 304. As noted,
the sensing arm 304 can include, at least, a live HD feed at the imaging sensor set
306. The movement of the sensing arm 304 can also be controlled by the first
controller 110 and include a head motion tracking capability. The user at the control
station 40 can benefit from an increased sense of depth in the surrounding of the
target 320 and allow for a more intuitive control of the sensing arm 304.

[187] It will be understood that the movement of any of the arms 302, 304 can be
navigated via one or more other controllers, such as a joystick.

[188] In some embodiments, the control station 40 can synchronize the viewpoint of
the initial 3D model with a live image of the target 320 provided by the imaging
sensor set 306. The live image can be generated based on data provided from the
live HD data feeds. This can facilitate side-by-side comparison between the initial 3D
model and the live image of the target 320.

[189] In some embodiments, data associated with the 3D models can be stored in
the remote storage module 12, the storage module 44 and/or the device storage
module 24 for reference. For example, the initial 3D model generated from the
described initial inspect can be analyzed for identifying trends in the various 3D
models.

[190] Based on the initial inspection, the user at the control station 40 can
determine a sequence of tasks to be conducted by the robotic device 20. Example
tasks will be described with reference to FIGS. 13A to 16D.

[191] As noted, the robotic system 10 described herein may be used in situations
associated with unknown and potentially high risks, such as for the disposal of IEDs.
Accordingly, the tasks described with reference to FIGS. 13A to 16D are generally
directed to actions that may be required for inspecting targets that may be or may
contain IEDs (e.g., operating the robotic device 20 to open a bag to inspect its

interior, or operating the robotic device 20 to lift or move a target suspected as being

41



10

15

20

25

30

WO 2015/154172 PCT/CA2015/000243

an IED), and actions that may be required for disposing targets that may be IEDs. It
will be understood that the described robotic system 10 can be applied in different
environments and conduct other analogous tasks in those environments.

[192] The tasks illustrated in each of FIGS. 13A to 16D can involve different control
methods directed at different control objectives, such as providing stable and scaled
motion, singularity avoidance, cross-coupled hybrid control of the arms at the robotic
device 20, collision detection and avoidance, compliance control and constrained
motion. The tasks illustrated in each of FIGS. 13A to 16D can also include different
configurations, such as one manipulator operations, tool-handling operations and
coordinated multiple-manipulator operations. Other configurations may similarly be
used.

[193] The various different control methods are now described with reference to
FIGS. 8A to 11B. The various control methods described herein may involve a
decomposition of the relevant control commands into various command components
and a modulation of one or more of those command components. The modulation
can involve a variation of amplitude of the command component or a removal of that
command component, depending on the purpose of the application of the control
method.

[194] Methods for providing stable and scaled motion can involve operations by the
control station 40, 1040 for varying the speed at which the arms 302, 304 at the
robotic device 20 moves. For example, the speed at which the arms 302, 304 moves
may not be directly proportional to the speed in which the corresponding controllers
120a, 120b are moved by the user. Instead, the described methods for providing
scaled motion can involve varying the speed at each of the arms 302, 304 and the
controllers 120a, 120b for providing refined control.

[195] Methods for providing singularity avoidance can involve operations by the
control station 40, 1040 to allow only some control inputs to be transmitted to the
robotic device 20. With the described methods herein, unintended motion can be
avoided by restricting transmission of control inputs between the control station 40,
1040 and the robotic device 20 to only control inputs that are explicitly provided by
the user at the control station 40, 1040.
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[196] FIGS. 8A and 8B illustrate an example application of the described methods
of providing singularity avoidance. FIG. 8A generally show, at 800A, a path 802 of a
mavnipulator 830 based on the input signals provided. FIG. 8B show, at 800B, a
modulated path 806 for the manipulator 830 after application of the described
method for providing avoidance singularity, as represented by the representation
801..

[197] The singularity avoidance control method involves determining whether a
position of the manipulator 830 exceeds a measure of manipulability threshold. The
measure of manipulability is described generally by G. Marani et al. in “A Real-Time
Approach for Singularity Avoidance in Resolved Motion Rate Control of Robotic
Manipulators®, ICRA 2002, 1973-1978, and can be used to detect proximity to
singularities for a manipulator 830 during operation of the secondary device 1020s.
The measure of manipulability threshold can define a maximum proximity to a
singularity for a particular manipulator 830. For example, the measure of
manipulability threshold 804 is shown in FIG. 8A and can trigger application of the
singularity avoidance control method. The measure of manipulability threshold may
be provided in the configuration profile, for example.

[198] During operation, the control modification module 1042a for managing
singularity avoidance for the manipulator 830 can manage the operation of the
manipulator 830 based on the corresponding input signals. When the manipulator
830 nears the measure of manipulability threshold 804, the control modification
module 1042a can identify the command components of the control commands that
cause the manipulator 830 to approach singularity. The direction towards the
singularity can be determined by the control modification module 1042a using a
gradient of the measure of manipulability.

[199] As shown in FIG. 8B, the command components are 802a and 802b. The
command component 802b causes the manipulator 830 to approach singularity, and
therefore, the control modification module 1042a can generate the modifier for
removing the command component 802b. The modifier can involve a gradual
removal of the command component 802b.

[200] The gradual removal of the command component 802b can increase as the

manipulator 830 approaches singularity. For example, the closer the manipulator
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830 is to the singularity, the control modification module 1042a can generate the
modifier that increases the amount of the command component 802b that is
removed. In some embodiments, the control modification module 1042a can
generate the modifier to remove the command component 802b completely when
the hanipulator 830 reaches a predefined distance away from the singularity.

[201] During the operation of the manipulator 830 in which the command
component 802b is gradually removed, the command component 802a is
unchanged and therefore, the manipulator 830 can automatically avoid the
singularity (as shown in FIG. 8B).

[202] In some embodiments, the control station 40, 1040 can generate force
feedback corresponding to the modifiers to enhance the operator's experience.

[203] Methods for providing collision detection and avoidance can involve
identifying, by the control station 40, 1040 potential collisions between the arms
302a, 302b and 304, between the secondary devices 1020s, or as between system-
defined walls or obstacles. The described collision detection and avoidance methods
can be particularly important during coordinated multiple-manipulator operations in
which more than one manipulator, such as manipulators 302a and 302b, can be
simultaneously operated. As a result, there is a higher possibility for collision
between the manipulators 302a and 302b. The described collision detection and
avoidance methods can involve providing visual and haptic feedback to the user at
the control station 40 to indicate a potential collision. The described collision
detection and avoidance methods can also involve modifying, or even ignoring, one
or more control inputs received via the interface module 48 in the case of imminent
collisions between the manipulators 302a and 302b. As described with reference to
the user interface 106, the collision detection and avoidance method may be
selectively turned on or off during operation of the robotic device 20.

[204] FIGS. 9A and 9B illustrate an example application of the described methods
of providing collision detection and avoidance. FIG. 9A generally show, at 810A, a
path 812 of the manipulator 830 based on the input signals provided. FIG. 9B
shows, at 810B, a modulated path 816 for the manipulator 830 after application of
the described method for providing collision detection and avoidance to a target
object 811.
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[205] Similar to the singularity avoidance control method, the collision detection and
avoidance method involves determining whether one or more operation of the
manipulator 830 will cause a collision (such as at 814 in FIG. 9A) with another
secondary device 1020s or another segment component.

[206] In some embodiments, the control modification module 1042a for managing
collision avoidance for the manipulator 830 can generate an operational model
based on the relevant control commands for that manipulator 830. As part of the
operational model, the control modification module 1042a can divide the various
components of the manipulator 830 and the components that could potentially
collide with the manipulator 830 into primitive geometric segments. An example
method of converting the components into geometric segments is described by P.
Bosscher and D. Hedman in “Real-Time Collision Avoidance Algorithm for Robotics
Manipulators”, TePRA, 2009, 113-122. Based on the operation of the manipulator
830 according to the control commands, the control modification module 1042a can
determine a proximity for the pairs of these segments to identify the potential
collision location and direction.

[207] The configuration profile can include a collision distance threshold 817
(shown in FIG. 9B) defining a maximum distance allowable between two segments.
[208] As shown in FIG. 9B, when the manipulator 830 nears the collision distance
threshold 817, the control modification module 1042a can identify the command
components of the control commands that cause the manipulator 830 to approach
the collision distance threshold 817. In the example of FIG. 9B, the command
components are 812a and 812b. The command components 812a and 812b can
include a vector and magnitude of the control command.

[209] The command component 812a causes the manipulator 830 to approach
collision distance threshold 817, and therefore, the control modification module
1042a can generate the modifier for removing the command component 812a. The
modifier may involve a gradual removal of the command component 812a.

[210] The gradual removal of the command component 812a can increase as the
manipulator 830 approaches the collision distance threshold 817. For example, the
closer the manipulator 830 is to the collision distance threshold 817, the control

modification module 1042a can generate the modifier that increases the amount of
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the command component 812a that is removed. In some embodiments, the control
modification module 1042a can generate the modifier to remove the command
component 802b completely when the manipulator 830 reaches the collision
distance threshold 817.
[211] Methods for providing compliance control can involve receiving and
processing, by the control station 40, 1040, sensor measurements from the
secondary device 1020s. The sensor measurements may be provided from a sensor
located at the end-effector of the arms 302, 304 or torque sensors at joints of the
arms 302, 304. The end-effector may include force/torque sensors for capturing data
associated with an amount of force being exerted by the end-effector on the target
320, for example. The described methods for providing compliance control can help
to ensure stable operation at the robotic device 20 based on the sensor
measurements.
[212] FIGS. 10A and 10B illustrate an example application of the described
methods of providing compliance control. FIG. 10A generally show, at 820A, a force
path 822 exerted by the manipulator 830 on the object 832 based on the input
signals provided. FIG. 10B show, at 820B, a modulated force path 826 exerted by
the manipulator 830 on the object 832 after application of the described method for
providing compliance control.
[213] The compliance control method involves determining whether an amount of
forced exerted by the manipulator 830 exceeds a compliance threshold.
[214] The compliance threshold may be provided in the configuration profile in
some embodiments. The compliance threshold may be determined based on a
maximum allowed motor torque for each joint of the manipulator 830, for example.
An example equation for determining the compliance threshold is provided below as
Equation (1):

Enax =] 'Trmax )
where Fqax represents the compliance threshold vector, J! represents a pseudo
inverse of a Jacobian matrix corresponding to the kinematics of the system and Tnmax
represents a vector of the maximum allowed torque for the joints of the manipulator
830. The compliance threshold may be selected as a value that is close to the

maximum values.
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[215] Compliance may be provided by comparing the measured force and torque
amount with the compliance threshold, and then modulating the corresponding
control command components accordingly. For example, the control command can
be decomposed into components along the measured force and torque direction and
modulated by scaling down the control command or completely removing the control
command according to how close the measured values are to the compliance
threshold.

[216] For example, during operation, the control modification module 1042a for
managing compliance control for the manipulator 830 can manage the operation of
the manipulator 830 based on the corresponding input signals. When the
manipulator 830 nears the force threshold, the control modification module 1042a
can identify the command components of the control commands that cause the
manipulator 830 to approach the force threshold. For example, as shown in FIG.
10B, the force path 822 can be decomposed along the direction of the force and
torque measurements into the components, 822a and 822b.

[217] As shown in FIG. 10B, the command components are 822a and 822b. The
command component 822b causes the manipulator 830 to exert an amount of force
that approaches the compliance threshold, and therefore, the control modification
module 1042a can generate the modifier for removing the command component
822b or gradual removal of the command component 822b.

[218] In some embodiments, the control modification module 1042a can apply a
linear modulation for reducing the command component 822b. The linear
modulation can reduce the command component 822b in proportion to how close
the force component magnitude is to the compliance threshold. When the force
component magnitude is equal to the compliance threshold, the command
component 822b is completely removed. This can be useful in at least some
applications, such as coupled coordinated tasks (e.g., holding a box with two robotic
arms) to be carried out by multiple arms 302a, 302b, for example. An example linear

modulation equation is provided below as Equation (2):

F A
Vase = Veormana — }’;;;, for <V ommara ,F » <0 (2)
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where V_,.mana COMresponds to a motion speed command generated based on the
input signals and v, corresponds to a modulated speed command based on the
compliance control methods described herein, y corresponds to a command
removal factor, £ corresponds to a measured amount of force, f,,, is the compliance

threshold and < V,,umend - F > fEpresents a dot product of the two vectors v,

ommand

and F.

[219] Some tasks, however, may require a higher initial force and therefore, may
involve non-linear modulation. An example task is cutting wire, which requires a
higher initial force to be provided at the fingers of the manipulator 830. The
compliance threshold, Fy,, therefore, can initially be associated with a higher
threshold value to ensure that the initial force can be accommodated (e.g., the sharp
motion required for cutting) and can be gradually decreased to a lower threshold
value thereafter.

[220] In some embodiments, the control modification module 1042a may not be
able to measure a force being exerted by the manipulator 830. The control
modification module 1042a may then estimate the force based on current
measurements detected at the manipulator 830. In one example, the current can be
measured with a current sense resistor provided at the manipulator 830. The force
being exerted by the manipulator 830 may be proportional to the detected current.
[221] When the measured amount of force reaches the compliance threshold, the
command component in that direction is removed.

[222] In some embodiments, force and torque measurements may not be available.
The control modification module 1042a may instead use other information, such as
motor current, to facilitate compliance control. For example, a gripper attachment
without a force sensor can overheat due to excessive contact force with the object
832. Although no force measurement is available to the control modification module
1042a, the control modification module 1042a can base on the modulation of the
relevant control command components based on a comparison of the measured
motor current and a motor current threshold provided as part of the configuration

profile. If the control modification module 1042a determines that the motor current
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has reached the motor current threshold, the control command associated with the
motion of the gripper attachment can be removed to prevent any further increase in
the contact.

[223] In some embodiments, the control station 40, 1040 can generate force
feedback corresponding to the modifiers provided during the application of the
compliance control method to enhance the operator's experience. For example, in
the case of the manipulator 830 pushing down on a surface, while the control
modification module 1042a generates the modifier to gradually remove the control
command in that direction, the control station 40, 1040 can also provide a force
feedback signal to the primary device 1020p providing the corresponding input
signals. The force feedback signal can correspond to the amount of force that is still
applied to the surface despite the modifier to provide the contact force to the
operator that mimics the effect of virtual contact.

[224] Methods for providing constrained motion can involve selectively imposing
constraints on an axis or two or more axes in the movement of the arms 302, 304.
For example, the control station 40, 1040 can restrict movement of a manipulator
302 to be along or about any combination of Cartesian axes for linear and angular
motion respectively. The Cartesian reference frame can also be specified as either
the inertial or end-effector frame. As a result, the described methods for providing
constrained motion can facilitate movement of a particular manipulator 302 to be
along an arbitrary line, surface in space, or arbitrary point (e.g., for orientation
motion). \

[225] The described methods for providing constrained motion may facilitate tasks
that require high precision and specific movement by the arms 302, 304 at the
robotic device 20. Example movements include maneuvering the gripper attachment
330 through a narrow or small opening of a target 320.

[226] FIGS. 11A and 11B illustrate an example application of the described
methods of providing constrained motion. FIG. 11A generally show, at 840A, a path
842 of the manipulator 830 based on the input signals provided. FIG. 11B show, at
840B, a modulated path 846 for the manipulator 830 after application of the
described method for providing constrained motion.
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[227] As shown in FIG. 11A, based on the input signals, the resulting path 842 of
the manipulator 830 would fail to conduct an insertion operation into the area 843.
To provide the insertion operation, the control modification module 1042a for
managing compliance control for the manipulator 830 can manage the operation of
the manipulator 830 based on the corresponding input signals and the relevant
control criterion for this case.

[228] For example, as shown in FIG. 11B, the control modification module 1042a
can receive an indication of the insertion operation request from the operator. The
insertion operation request involves a request to operate the manipulator 830 along
a defined axis. To provide the insertion operation, the control modification module
1042a can decompose the control commands into the command components 842a
and 842b (shown in FIG. 11B). The control modification module 1042a can then
remove all command components except the command components for operating
the manipulator 830 along the defined axis of interest, or modulate the various
command components 842a and 842b to provide a modulate command component
for operating the manipulator 830 along the defined axis.

[229] Methods for providing mapping of control inputs received at the control station
40, 1040 from the user (e.g., an operator) to different reference frames. As
illustrated in FIGS. 12A to 12C, different reference frames are available. FIG. 12A
illustrates an example operator reference frame 850A, FIG. 12B illustrates an
example device reference frame 850B, and FIG. 12C illustrates an example
controller reference frame 850C.

[230] The availability of different reference frames, or combinations of different .
reference frames, can be particularly useful for enhancing the user’s experience. For
example, when the user operates any one of the arms of the robotic device 20 from
the control station 40, 1040, it can be more intuitive for the user to adjust the
imaging arm 304 with respect to an imaging reference frame (e.g., a frame of
reference at the imaging sensors 306) instead of an inertial reference frame,
especially when the imaging sensors 306 at the imaging arm 304 are in an arbitrary
position. With the described methods of providing hybrid control of the arms 302,
304, the control station 40 can provide control inputs that are more naturally
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expressed with respect to the reference frame of the end-effector of the respective
arms 302, 304 than the inertial reference frame.

[231] Also, the described methods of providing hybrid control of the arms 302, 304
can enable dynamic cross-coupling between the control station 40, 1040 and the
robotic device 20 to facilitate effective use of the controllers 110, 120 by the user.
For example, a task that involves operating multiple arms of the robotic device 20
typically involves a separate controller for each of the arms or one controller can
provide control inputs to the arms through some form of switching. With the
described methods of providing cross-coupled hybrid control, the control station 40,
1040 can receive control inputs via a controller and map those control inputs to one
or more robotic devices 20 generate a synchronized motion by those robotic devices
20.

[232] For example, the control station 40, 1040 can receive control inputs from
different controllers 110, 120 for operating the robotic device 20 to conduct a task
that involves lifting a potential IED with two manipulators 302a, 302b (such as in the
example shown in FIG. 16D) while also operating the robotic device 20 to navigate
different imaging angles with the imaging arm 304. With the described methods of
providing hybrid control, the control station 40, 1040 can map those control inputs to
provide a synchronized between the manipulators 302a and 302b, and coordinated
motion between the manipulators 302a, 302b and the sensing arm 304.

[233] To accommodate the different reference frames within the robotic system 10,
1000, the control station 40, 1040 may apply a common reference frame for
mapping signals between the primary devices 1020p, the control station 40, 1040
and the secondary devices 1020s. As a result, the control station 40, 1040 can
provide consistent control commands to the various components within the robotic
system 10, 1000.

[234] The common reference frame may be any reference frames, such as an
arbitrary reference frame or any one of the reference frames 850A, 850B and 850C
described with respect to FIGS. 12A to 12C.

[235] As described with respect to the mapping module 1042b, the control station
40, 1040 can receive a mapped association between each primary device 1020p
and one or more of the secondary devices 1020s. The mapped association may be
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provided in the configuration profile. The mapped associations can be varied based
on user inputs provided by the operator and/or automatically by the control station
40, 1040 in response to changes at the primary devices 1020p and secondary
devices 1020s, as described with referenée to the mapping module 1042b.

[236] The configuration profile can also include information regarding the reference
frame of each of the components. For example, as shown in FIG. 3D, a reference
frame control 151 is provided for one or more components at the robotic device 20.
The reference frame control 151 can receive a selection of the reference frame that
is to be used to operate that component. Based on the information within the
configuration profile, the mapping module 1042b can transform the data signals
accordingly.

[237] In some embodiments, the mapping module 1042b can transform all data
signals received with reference to a native reference frame (e.g., each of the
reference frames 850A, 850B and 850C shown in FIGS. 12A to 12C, respectively) to
the common reference frame defined for the robotic system 10, 1000.For example,
the mapping module 1042b can transform the data signals using a rotation matrix.
An example rotation matrix (&,) is provided below:

cos(y) —sin(y) O

R, = |sin(yy) cos(y) O (3)
0 0 1

The example rotation matrix 7, is a 3x3 rotation matrix that can map coordinates of
a vector expressed in a first reference frame (1,) to coordinates for a vector
expressed in a second reference frame (1,) based on the below relationship shown

as Equation (4):

vy =K, Vp (4)

[238] It will be understood that a transformation can include a number of
successive rotations about various unit vector axes, such as using Euler angle
representations (i.e., roll, pitch and yaw angles). The various rotations can be
provided by applying corresponding rotation matrices in the respective rotation
sequence.
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[239] Referring now to FIG. 12C, a native coordinate reference frame, namely the
controller reference frame 850C, is shown for the controller 120a (which in this case
is a haptic device).

[240] In the example controller reference frame 850C, the x-axis is along a base of
the controller 120a, the z-axis is along a vertical of the controller 120a and the y-axis
is orthogonal to the x-axis and the z-axis. Any handle motion conducted by the
operator on the controller 120a is received as input signals according to the
controller reference frame 850C. The haptic device shown in FIG. 12C receives data
associated with the handle motion as joint encoder data. To translate the input
signals received from the controller 120a into control commands, the control station
40, 1040 may conduct kinematic calculations to determine the various command
components, such as linear and angular velocities, with reference to the controller
reference frame 850C.

[241] Similarly, as shown in FIG. 12A, a native coordinate reference frame, namely
the operator reference frame 850A, is defined for the operator. The operator
reference frame 850A is centered at the operator with the x-axis orthogonal to a
body of the operator, the z-axis along a vertical of the operator's body and the y-axis
orthogonal to the x-axis and the z-axis (e.g., along a width of the body of the
operator).

[242] When the operator shown in FIG. 12A is operating the controller 120a of FIG.
12C, the control station 40, 1040 may apply a rotation matrix to input signals
received at the controller 120a to transform those input signals to be relative to the
operator reference frame 850A.

[243] In embodiments when the controller 120a is oriented such that the controller
reference frame 850C is aligned with the operator reference frame 850A, the
rotation matrix can be an identity matrix since no transformation needs to be applied
to the input signals.

[244] In embodiments when the controller 120a is oriented such that the controller
reference frame 850C is not aligned with the operator reference frame 850A, a
rotation matrix similar to the rotation matrix R, is applied to transform the input
signals. For example, if the controller 120a is oriented such that the x-axis of the
controller reference frame 850C is 90 degrees (or /2 rad) about the vertical axis
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relative to the operator, the below matrix may be applied for transforming the input
signals received at the controller 120a:

cos(y) —sin(y) 0O qr,:.;f 0 -1 0
R =|sin(}) casp) 0]=> [1 0 0}
0 0 1 0 0 1

©)

Continuing with this example, when the operator moves the controller 120a in a
forward motion (e.g., forward relative to the controller reference frame 850C) at
approximately 1m/s, the corresponding input signal generated by the controller 120a
is a motion in the negative y-axis direction of the operator reference frame 850A.
The control station 40, 1040 can transform the received input signals using the

rotation matrix in Equation (5), as follows:

{0 o O] [ O :I {1]
v=j1 0 0 -1 = 0
0 0 1 0 0 ©)
& M O 22 pll i, phwiy
R ¥ in controlier reference yrante vin operator refergnce frame

According to Equation (6), the input signals received at the controller 120a should
instead be towards the positive x-axis of the operator reference frame 850A and not
the negative y-axis direction of the operator reference frame 850A.

[245] With the mapping methods described herein, the various components, such
as the controllers, can be arbitrarily oriented relative to the operator and the
commands provided by the operator can still be transformed to be relative to the
operator reference frame 850A.

[246] Similar to the transformation of the signals between the operator and the
controller, various transformations can also be applied to signals between the
controller and the secondary devices 1020s.

[247] The device reference frame 850B may be provided to mimic the operator. For
example, in respect of the robotic device 300 shown in FIG. 7A, the corresponding
device reference frame 850B aligns the operator with the frame 310 of the robotic
device 300. As a result, as shown in FIG. 7A, the x-axis of the device reference
frame 850B is orthogonal to the frame 310, the z-axis is along a vertical of the
robotic device 300 and the y-axis is orthogonal to the x-axis and the z-axis (e.g.,
towards the direction of the manipulator 302a). By providing the device reference

frame 850B so that it corresponds with the operator reference frame 850A, the

54



10

15

20

25

30

WO 2015/154172 PCT/CA2015/000243

operation of the robotic device 300 will correspond to the motion of the operator. For
example, when the operator indicates a forward movement to the control station 40,
1040, the robotic device 300 can operate to perform the corresponding forward
movement.

[248] The described mapping methods can facilitate the inclusion of primary
devices 1020p and secondary devices 1020s into the robotic system 10, 1000.

[249] Also, the mapping methods described herein can also facilitate mapping
between the primary devices 1020p and the secondary devices 1020s by updating
the configuration profile accordingly.

[250] In a typical configuration, a primary device 1020p located on the left side of
the control station 40, 1040 is mapped to a left manipulator 302a at the secondary
device 1020s, and a primary device 1020p located on the right side of the control
station 40, 1040 is mapped to a right manipulator 302b at the secondary device
1020s. The typical configuration may be altered depending on the task or operation
to be performed by the secondary device 1020s.

[251] For example, the mapping between the primary devices 1020p and the
manipulators 302a, 302b at the secondary devices 1020s can be switched so that
when the operator moves the right primary device 1020p, the corresponding input
signal is associated with the left manipulator 302a at the secondary device 1020s
instead. This may be helpful during a task in which the secondary device 1020s is
required to perform multiple simultaneous actions. For example, during an operation,
the right manipulator 302b at the secondary device 1020s may be holding onto an
object (e.g., lifting a box upwards) and the left manipulator 302a at the secondary
device 1020s may need to conduct another action. When the operator is right-
handed, it may be more convenient if the operator can use the right primary device
1020p to control the left manipulator 302a.

[252] In some embodiments, the mapping module 1042b can automatically reverse
the manipulators 302a, 302b in response to changes at the viewpoint of the
operator. When multiple operator viewpoints are available, the control station 40,
1040 may automatically adjust the configuration profiles for the robotic system 10,
1000 based on the operator viewpoint currently being used. For instance, if a

forward viewpoint and a reverse viewpoint are available to the operator, the mapping

55



10

15

20

25

30

WO 2015/154172 PCT/CA2015/000243

module 1042b can automatically switch the mapping of the manipulators 302a, 302b
based on the viewpoint currently being used. For example, the imaging sensor may
be directed backwards towards the frame 310. In that case, the manipulators 302a,
302b can be reversed (i.e., the left manipulator 302a can act as the right manipulator
and the right manipulator 302b can act as the left manipulator during the reverse
mode).

[253] In some embodiments, the mapping module 1042b can map the same input
signals to multiple manipulators 302 at the secondary device 1020s to provide
synchronized motion. Synchronized motion can be useful for coordinated tasks,
such as lifting of an object with two manipulators 302a, 302b while maintaining an
orientation of the object. The mapping module 1042b may automatically provide the
synchronized motion control in response to detecting a closed kinematic loop at the
secondary device 1020s (e.g., as between the two manipulators 302a, 302b and the
target object).

[254] As described, multiple primary devices 1020p can be mapped to a secondary
device 1020s. Based on the configuration profile, the control station 40, 1040 can
transform those input signals as necessary to the common reference frame and
combine the transformed input signals into a control command for the associated
secondary device 1020s.

[255] For example, the operator can use a primary device 1020p (e.g., a
PHANTOM Omni™) to control a linear motion of a secondary device 1020s and
another primary device 1020p (e.g., an Oculus Rift™) to control an angular motion of
that secondary device 1020s. The control station 40, 1040 can transform the input
signals received from the PHANTOM Omni and Oculus Rift to the common
reference frame, and combine accordingly.

[256] In some embodiments, the input signals can be combined based on a
weighted sum or a gain adjustment. For example, two different primary devices
1020p can be configured to provide a respective coarse and fine control over the
same secondary device 1020s. The input signals provided by those two different
primary devices 1020p can be weighted differently prior to being combined.

[257] The device reference frame 850B may also be defined relative to other

components at the secondary device 1020s. In some embodiments, the device
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reference frame 850B can be defined relative to an end-effector reference frame,
such as a reference frame of the imaging sensor at the imaging arm 304. This may
prdvide a more intuitive control for the operator. For example, the operator can direct
the imaging sensor to zoom in or out by providing a respective forward or backward
command with respect to the operator reference frame 850A to the controller,
regardless of the orientation of the imaging sensor. The control station 40, 1040 can
then transform the provided input signals to the reference frame of the imaging
sensor using the methods described herein.

[258] FIGS. 13A to 13F illustrate example tasks by one manipulator 302 of the
robotic device 20 in accordance with various embodiments.

[259] The tasks illustrated in FIGS. 13A to 13F may involve at least application of
the control methods for providing singularity avoidance, stable and scaled motion
and hybrid control of the arms at the robotic device 20. Other control methods, such
as providing compliance control and constrained motion, may also be enabled for
conducting some of the tasks shown in FIGS. 13A to 13F. Although the tasks shown
in FIGS. 13A to 13F will now be described with reference to one or more control
methods, it should be understood that it is possible that fewer or additional control
methods can be enabled for conducting any of the tasks shown in FIGS. 13A to 13F.
[260] The manipulator 302 shown in each of FIGS. 13A to 13F is coupled with a
three-finger gripper attachment 330. 1t will be understood that other types of
attachments may similarly be used depending on the task intended.

[261] FIG. 13A shows an example task 400A involving the manipulator 302
handling the target 420. The manipulator 302 can hold the target 420 and move the
target 420 to a particular position. The various control methods for conducting the
task 400A shown in FIG. 13A can involve providing singularity avoidance, stable and
scaled motion, hybrid control of the arms at the robotic device 20 and compliance
control.

[262] FIG. 13B shows an example task 400B also involving the manipulator 302
handling the target 420. In this case, the control station 40 has provided control
inputs associated with unscrewing a lid of the target 420. Similar to the task 400A
shown in FIG. 13A, the control station 40 may enable some of the control methods
described herein for conducting the task 400B shown in FIG. 13B, such as providing
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singularity avoidance, stable and scaled motion and hybrid control of the arms at the
robotic device 20.

[263] FIG. 13C shows an example task 400C involving the manipulator 302
reaching into an opening of a target 422. In this case, the target 422 is a box. It will
be understood that other types of targets, such as a bag or tube, with an opening
may similarly be handled by the manipulator 302. For example, FIG. 13D shows an
example task 400D involving the manipulator 302 reaching into a target 424 that is a
tube.

[264] To initiate the tasks 400C and 400D shown in the respective FIGS. 13C and
13D, the control station 40 can involve applications of at least some of the control
methods described herein, such as providing singularity avoidance, stable and
scaled motion, hybrid control of the arms at the robotic device 20, and constrained
motion. For example, the control station 40 can initiate the control method of
providing stable and scaled motion to facilitate the alignment of the gripper
attachment 330 with the opening of the target 422. This can be important especially
if the opening is relatively narrow or small. The control station 40 can also initiate the
control method of providing constrained motion to further enable precise movement
of the gripper attachment 330 through the opening.

[265] FIG. 13E shows an example task 400E involving the manipulator 302
interacting with the target 420. The manipulator 302 can pull a straw 426 from the
target 420. This example task 400E may involve control methods that are analogous
to control methods likely involved in other tasks, such as removing a pin from a
metal casing. The various control methods for conducting the task 400E shown in
FIG. 13E can involve providing singularity avoidance, stable and scaled motion,
hybrid control of the arms at the robotic device 20 and compliance control.

[266] FIG. 13F shows an example task 400F involving the manipulator 302
interacting with a target 428. In the example task 400F, the manipulator 302 can
work to pry the target 428 with a tool 427, such as a screwdriver. Similar to the tasks
400A and 400E, this example task 400F may involve control methods for providing
singularity avoidance, stable and scaled motion, hybrid control of the arms at the
robotic device 20 and compliance control.
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[267] Continuing now with reference to FIGS. 14A to 15A, example tasks involved
with tool-handling operations are now described. Similar to the tasks shown in FIGS.
13A to 13F, even though the tasks shown in FIGS. 14A to 15A will now be described
with reference to at least some of the control methods described herein, it should be
understood that it is possible that fewer or additional control methods can be
enabled for conducting any of the tasks shown in FIGS. 14A to 15A.

[268] The tool-handling operations described herein can involve use of different
types of tools. The example tasks described with reference to FIGS. 14A to 14E
involve operating the manipulator 302 coupled with the gripper attachment 330 for
handling certain tools. The tools may be off-the-shelf tools, such as a screwdriver,
hex key, brush and others. When conducting these tasks, overheating may result
due to possible excessive force or torque being exerted by the gripper attachment
330 on the tool. To reduce the possibility of overheating at the gripper attachment
330, the control station 40 may initiate the control method for providing compliance
control at the gripper attachment 330.

[269] FIG. 14A shows an example task 500A involving the manipulator 302
interacting with a target 520A while holding a tool 512A, such as a cutter. This task
500A can involve various control methods, such as providing singularity avoidance,
stable and scaled motion, hybrid control of the arms at the robotic device 20,
compliance control and constrained motion.

[270] The application of the control method for providing constrained motion in task
500A can be particularly important for helping to ensure that the tool 512A moves
along a line. Other constrained motions can involve moving a tool along a particular
plane (such as when the tool is a brush 512F, as shown in FIG. 14F, for example).
[271] FIG. 14B shows an example task 500B involving the manipulator 302
interacting with a target 520B while holding a tool 512B, such as a hammer. This
example task 500B can involve various control methods, such as providing
singularity avoidance, stable and scaled motion and hybrid control of the arms at the
robotic device 20.

[272] FIG. 14C shows an example task 500C involving the manipulator 302
interacting with a target 520C while holding a tool 512C, such as a saw. This
example task 500C, like task 500A, can involve various control methods, such as
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providing singularity avoidance, stable and scaled motion, hybrid control of the arms
at the robotic device 20, compliance control and constrained motion.

[273] FIG. 14D shows an example task 500D involving the manipulator 302
interacting with a target 520D while holding a tool 512D, such as a hex key. FIG.
14E shows an example task 500E involving the manipulator 302 interacting with the
target 520D while holding another tool 512E (a screwdriver). The example tasks
500D and 500E, like tasks 500A and 500C, can involve various control methods,
such as providing singularity avoidance, stable and scaled motion, hybrid control of
the arms at the robotic device 20, compliance control and constrained motion.

[274] Unlike task 500A in which the manipulator 302 is moved along a particular
plane, the tasks 500D and 500E involve a combination of movements requiring
different control methods. That is, the tightening or loosening of a screw in task
S00E can involve alignment of the tool 512E with the target 520D (which may involve
the control station 40 providing hybrid control of the arms at the robotic device 20),
providing scaled motion and providing constrained motion during tightening or
loosening of the screw.

[275] The tool-handling operations can involve coupling different attachments to the
manipulators 302. The attachments may be mounted to the manipulators 302 via a
tool mount. The tool mount may be common for the attachments to facilitate
switching between the different tools for different tasks.

[276] FIG. 15A, for example, shows an example task 600A involving the
manipulator 302 coupled with a mirror attachment 630A in accordance with another
example embodiment. As shown in FIG. 15A, the control station 40 can operate the
manipulator 302 to use the mirror attachment 630A for inspecting the target 620.
The example task 600A can involve various control methods, such as providing
singularity avoidance, stable and scaled motion and hybrid control of the arms at the
robotic device 20.

[277] FIG. 15B shows an example tool attachment 630B that can be coupled to the
manipulator 302 for conducting various tasks, such as digging, prodding and flipping
objects. The tool attachment 630B shown in FIG. 15B is a combination of a spade
and prodder. When the control station 40 operates the manipulator 302 coupled with

the tool attachment 630B, various control methods, such as providing singularity
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avoidance, stable and scaled motion, hybrid control of the arms at the robotic device
20 and compliance control may be initiated.

[278] The control station 40 may initiate the control method for providing
compliance control to help prevent excessive force from being exerted between the
tool attachment 630B and the target 620. This can be important for avoiding
potential damages to the robotic device 20 and the target 620. Providing compliance
control can help to increase stability in the movement despite time delays between
transmission of data between the control station 40 and the robotic device 20.

[279] In some embodiments, the tool attachment 6308 may include a mirror. The
control station 40 may provide control inputs to the manipulator 302 via the second
and third controllers 120a and 120b which can provide haptic feedback. As a result,
the user at the control station 40 can navigate the mirror at the tool attachment 630B
in a natural and intuitive manner - that is, the motion of the mirror at the manipulator
302 can mimic the motion of the user's hand at the second and third controllers
120a and 120b.

[280] Example coordinated multiple-manipulator operations will now be described
with reference to FIGS. 16A to 16D.

[281] Providing multiple manipulators 302a, 302b at the robotic device 20 can
increase the range of tasks that are available. For example, the control station 40
can operate the multiple manipulators 302a, 302b each coupled with the gripper
attachment 330 to mimic a manual operation by a human. Alternatively, each of the
multiple manipulators 302a, 302b can be coupled with any different attachments,
such as grippers, tools, sensors, or other end-effectors (even weapons) depending
on the intended operation of the robotic device 20.

[282] Some tasks may actually require the use of multiple manipulators 302a, 302b.
For example, complex tasks that involve different actions that depend on each other,
such as a task involving lifting of a box corner to investigate underneath the box, or a
task involving holding or securing an object with one manipulator 302a before
performing another action with the other manipulator 302b, such as using a
measuring tape. For instance, a task involving pulling a wire to defuse an IED can
require the multiple manipulators 302a, 302b - that is, the task can involve the
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control station 40 operating the manipulétor 302a to secure the IED first to avoid
unintended motion and operating the manipulator 302b to pull the wire from the IED.
[283] Also, for embodiments in which two manipulators 302a and 302b are
provided, the operation of the robotic device 20 at the control station 40 can be more
intuitive and accessible for the user since the two manipulators 302a and 302b can
mimic a human’s two arms.

[284] FIG. 16A, for example, shows an example task 700A involving the
manipulators 302a and 302b interacting with the target 720A (which is a bag). The
task 700A involves unzipping the bag 720A to investigate the contents inside. The
example task 700A can involve various control methods, such as providing
singularity avoidance, stable and scaled motion, hybrid control of the arms at the
robotic device 20, and collision detection and avoidance.

[285] FIG. 16B shows an example task 700B involving the manipulators 302a and
302b interacting with the target 720B (a box in this case). In this example, the
manipulator 302a is coupled with a spike attachment 730. The task 700B involves
lifting the box 720B to sweep underneath. For example, the task 700B can involve
using a sensor at the manipulator 302a for detecting the presence of trip wire. The
example task 700B can involve various control methods, such as providing
singularity avoidance, stable and scaled motion, hybrid control of the arms at the
robotic device 20, collision detection and avoidance, compliance control and
constrained motion.

[286] FIG. 16C shows an example task 700C involving the manipulators 302a and
302b interacting with the target 720C (an IED in this case). In this example, the
manipulator 302b is coupled with tool attachment 630B shown in FIG. 15B. The task
700C involves pulling a wire from the IED 720C to defuse the IED 720C while
maintaining the orientation of the IED 720C. The example task 700C can involve
various control methods, such as providing singularity avoidance, stable and scaled
motion, hybrid control of the arms at the robotic device 20, and collision detection
and avoidance.

[287] FIG. 16D shows an example task 700D involving the manipulators 302a and
302b interacting with the target 720D (an IED in this case). The task 700B involves

holding and moving the target 720D while maintaining its orientation. The example
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task 700D can involve various control methods, such as, but not limited to, providing
singularity avoidance, stable and scaled motion, hybrid control of the arms at the
robotic device 20, synchronized motion, collision detection and ‘avoidance,
compliance control and constrained motion.

[288] FIG. 17 illustrates, generally at 900, an operation of a secondary device 920s
in accordance with an example embodiment of some of the methods and systems
described herein.

[289] For the example operation 900, the configuration profile indicates that the
commands received by the primary device 920p are for controlling the secondary
device 920s. In this example, the primary device 920p is a joystick and the
secondary device 920s is a vehicle.

[290] At State 1, the primary device 920p provides an input signal indicating the
secondary device 920s is to be operated at the velocity V.. The input signal along
with other information regarding the secondary device 920s, such as a current pose
(e.g., a position or orientation) and current speed, are provided to the control station
1040. In this example, the mapping module 1042b does not need to apply any
transformation or mapping since the reference frame of the primary device 920p is
aligned with the reference frame of the secondary device 920s. The control station
1040 can then generate the control commands based on the received input signals
and the configuration profile.

[291] Based on the configuration profile and received data, the relevant control
modification modules 1042a can also determine whether or not to generate
modifiers. For example, a control modification module 1042a for managing collision
avoidance for the secondary device 920s can determine, based on the received
data, whether a collision may occur based on the control commands. As shown in
FIG. 17, the control modification module 1042a will not identify a collision at State 1.
[292] As the secondary device 920s proceeds to State 2, however, the control
modification module 1042a can detect that the secondary device 920s is
approaching an example collision distance threshold 817 from the right wall as
defined in the configuration profile. In response, the control modification module
1042a can generate a modifier to gradually reduce a component of the velocity V. in
the x direction until the secondary device 920s reaches a critical point as defined in
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the configuration profile (shown at State 4). As shown in FIG. 17, the secondary
device 920s begins to change direction at State 3 to avoid collision with the right
wall.

[293] At State 4, the control modification module 1042a can generate a modifier to
remove the component of the velocity V. towards the x direction. The secondary
device 920s continues to move towards the y direction since that component of the
velocity V. is retained.

[294] At State 5, the control modification module 1042a can detect that the
secondary device 920s is approaching another collision distance threshold 817 from
the top wall. In response, the control modification module 1042a can generate a
modifier to remove the component of the velocity V. towards the y direction. At State
6, the secondary device 920s is no longer in motion since all the components of the
velocity V. has been removed.

[295] Various embodiments have been described herein by way of example only.
Various modification and variations may be made to these example embodiments
without departing from the spirit and scope of the invention. Also, in the various user
interfaces illustrated in the figures, it will be understood that the illustrated user
interface text and controls are provided as examples only and are not meant to be

limiting. Other suitable user interface elements may be possible.
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We claim:

1. A robotic system comprising:

an input module operable to receive a set of input signals from one or more
primary devices, the set of input signals including one or more input signals;

a storage module operable to provide a configuration profile, the configuration
profile comprising a set of operational parameters for the robotic system;

a processing module configured to generate one or more control commands
based on at least the set of input signals and the configuration profile, the one or
more control commands being generated for one or more secondary devices, the
processing module being in electronic communication with the input module and the
storage module, each control command being indicative of an operation to be
conducted by at least one secondary device of the one or more secondary devices;
and

a set of control modification modules for managing an operation of the robotic
system, each control modification module managing an operation of a respective
secondary device, each control modification module being configured to:

detect whether the operation of the respective secondary device fails
to comply with the set of operational parameters;

in response to detecting the operation of the respective secondary
device fails to comply with the set of operational parameters, identify a non-
compliant control command from the one or more control commands, the
non-compliant control command being a control command causing the
operation of the respective secondary device to be non-compliant with the set
of operational parameters; and

generate a modifier to adjust the non-compliant control command to
comply with the set of operational parameters;

wherein the robotic system is responsive to the one or more control commands and

each modifier generated by the respective control modification modules.

2. The robotic system of claim 1 further comprises:
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an output module for combining the one or more control commands and the
modifier to provide an output signal, the robotic system being responsive to the

output signal.

3. The robotic system of claim 2, wherein the output module is located at the

respective one or more secondary devices.

4. The robotic system of any one of claims 1 to 3, wherein:
the configuration profile comprises a mapped association between each
primary device and the at least one secondary device;
each input signal is associated with a primary device identifier corresponding
to the primary device providing that input signal; and
the processing module is configured to generate the one or more control
commands by, for each input signal,
identifying, from the configuration profile, the at least one secondary
device in mapped association with the primary device corresponding to the
respective primary device identifier; and
associating that input signal with the identified at least one secondary
device.

5. The robotic system of claim 4, wherein the processing module is further
configured to, for each secondary device,

determine whether that secondary device is associated with two or more input
signals; and

in response to determining that secondary device is associated with two or
more input signals, combine the two or more input signals to generate the respective

control command for that secondary device.
6. The robotic system of claim 5, wherein the two or more input signals comprise a

first input signal defining a first aspect of the operation to be conducted by the

respective secondary device and a second input signal defining a second aspect of
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the operation to be conducted by the respective secondary device, the second

aspect being different from the first aspect.

7. The robotic system of any one of claims 1 to 6, wherein:

the input module is further operable to receive a state change indicator from
the at least one secondary device, the state change indicator representing an
adjustment of at least one of the primary device and the secondary device; and

the robotic system further comprises a mapping module for updating the

configuration profile in response to the state change indicator.

8. The robotic system of claim 7, wherein:

the storage module stores a plurality of configuration profiles, each
configuration profile comprising a different respective set of operational parameters;
and

the mapping module is further configured to select one of the plurality of

configuration profiles based on the state change indicator.

9. The robotic system of any one of claims 7 and 8, wherein the adjustment of the at
least one of the primary device and the secondary device comprises a change to a

mapped association between a primary device and a respective secondary device.

10. The robotic system of any one of claims 7 to 9, wherein the adjustment of the at
least one of the primary device and the secondary device comprises an occurrence
of a closed kinematic loop at the secondary device.

11. The robotic system of any one of claims 1 to 10, wherein each control
modification module is further configured to:
generate an operational model based on the one or more control commands;
identify, from the operational model, a collision between at least one of the
one or more secondary devices and one or more segments of a secondary device;
and
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in response to identifying the collision, generate the modifier for preventing
the collision, the modifier including a removal of one or more components of the
non-compliant control command causing the collision based on the operational

model.

12. The robotic system of any one of claims 1 to 11, wherein:

the configuration profile comprises a compliance threshold; and
each control modification module is further configured to:

receive a sensed value from the secondary device,

determine whether the sensed value exceeds the compliance
threshold; and

in response to determining the sensed value exceeds the compliance
threshold, generate the modifier for reducing at least one of a force and a
torque exerted by the secondary device, the modifier including a removal of
one or more components of the non-compliant control command causing the

sensed value to exceed the compliance threshold.

13. The robotic system of any one of claims 1 to 12, wherein:
the configuration profile comprises a singularity threshold; and
each control modification module is further configured to:
receive a pose information associated with the secondary device, the
pose information comprising a position data and an orientation data;
determine whether the pose information exceeds the singularity
threshold; and
in response to determining the pose information exceeds the
singularity threshold, generate the modifier for reducing a movement of the
secondary device to reduce a change in the pose information, the modifier
including a removal of one or more components of the non-compliant control

command causing the pose information to exceed the singularity threshold.

14. The robotic system of any one of claims 1 to 13, wherein the processing module

is further configured to provide sensory indicators indicating a relative spatial
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reference frame between the processing module and the one or more secondary

device.

15. A method for operating a robotic system, the method comprising:
receiving, at an input module, a set of input signals from one or more primary
devices, the set of input signals including one or more input signals;
providing a configuration profile, the configuration profile comprising a set of
operational parameters for the robotic system;
generating, by a processing module, one or more control commands based
on at least the set of input signals and the configuration profile, the one or more
control commands being generated for one or more secondary devices, each control
command being indicative of an operation to be conducted by at least one
secondary device of the one or more secondary devices; and
managing, by a set of control modification modules, an operation of the
robotic system, each control modification module managing an operation of a
respective secondary device, the managing comprising:
detecting whether the operation of the respective secondary device
fails to comply with the set of operational parameters;
in response to detecting the operation of the respective secondary
device fails to comply with the set of operational parameters, identifying a
non-compliant control command from the one or more control commands, the
non-compliant control command being a control command causing the
operation of the respective secondary device to be non-compliant with the set
of operational parameters; and
generating a modifier to adjust the non-compliant control command to
comply with the set of operational parameters;
wherein the robotic system is responsive to the one or more control commands and

each modifier generated by the respective control modification modules.

16. The method of claim 15 further comprises:
combining the one or more control commands and the modifier to provide an
output signal, the robotic system being responsive to the output signal.
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17. The method of claim 15, wherein:
the configuration profile comprises a mapped association between each
primary device and the at least one secondary device;
each input signal is associated with a primary device identifier corresponding
to the primary device providing that input signal; and
generating the one or more control commands comprises, for each input
signal,
identifying, from the configuration profile, the at least one secondary
device in mapped association with the primary device corresponding to the
respective primary device identifier; and
associating that input signal with the identified at least one secondary

device.

18. The method of claim 17, wherein generating the one or more control commands
comprises, for each secondary device,

determining whether that secondary device is associated with two or more
input signals; and

in response to determining that secondary device is associated with two or
more input signals, combining the two or more input signals to generate the

respective control command for that secondary device.

19. The method of claim 18, wherein the two or more input signals comprises a first
input signal defining a first aspect of the operation to be conducted by the respective
secondary device and a second input signal defining a second aspect of the
operation to be conducted by the respective secondary device, the second aspect

being different from the first aspect.

20. The method of any one of claims 15 to 19 further comprises:
receiving, at the input module, a state change indicator from the at least one
secondary device, the state change indicator representing an adjustment of at least

one of the primary device and the secondary device; and
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generating the one or more control commands comprises updating, by a

mapping module, the configuration profile in response to the state change indicator.

21. The method of claim 20 further comprises operating the mapping module to
select one of a plurality of configuration profiles based on the state change indicator,
each configuration profile in the plurality of configuration profiles comprising a

different respective set of operational parameters.

22. The method of any one of claims 20 and 21, wherein the adjustment of the at
least one of the primary device and the secondary device comprises a change to a

mapped association between a primary device and a respective secondary device.

23. The method of any one of claims 20 to 22, wherein the adjustment of the at least
one of the primary device and the secondary device comprises an occurrence of a

closed kinematic loop at the secondary device.

24. The method of any one of claims 15 to 23, wherein managing the operation of
the robotic system comprises operating each control modification module to:
generate an operational model based on the one or more control commands;
identify, from the operational model, a collision between at least one of the
one or more secondary devices and one or more segments of a secondary device;
and
in response to identifying the collision, generate the modifier for preventing
the collision, the modifier including a removal of one or more components of the

non-compliant control command causing the collision based on the operational
model.

25. The method of any one of claims 15 to 24, wherein:

the configuration profile comprises a compliance threshold; and

managing the operation of the robotic system comprises operating each
control modification module to:

receive a sensed value from the secondary device;
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determine whether the sensed value exceeds the compliance
threshold; and

in response to determining the sensed value exceeds the compliance
threshold, generate the modifier for reducing at least one of a force and a
torque exerted by the secondary device, the modifier including a removal of
one or more components of the non-compliant control command causing the

sensed value to exceed the compliance threshold.

26. The method of any one of claims 15 to 25, wherein:
the configuration profile comprises a singularity threshold; and
managing the operation of the robotic system comprises operating each
control modification module to:
receive a pose information associated with the secondary device, the
pose information comprising a position data and an orientation data;
determine whether the pose information exceeds the singularity
threshold; and
in response to determining the pose information exceeds the
singularity threshold, generate the modifier for reducing a movement of the
secondary device to reduce a change in the pose information, the modifier
including a removal of one or more components of the non-compliant control

command causing the pose information to exceed the singularity threshold.

27. The method of any one of claims 15 to 26, wherein generating the one or more
control commands comprises providing sensory indicators indicating a relative
spatial reference frame between the processing module and the one or more
secondary device.

28. A robotic system comprising:

one or more primary devices for providing input signals;

a processing module for generating one or more control commands based on
the input signals and a configuration profile, the configuration profile comprising a

set of operational parameters, each control command being indicative of an
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operation to be conducted by at least one secondary device of one or more
secondary devices; and
a set of control modification modules for managing an operation of the robotic
system, each control modification module managing an operation of a respective
secondary device, each control modification module being configured to:
detect whether the operation of the respective secondary device fails
to comply with the set of operational parameters;
in response to detecting the operation of the respective secondary
device fails to comply with the set of operational parameters, identify a non-
compliant control command from the one or more control commands, the
non-compliant control command being a control command causing the
operation of the respective secondary device to be non-compliant with the set
of operational parameters; and
generate a modifier to adjust the non-compliant control command to
comply with the set of operational parameters;
wherein the robotic system is responsive to the one or more control commands and

each modifier generated by the respective control modification modules.

29. The robotic system of claim 28 further comprises:
an output module for combining the one or more control commands and the
modifier to provide an output signal, the robotic system being responsive to the

output signal.

30. The robotic system of claim 29, wherein the output module is located at the one

or more secondary devices.

31. The robotic system of any one of claims 28 to 30, wherein:

the configuration profile comprises a mapped association between each
primary device and the at least one secondary device;

each input signal is associated with a primary device identifier corresponding

to the primary device providing that input signal; and
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the processing module is configured to generate the one or more control
commands by, for each input signal,
identifying, from the configuration profile, the at least one secondary
device in mapped association with the primary device corresponding to the
respective primary device identifier; and
associating that input signal with the identified at least one secondary

device.

32. The robotic system of claim 31, wherein the processing module is further
configured to, for each secondary device,

determine whether that secondary device is associated with two or more input
signals; and

in response to determining that secondary device is associated with two or
more input signals, combine the two or more input signals to generate the respective

control command for that secondary device.

33. The robotic system of claim 32, wherein the two or more input signals comprise
a first input signal defining a first aspect of the operation to be conducted by the
respective secondary device and a second input signal defining a second aspect of
the operation to be conducted by the respective secondary device, the second

aspect being different from the first aspect.

34. The robotic system of any one of claims 28 to 33, wherein:

the processing module is further operable to receive a state change indicator
from the at least one secondary device, the state change indicator representing an
adjustment of at least one of the primary device and the secondary device; and

the robotic system further comprises a mapping module for updating the

configuration profile in response to the state change indicator.

35. The robotic system of claim 34, wherein:
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the robotic system further comprises a storage module for storing a plurality
of configuration profiles, each configuration profile comprising a different respective
set of operational parameters; and

the mapping module is further configured to select one of the plurality of
configuration profiles based on the state change indicator.

36. The robotic system of any one of claims 34 and 35, wherein the adjustment of
the at least one of the primary device and the secondary device comprises a change
to a mapped association between a primary device and a respective secondary

device.

37. The robotic system of any one of claims 34 to 36, wherein the adjustment of the
at least one of the primary device and the secondary device comprises an

occurrence of a closed kinematic loop at the secondary device.

38. The robotic system of claim 28, wherein each control modification module is
further configured to:

generate an operational model based on the one or more control commands;

identify, from the operational model, a collision between at least one of the
one or more secondary devices and one or more segments of a secondary device,
and

in response to identifying the collision, generate the modifier for preventing
the collision, the modifier including a removal of one or more components of the
non-compliant control command causing the collision based on the operational
model.

39. The robotic system of any one of claims 28 to 38, wherein:
the configuration profile comprises a compliance threshold; and
each control modification module is further configured to:
receive a sensed value from the secondary device;
determine whether the sensed value exceeds the compliance
threshold; and
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in response to determining the sensed value exceeds the compliance
threshold, generate the modifier for reducing a force or torque exerted by the
secondary device, the modifier including a removal of one or more
components of the non-compliant control command causing the measured

force value to exceed the compliance threshold.

40. The robotic system of any one of claims 28 to 39, wherein:
the configuration profile comprises a singularity threshold; and
each control modification module is further configured to:
receive a pose information associated with the secondary device, the
pose information comprising a position data and an orientation data;
determine whether the pose information exceeds the singularity
threshold; and
in response to determining the pose information exceeds the
singularity threshold, generate the modifier for reducing a movement of the
secondary device to reduce a change in the pose information, the modifier
including a removal of one or more components of the non-compliant control

command causing the pose information to exceed the singularity threshold.

41. The robotic system of any one of claims 28 to 40, wherein the processing
module is further configured to provide sensory indicators indicating a relative spatial
reference frame between the processing module and the one or more secondary

device.

42. A method of providing relative spatial data for a robotic system, the method
comprising:

determining a spatial relationship between an imaging reference frame of an
imaging sensor at the robotic system and an operator reference frame of the
operator of the robotic system, the imaging sensor being remotely controlled by the
operator and the imaging sensor being rotatable;

detecting a current imaging orientation of the imaging sensor relative to the
operator reference frame; and

76



10

15

20

25

30

WO 2015/154172 PCT/CA2015/000243

providing at least one visual cue representing the current imaging orientation

relative to the operator reference frame.

43. The method of claim 42, wherein determining the spatial relationship between
the imaging reference frame and the operator reference frame comprises:

comparing the imaging reference frame with the operator reference frame;
and

in response to determining the imaging reference frame is aligned with the
operator reference frame, defining the initial spatial relationship as an aligned
relationship, otherwise, determining a reference frame translation for converting
spatial data in the imaging reference frame to the operator reference frame, and
defining the initial spatial relationship according to the determined reference frame
translation.

44. The method of any one of claims 42 and 49, wherein providing the at least one
visual cue representing the current imaging orientation comprises:
providing one or more visual cues representing one or more different views of

the imaging sensor relative to the operator reference frame.

45. The method of claim 44, wherein the one or more different views of the imaging
sensor relative to the operator reference frame comprises: one of a side view of the
imaging sensor relative to the operator reference frame and a top view of the

imaging sensor relative to the operator reference frame.

46. The method of any one of claims 42 to 45, wherein providing the at least one
visual cue representing the current imaging orientation comprises:

providing an extension visual cue representing a current degree of extension
of an imaging arm on which the imaging sensor is mounted.

47. The method of claim 46, wherein:
the extension visual cue is a side view of the imaging arm; and
the method further comprises:
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providing a direction visual cue representing a direction from which the
side view of the imaging arm is shown relative to a base of a robotic device
on which the imaging arm is mounted.

5 48. The method of any one of claims 42 to 47, wherein detecting the current imaging
orientation of the imaging sensor relative to the operator reference frame comprises:
determining an imaging position of the imaging sensor according to the

imaging reference frame; and
translating the imaging position to the operator reference frame based on the
10  determined spatial relationship between the imaging reference frame and the

operator reference frame.

49. The method of any one of claims 42 to 48, wherein providing the at least one
visual cue representing the current imaging orientation comprises:

15 displaying the at least one visual cue at a display viewable by the operator.
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