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DESCRIPTION

CLAIM OF PRIORITY

[0001] The present application relates to U,S, Patent Application No. 14/475,184 filed on
September 2, 2014, entitled "System and Method for Flexible Human-Machine Collaboration,”
by Kelleher Guerin, Gregory D. Hager, and Sebastian Riedel, from which application priority is
claimed.

GOVERNMENT SUPPORT STATEMENT

[0002] This invention was made with Government support under Grant No, NRI-1227277
awarded by the National Science Foundation, The U.S. Government has certain rights in this
invention.

FIELD

[0003] The present disclosure relates generally to systems and methods for enabling human-
machine collaborations via a generalizable framework that supports dynamic adaptation and
reuse of robotic capability representations and human-machine collaborative behaviors.

BACKGROUND

[0004] Robotic industrial automation has seen significant success in large-scale manufacturing
because it offers significant advantages at scale for tasks such as welding, cutting, stamping,
painting, heavy material handling, precision material machining, etc. The success of robotic
automation in large-scale manufacturing has led to a long-standing desire to extend the use of
robotic automation into small and medium-sized manufacturing enterprises ("SMEs").
However, in contrast to large scale manufacturing, SMEs' production processes are typically
characterized by small production volumes and/or high product variability. Consequently, the
ability to amortize the infrastructure, specialized personnel, setup, and programming of flexible
robotic automation is far reduced for SMEs.

[0005] SME processes sometimes include tasks that require a high level of customization and
therefore necessarily involve human skill and judgment. For example, refurbishment tasks and
build-to-order manufacturing processes must accommodate unforeseen workpiece variances
and equipment modifications. In such cases, an existing human-centred production process
may find it difficult to determine where or how robotic automation can be a useful addition to an



DK/EP 3194123 T3

effective human-intensive process, rather than a duplication or attenuation thereof. Take, for
instance, an SME specializing in custom furniture manufacturing that has a number of highly-
skilled employees. That SME may want to improve the efficiency and productivity of its
employees by using robotic systems to automate repetitive tasks that involve dexterous
actions, such as drilling or sanding tasks. However, a commercial off-the-shelf robotic system
would not be useful in this case because it would be impossible for the SME to leverage its
employees' existing task knowledge and experience.

[0006] There is therefore a need for systems and methods for overcoming these and other
problems presented by the prior art.

EP2129498A1 discloses a method and an apparatus for programming an industrial robot
working in a work cell including one or more workstations and the robot is visiting and
performing work on the workstations. The apparatus comprises: a memory location for storing
preprogrammed robot code comprising program instructions where accommodations for
optional parameters are made, and for storing at least one predefined workstation having a
plurality of different scenarios, each scenario including a set of parameters defining how the
robot will perform work on the workstation, a graphical display and input device adapted to
present a graphical user interface displaying a graphical object representing the workstation,
displaying information about the scenarios together with the graphical object representing the
workstation and allowing the user to select one of the scenarios associated with the
workstation, and a robot program generator adapted to generate a robot program based on
user selected scenarios and the preprogrammed robot code.

US2010/185328A1 discloses a robot that supplies a projector service according to a user's
context and a controlling method thereof. The robot includes a user detection unit detecting a
user; a user recognition unit recognizing the user; an object recognition unit recognizing an
object near the user; a position perception unit perceiving relative positions of the object and
the user; a context awareness unit perceiving the user's context based on information on the
user, the object and the relative positions between the user and the object; and a projector
supplying a projector service corresponding to the user's context.

US2011/071676A1 discloses a robotic system that includes a robot having joints, actuators,
and sensors, and a distributed controller. The controller includes command-level controller,
embedded joint-level controllers each controlling a respective joint, and a joint coordination-
level controller coordinating motion of the joints. A central data library (CDL) centralizes all
control and feedback data, and a user interface displays a status of each joint, actuator, and
sensor using the CDL. A parameterized action sequence has a hierarchy of linked events, and
allows the control data to be modified in real time. A method of controlling the robot includes
transmitting control data through the various levels of the controller, routing all control and
feedback data to the CDL, and displaying status and operation of the robot using the CDL. The
parameterized action sequences are generated for execution by the robot, and a hierarchy of
linked events is created within the sequence.

US2014/163730A1 discloses a solution for performing a set of tasks using one or more robotic
devices is provided. The robotic device can be configured to perform each task using one or
more effector devices, one or more sensor devices, and a hybrid control architecture including
a plurality of dynamically changeable levels of autonomy. The levels of autonomy can include:
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full autonomy of the robotic device, teleoperation of the robotic device by a human user, and at
least one level of shared control between the computer system and the human user.
US2012/016671A1 discloses a system and methods for transcribing text from audio and video
files including a set of transcription hosts and an automatic speech recognition system. ASR
word-lattices are dynamically selected from either a text box or word-lattice graph wherein the
most probable text sequences are presented to the transcriptionist. Secure transcriptions may
be accomplished by segmenting a digital audio file into a set of audio slices for transcription by
a plurality of transcriptionist. No one transcriptionist is aware of the final transcribed text, only
small portions of transcribed text. Secure and high quality transcriptions may be accomplished
by segmenting a digital audio file into a set of audio slices, sending them serially to a set of
transcriptionists and updating the acoustic and language models at each step to improve the
word-lattice accuracy.

US2013/218340A1 discloses a semi-automatic, interactive robotic system for performing
and/or simulating a multi-step task includes a user interface system, a recognition system
adapted to communicate with the user interface system, a control system adapted to
communicate with the recognition system, and a sensor-actuator system adapted to
communicate with the control system. The recognition system is configured to recognize
actions taken by a user while the user operates the user interface system and to selectively
instruct the control system to cause the sensor-actuator system to perform, and/or simulate,
one of an automatic step, a semi-automatic step or direct step of the multi-step task based on
the recognized actions and a task model of the multi-step task.

JP2000006068A discloses providing a human robot collaboration control method and its device
which can form an operable condition by understanding the will of a human being and
operating in cooperation with the human being, and can express an action reflecting
characteristics of a teacher autonomously, and a storage medium storing a program.
US2006/161300A1 discloses systems and methods that enable a higher-level software
application to control a robot's motion through a generic motion interface. In one embodiment,
a system includes a controller, an interface, and a set of robot driver modules. The interface
receives a command from the controller and translates the command into another command to
send to the driver modules. The interface includes a client, a server, and a network. The server
includes two interfaces: a client interface to communicate with the client and a driver interface
to communicate with the driver modules. The server also includes two buffers: a command
queue and a reply queue. The command queue stores commands received from the controller
(via the client). The reply queue stores replies received from the driver modules.
US2003/018401A1 discloses a method of optimizing a manufacturing operation includes
receiving as input data a description of a plurality of desired results of the operation, receiving
as input data capabilities of a machine to accomplish the operation, determining an operation
space including of a set of operations sufficient to accomplish all of the plurality of desired
results using the machine capabilities, categorizing the operation space into groups, each
group corresponding to one of the plurality of desired results, wherein any operation in the
group sufficing to accomplish the corresponding one result, selecting a subset of the operation
space, the subset comprising at least one representative from each of the groups, thereby
making it sufficient to accomplish all of the plurality of desired results, and determining a short
way to sequence the operations from the selected subset.
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SUMMARY

[0007] Many task domains have yet to take advantage of automated robotic systems because
of a lack of suitable collaborative systems that provide flexible and efficient interaction with
such robotic systems. Examples of such task domains include SME processes, in-home
assistance for physically disabled individuals, collaborative robotic surgery, etc. In these task
domains, either performing a task manually or completely automating a task is neither
desirable nor practical. Therefore, a need exists for collaborative robotic systems and methods
that provide flexible and efficient, user-robot interactions and are effective across a wide range
of tasks with varying duration, complexity, and constraints on user interaction,

According to a first aspect of the invention, there is provided a computer-implemented method
as set out in claim 1.

According to a second aspect of the invention, there is provided a system as set out in claim
19.

According to a third aspect of the invention, there is provided a non-transitory computer-
readable storage medium as set out in claim 20.

[0008] An exemplary collaborative robotic system according to various embodiments can be
instructed or trained in a generalizable way to perform a wide range of tasks and be able to
switch between tasks gracefully without retraining. The collaborative robotic system supports
human-robot collaborative operations for ranges of user roles and robot capabilities, and
models human-robot systems via sets of robot capabilities and collaborative behaviours that
relate the robot capabilities to specific user interaction capabilities, which are user interfaces or
interaction paradigms, A robot capability can be composited with other robot capabilities and
specialized for specific tasks. To perform tasks, the collaborative robotic system can
dynamically adapt robot capabilities using various task-related information or parameters, such
as tool affordances or tool behaviour constraints, tool movement primitives, and perceptual
grounding templates. For a specific task and robot capability, the collaborative robotic system
must determine one or more user interaction modalities required by the robot capability to
accomplish the task, subject to the constraints of available interfaces. Therefore, a
collaborative behaviour, which, includes a composition of one or more robot capabilities and
one or more user interaction capabilities, must map the user interaction capabilities to the
robot capabilities to meet the robot capabilities’ requirements for user interaction.

[0009] Embodiments of the present disclosure relate to systems and methods for enabling
human-machine collaborations via a generalizable framework that supports dynamic
adaptation and reuse of robotic capability representations and human-machine collaborative
behaviours. Specifically, a computer-implemented method of enabling user-robot collaboration
includes providing a composition of a robot capability and one or more user interaction
capabilities, wherein the robot capability models at least one functionality of a robot for
performing a type of task action based on a set of one or more parameters; specializing the
robot capability with an information kernel, wherein the information kernel encapsulates the set
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of one or more parameters; providing a robot capability element based on the robot capability
and the information kernel, wherein the robot capability element is an instance of the robot
capability; providing one or more interaction capability elements based on the one or more
user interaction capabilities, wherein the one or more interaction capability elements are
instances of the one or more user interaction capabilities; connecting the robot capability
element to the one or more interaction capability elements; providing, based on the one or
more interaction capability elements, one or more Uls to acquire user input associated with the
set of one or more parameters; and controlling, based on the user input and the information
kernel, the at least one functionality of the robot via the robot capability element to perform a
task action of the type of task action.

[0010] Additional objects and advantages of the embodiments of the disclosure will be set forth
in part in the description which follows, and in part will be obvious from the description, or may
be learned by practice of the embodiments. The objects and advantages of the embodiments
will be realized and attained by means of the elements and combinations particularly pointed
out in the appended claims.

[0011] It is to be understood that both the foregoing general description and the following
detailed description are exemplary and explanatory only and are not restrictive of the
embodiments, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

FIG. 1A is diagram illustrating examples of various types of tool behavior constraint associated
with various types of tool, consistent with embodiments of the present disclosure.

FIG. 1B shows an immersive virtual reality environment in which a user can interact with an
avatar of the robot to specify motion trajectories, consistent with embodiments of the present
disclosure.

FIG. 2 illustrates an example of a collaborative behavior that includes a composition of
capabilities connected to the user and the robot.

FIGS. 3A and 3B illustrate exemplary embodiments of a human-machine collaborative system
consistent with the principles of the present disclosure.

FIG. 4 illustrates an example of a behavior manifest that specifies behavior components
required by a collaborative behavior, consistent with the principles of the present disclosure.

FIG. 5 illustrates an example of user interfaces provided by the human-machine collaborative
system, consistent with the principles of the present disclosure.

FIG. 6 is a flow diagram illustrating an example method for enabling human-machine
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collaborations via a generalizable framework that supports dynamic adaptation and reuse of
robotic capability representations and human-machine collaborative behaviors, consistent with
embodiments of the present disclosure.

FIGS. 7 and 8 are flow diagrams illustrating example methods for providing various types of
capabilities and links for implementing human-machine collaborative behaviors, consistent with
embodiments of the present disclosure.

FIG. 9 is a flow diagram illustrating an example method for composing human-machine
collaborative behaviors, consistent with embodiments of the present disclosure.

FIG. 10 is an example computer system for performing the disclosed embodiments, consistent
with the present disclosure.

DETAILED DESCRIPTION

[0013] Reference will now be made in detail to example embodiments, which are illustrated in
the accompanying drawings. When appropriate, the same reference numbers are used
throughout the drawings to refer to the same or like parts.

[0014] For simplicity and illustrative purposes, the principles of the present disclosure are
described by referring mainly to exemplary embodiments thereof. However, one of ordinary
skill in the art would readily recognize that the same principles are equally applicable to, and
can be implemented in, all types of information and systems, and that any such variations do
not depart from the scope of the present disclosure. Moreover, in the following detailed
description, references are made to the accompanying figures, which illustrate specific
exemplary embodiments. Electrical, mechanical, logical and structural changes may be made
to the exemplary embodiments without departing from the scope of the present disclosure. The
following detailed description is, therefore, not to be taken in a limiting sense and the scope of
the present disclosure is defined by the appended claims.

[0015] The increasing prevalence of human-safe industrial robots is spurring interest in
collaborative robotic systems, with which human users and robots interact around a set of
semi-structured tasks, for SMEs and other emerging task domains such as aid for the elderly
or impaired and collaborative surgical robotics. The range of tasks being performed in these
task domains can change quickly, so a need exists for the collaborative robotic systems to
gracefully adapt across tasks without requiring complete reprogramming.

[0016] Various embodiments of the present disclosure include systems and methods for
enabling human-machine collaborations via a framework that supports a broad family of
collaboration design and use patterns. An exemplary human-machine collaborative system
according to various embodiments of the present disclosure implements a generalizable
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framework that supports the composition, dynamic adaptation, and management of reusable
robot capability representations, to enable at least one specific mode of operation, training,
troubleshooting, or re-tasking of one or more robots by one or more human users. Dynamic
adaptation of robotic capability representations includes generalizing information and
parameters captured by the collaborative system about tools, workpieces, and/or a robot's
work environment, which the collaborative system can store in general robot capability
representations and reuse for various types of task actions. Types of task action can include,
for example, motion constraint, motion instant replay, trajectory generation, and the like.
Dynamic adaptation of robotic capability representations also includes specializing general
robot capability representations to perform specific task actions. The generalizable framework
supports the composition, reuse, and management of human-machine collaborative behaviors,
which include compositions of capability representations, e.g., robot capabilities and user
interaction capabilities, and mappings between the capability representations. By implementing
the generalizable framework, the collaborative system can be instructed or trained in a
generalizable way to perform a wide range of tasks and task actions, and can switch between
tasks gracefully without retraining or complete reprogramming.

[0017] In the present disclosure, the word "robot” will be used instead of robotic manipulator or
set of robotic manipulators. Typically, a robot is an industrial robotic manipulator or a set of
industrial robotic manipulators for automated or semi-automated production applications. A
robot's envelope space is the range of motion over which the robot can physically move or
reach, which includes a set of points in space that can be reached by the robot's end-effector,
which can be a tool effector attached to the robot or a tool grasped or held by a gripper-type
end-effector attached to the robot. For example, the robot's envelope space can include the
range of motion over which a tool effector point ("TEP") of the robot can physically move or
reach. The robot's TEP can be defined as a reference point in a point cloud of the tool effector
attached to the robot (e.g., a user-selected point, the tool effector's endpoint, its point of
attachment to the robot, etc.) or the tool grasped by the robot's end-effector (e.g., a user-
selected point, the tool's endpoint, the point at which the end-effector grasps the tool, etc.).
The size and shape of the robot's envelope space depend on the coordinate geometry of the
robot and are influenced by the robot's design, such as the robot's configuration (e.g., types of
joints, the joints' range of movement, lengths of links connecting the joints, etc.), number of
degrees of freedom ("DOF"), and the like. In some embodiments, the size and shape of the
robot's envelope space can also be influenced by the size and shape of the tool effector
attached to the robot or the tool grasped by the robot's end-effector. The robot can perform
work within its maximum workspace, which generally contains all or almost all of the points in
the robot's envelope space. The collaborative system can constrain the robot's workspace to a
subset of the points in the robot's maximum workspace to enforce or apply one or more
constraints, which is described in greater detail below.

[0018] Through the generalizable framework, the collaborative system can interact with at
least one human user to capture task knowledge used to collaboratively perform a task with at
least one robot, and then adapt the captured task knowledge to collaboratively perform other
tasks with the robot and/or at least one other robot, in an efficient and portable manner. This
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collaborative system becomes more capable as more task knowledge is captured, and as the
collaborative system becomes more capable, less information is needed from the user per
task. Moreover, the nature of the captured tasked knowledge can progress from low-level
(e.g., manual demonstration of dense trajectories) to higher-level (e.g., point- and-click inputs,
verbal commands, etc.). As system capability increases and the need for detailed user
interaction decreases, the collaborative system can scale down for new applications and be
gradually introduced into environments that have not classically incorporated automation due
to a lack of environmental structure or modeling.

[0019] In various embodiments, the generalizable framework defines and provides models for
(1) capabilities, which are higher order functions that map input information to output
information or actions based on infrequently-changing parameters, and (2) collaborative
behaviors, which are mappings between at least one unknown dimension of a task to at least
one appropriate interface for the human user to work with the robot to complete the task. The
generalizable framework can provide for different classes of capabilities, including robot
capabilities and user interaction capabilities. Robot capabilities serve as reusable robotic
capability representations that can be specialized for specific tasks, and a robot capability
models at least one functionality of the robot at runtime and can connect to either a user
interaction capability or other robot capabilities. User interaction capabilities provide one or
more interface modalities to the user by either requiring input commands or displaying
feedback. Through the use of capabilities and collaborative behaviors provided by the
generalizable framework, the collaborative system provides an environmental structure for
flexible human-robot collaborations that can account for the dynamic nature of collaborative
interactions.

[0020] The collaborative system can create a general robot capability by capturing and
generalizing information from one situation, and then specialize the general robot capability for
different and even novel situations by instantiating and parameterizing the general robot
capability with one or more situation-specific parameters. A general robot capability models at
least one functionality of the robot for using an attached tool of a tool type to perform a type of
task action that requires a set of task-related parameters. In various embodiments, the
collaborative system can dynamically adapt robot capabilities for task actions of various types
based on three types of task-related parameters: tool behavior constraints or tool affordances,
tool movement primitives, and perceptual templates.

[0021] A tool behavior constraint for a tool can be determined based on at least one tool
affordance of the tool. A tool affordance is one or more features, properties, attributes, or
characteristics of the tool that affords or enables an entity (e.g., a robot, a person, another tool,
and the like) to perform one or more actions with the tool. The collaborative system can
capture information via motion demonstrations, parameters about tools and workpieces, and
parameters which relate one or more task actions to the robot's work environment. The
captured information can be encapsulated and generalized and then stored in a reusable robot
capability representation. For instance, certain drill parameters are valid for more than one
type of drill bit or workpiece, and motion demonstrations can define archetypal motions that
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can be modulated for a specific situation, such as linear driling motions parallel to a
longitudinal axis of an attached drill bit.

[0022] The collaborative system can create a collaborative behavior by composing one or
more robot capabilities for performing specific task actions or task actions of specific types into
a composition of robot capabilities, and mapping one or more user interaction capabilities that
meet the robot capabilities' requirement for user interaction to the robot capabilities. To provide
task- or subtask-specific robotic assistance or augmentation, the collaborative system can
modify the composition of robot capabilities and/or specialize the robot capabilities to the
specific needs of a given task through end-user demonstration and/or lightweight
parameterization and interaction. The collaborative system supports dynamic adaptation of
existing robot capabilities and collaborative behaviors to perform new tasks, thus facilitating
rapid robot training for simple tasks and enabling flexible interaction with various tools and
workpieces that makes robot training for complex tasks more intuitive. By implementing the
generalizable framework, the collaborative system enables simple and intuitive robot
programming, reprogramming, training, and retraining by users (e.g., end-users, on-site
engineers, and the like), through user interaction, user demonstration, flexible interaction with
various tools and workpieces, and the like.

[0023] The collaborative system can offload task knowledge and authority to use that
knowledge, which is implemented using instances of robot capabilities in the form of robot
capability elements ("RC elements”), onto the robot. The collaborative system also provides
appropriate user interface ("UI") elements, which are implemented using instances of user
interaction capabilities in the form of user interaction capability elements ("IC elements"), for
the user to collaborate with, interact with, and/or give inputs to the robot. The set of capability
elements (e.g., RC elements and IC elements) necessary for performing a task may vary
depending on the complexity of the task, because the task knowledge, the authority to use that
knowledge, and the user input required for performing the task may change with that
complexity.

CAPABILITIES

[0024] A capability is defined as a higher order function that maps input information to output
information or action based on an information kernel, which is defined as one or more
infrequently-changing parameters. Without loss of generality, such parameters can be
functions that are evaluated at runtime. The collaborative system can use a capability to
successfully execute one or more robotic actions in a dynamic and uncertain environment.

[0025] More formally, a capability C can be defined as C(k) : y — ¢, where « is the information
kernel, y is the set of inputs to the capability, and ¢ is the set of outputs. If Information kernel «
is undefined, then capability C is considered uninstantiated or general, and thus lacks the
necessary information to operate on inputs y. The generalizable framework also defines two
composition operators: serial composition, ©, and parallel composition, . Through the use of
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composition operators, capability C can be composed of other capabilities. Thus, capability C
can be a composition of other capabilities and be considered a composite capability.
Conversely, capability C can be considered a base capability if capability C includes no other
capabilities.

[0026] The serial composition operator, ©, is generally non-commutative and
represents connecting outputs of one capability into the inputs of another capability:

Ci(xr) ® Crkg) - p1 — @5

[0027] The parallel composition operator, @, is commutative and represents the union of two
capabilities:

Ca(ka) & Crlxr) : (vau y8) — (iU og)

[0028] In parallel composition, outputs ¢4 and @g are assumed to be disjoint without loss of

generality because capabilities can be composed with a decision function that picks conflicting
outputs from C4 or Cg, Additionally, both kinds of composition of capabilities require the union

of information kernels for the composited capabilities.

[0029] Capabilities can be classified into user interaction capabilities and robot capabilities. A
user interaction capability U € U, where U is the set of all user interaction capabilities available
to the collaborative system, provides one or more interface modalities to the user by either
requiring input commands or displaying feedback.

[0030] A robot capability R € R where R is the set of all robot capabilities available to the
collaborative system, models at least one functionality of the robot at runtime and can connect
to one or more user interaction capabilities and/or one or more other robot capabilities.
Examples of robot capabilities are shown in Table 1.

Capability InstantistedVSpeciniived

' Svimba faout ¥ ’ I
Name | Symbol Iaput ) {hutput ¢ By
p motion gonstvained pose | . .
{a} o Ko pose (SE(GYH Nt toof behavior constraings
sonstraing RINE)) . ;

o~ modion metant % SERTT POSE joint velooity tool movement primilives
[ . FLEN o ) T o
N ’ {8 3 commaids CITRPR™)
. , start and eud L joilnt velochty ThiPs, percepiual
W) g ‘ commands emoliates

MOIREE COMMAnas FEIMRATCS

[0031] Robot capabilty R can be initially general or uninstantiated, and in this form is
generalizable for a space of tasks and task actions defined by the parameterization of
information kernel k. The collaborative system can parameterize robot capability R with
information kernel « for a specific situation to form an instantiated robot capability R(x). The
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collaborative system can then operate instantiated robot capability R(k) with input y to produce
output @, such as commanding the robot to perform one or more specific task actions.

[0032] To perform an example task of precisely drilling holes collaboratively with the robot
enforcing motion constraints, the collaborative system requires two capabilities: a user
interaction capability that receives pose commands from the user, and a general robot
capability R, that moves the robot subject to constraints imposed by an information kernel

describing a particular drill. An example of general robot capability Rmne is shown in Table 1.
Given an information kernel kg4 containing common motion constraints necessary for using
drills, the collaborative system can instantiate general robot capabilty Rm, e to form an
instantiated robot capability Rpyc(Kqriy) for providing a drill motion constraint. In this example,
information kernel kg4 encapsulates parameters for mapping a geometric feature of the drill to

a Cartesian constraint, and the collaborative system can reuse these parameters for any tool
with the same feature (e.g., other drills). Furthermore, the collaborative system can instantiate
general robot capability R,,; to constrain not only drills but other tools without changing its

interfaces y and ¢.

Specializing Capabilities

[0033] The user uses the collaborative system to specialize capabilities through instructions
that define information kernels based on a set of specified parameters and demonstrations,
and may also include other user-provided information. An instruction can be defined as a
method of using a user demonstration or parameterization to create a new information kernel
or specify parameters of an existing information kernel. Using the above-described example
task of precisely drilling holes, to specialize robot capability R, for drilling, the user can

perform an instruction /y;; specifying a mapping from drill geometry to constraint geometry.

The collaborative system can encapsulate this mapping in k4 and in so doing, specialize Ry,¢

to Rme(Karitn-

[0034] The collaborative system can specialize capabilities based on various classes of
information useful for performing various types of task actions, including (1) tool affordances
using tool behavior constraints, (2) motion trajectories using TMPs, and (3) perceptual
grounding using perceptual templates. For example, the collaborative system can specialize a
capability in response to the user performing an instruction to specialize the capability, with the
instruction specifying (1) a tool behavior control that describes how a tool works and provides
one or more behavior controls on the use of the tool to perform task actions, (2) a TMP that
describes one or more motions involved in performing a task action, and/or (3) a perceptual
template that provides one or more behavior controls in the context of the robot's work
environment. Those skilled in the art will appreciate that other classes of information can be
used to specialize a capability without departing from the scope of the present disclosure.
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Tool Behavior Constraints

[0035] Tools are typically designed with a certain use case in mind, particularly in the domain
of industrial manufacturing, which usually involves constraints on motions that can be made
with the tools to perform tasks. The framework implemented by the collaborative system
formalizes this aspect of tool use as tool behavior constraints. More particularly, a tool behavior
constraint associated with a tool describes a preconceived notion of how the tool works and
provides one or more behavior controls and/or motion constraints on the use of the tool in
performing one or more task actions. The tool behavior constraint can be determined based on
at least one tool affordance of the tool. Tool affordance is defined as one or more features,
properties, attributes, or characteristics of the tool that affords or enables an entity to perform
one or more actions with the tool. WWhen the user wants the robot to perform or assist in a task
that calls for the use of the tool or another tool having characteristics and features substantially
identical to those of the tool, the user can parameterize at least one tool behavior constraint
associated with the tool to give the robot a notion of how the tool can be used to perform the
task. The user can parameterize the tool behavior constraint for the tool by specifying the
geometry of the tool, where the robot grasps or attaches the tool, etc.

[0036] When modeling robot capabilites concerning tools, the collaborative system can
leverage the fact that each tool or type of tool has geometric features that afford useful action
and thereby place a constraint on the motions that can achieve the useful action. For example,
a drill's cylindrical bit constrains the drill's motion along a line, and when a drill is being used for
hole-drilling, an attached drill bit defines an axial translation direction; similar constraints apply
to a hole-puncher or a sheet-metal stamper. For another example, a sanding or polishing tool
generally has a planar operating surface, which constrains the tool's motion to tangential
contact along the planar operating surface. Similarly, various tool behavior constraints apply to
other tool applications, such as a cutting tool, which is often restricted to straight lines or
curves.

[0037] More formally, a tool { can be represented as a 3-tuple { = (r, A, G), where ris a
representation or model of the three-dimensional ("3-D") geometry of tool t, A = (ag, ay4,..., ap)

is a set of behavior constraints, and G = (gg, 91,-.-, 95p) is a set of grasp configurations relative

to representation r. The collaborative system can use tool t to represent a specific tool or any
tool in a specific class of tools that share substantially identical characteristics and features.
Assuming a fixed end~effector, g; € SE(3) is a specific tool-relative position. Each behavior

constraint is, in turn, a pair a :::: (p, g), where p € SE(3) is a constraint frame and g is a
constraint type, i.e., g € {axis, curve, angle, plane,...}. For tool ¢, the collaborative system can
generate a constraint frame p based on a constraint type q by fitting representation r of tool  to
constraint type . Representation r can model tool ¢ in whole or in part. By mapping the
geometry of tool ¢ in the form of representation r to constraint type q, the collaborative system
can form a reusable information kernel x; to specialize a robot capability R (e.g., motion

constraint capability R as shown in Table 1) into a specialized robot capability R(ky). When



DK/EP 3194123 T3

tool t is attached to the robot, the collaborative system can operate specialized robot capability
R(kp to control the robot. Examples of various types of tool behavior constraint are shown in

Table 2 and illustrated in FIG. 1A.

o . age . " Tool Usags

Yype g Tool Effector Mapping Fres Do¥F . &

v Example
axis, pavallel | frame p at distal poing, axial motion and drilling, punching,

x-axis i divection o rotation along axis stamping
. frame p at canter, planar moton y/e-plane, e
plane o e e o . . sanding, polishing
x-a%i% in normal divection | rotation arcund x-axis

Table 2: Examples of Constraint Types

[0038] When the robot grasps or captures a tool, the collaborative system can use one or
more tool behavior constraints associated with the tool to define one or more constraints that
allow tool movement to be resolved into constrained DOF and externally controlled DOF, for
instance, by using null-space projection methods. For example, the collaborative system can
specify a tool behavior constraint associated with the tool by starting with a representation of
the tool's geometric features, such as a 3-D point cloud of the tool. The collaborative system
can provide the representation of the tool by having the user select an existing representation,
generate a new representation, or select and modify an existing representation. In various
embodiments, the collaborative system can also autonomously provide the representation of
the tool. The user can use the collaborative system to interactively select a region of the point
cloud as the tool origin and then select a constraint type. Based on the selected region and
constraint type, the collaborative system can determine the tool tip frame and one or more tool
behavior constraints with respect to the tool origin. The collaborative system can map any
region of the tool to a tool behavior constraint based on user selection. The collaborative
system can also select any region of the tool's point cloud or use the tool origin or tool tip
frame as the tool's TEP based on user selection or other considerations.

[0039] For example, assuming that a tool {; is a drill, the collaborative system can provide a 3-
D representation rq of the drill that includes a representation rp;; of an attached bit and then
select "axis" as constraint type g4. Thus, when tool ¢, is attached to the robot, representation r,
or rpjs imposes an. axial constraint on the robot's motions while the robot uses tool #1 to perform
drilling tasks. By mapping the geometry of tool #; in the form of representation ry and/or the
attached bit in the form of representation ry; to constraint type g4, the collaborative system can
form a reusable 6 DOF information kernel g, to specialize, for instance, motion constraint
robot capability Ry, (as shown in Table 1) into specialized robot capability Ryo(Kgriy).- The
collaborative system can then operate specialized robot capability Ry,c(kg) to constrain the

robot's motion when using tool #4.

Tool Movement Primitives
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[0040] TMPs describe motions that a robot makes with a tool to perform a task; the tool can be
a specific tool or any tool in a class of tools that share similar or even substantially identical
characteristics and features. In various embodiments, the collaborative system can represent
reusable motions as TMPs in a manner that captures tool-related features and parameters
while leaving other parameters unconstrained. TMPs can extend Dynamic Movement
Primitives ("DMPs"), which provide a foundation for reusable motion representations that can
be re-parameterized while maintaining the structure of the motion.

[0041] ATMP can encapsulate trajectory data in the context of the tool and one or more points
or other constraints in the robot's workspace and/or environment. More formally, a TMP T can
be represented as T =(a, d), where a = (p, q) is a tool behavior constraint associated with the
tool and d denotes a demonstrated trajectory. TMP T can be a DMP constructed in one of the
tool behavior constraint frames p+... p,, thus allowing the collaborative system to capture the

relative orientation or alignment between the tool and the trajectory frame, instead of the
orientation of the robot's end-effector with respect to some arbitrary world frame. In this way, a
robot capability (e.g., a motion instant replay capability R;- or a trajectory generator capability

Rig as shown in Table 1) specialized by TMP T can be re-parameterized for different work

environments, and the motion can be properly reused for any tool sharing the tool behavior
constraint specified in TMP T.

[0042] The collaborative system can generate a TMP associated with the tool by first acquiring
trajectory data via user demonstration, relevant Uls, or a combination thereof, and then
generalizing the trajectory data for use in various tasks that involve using the tool. The
trajectory data describes one or more motions involved in using the tool to perform actions for
completing the task. The collaborative system can acquire the trajectory data via user
demonstration by entering a learning mode, having the user demonstrate the motions, and
perceiving or sensing the demonstrated motions to capture the trajectory data.

[0043] Using a sanding task as an example, the user can demonstrate a spiral sanding
trajectory with a sander that progresses out from a starting point, in plane with the sander's
face. The collaborative system can acquire or capture the shape of the spiral sanding
trajectory and the alignment or orientation of the sander with respect to the direction of the
trajectory. For instance, the collaborative system can capture that the sander's face is parallel
to the direction of the trajectory. The collaborative system can also generate a TMP Tggnqer that

encapsulates the spiral sanding trajectory in the context of the starting point and the alignment
or orientation of the sander in the context of the direction of the spiral sanding trajectory.

[0044] Subsequent to trajectory data acquisition, the collaborative system can generate the
TMP by generalizing the trajectory data. The collaborative system can adapt or re-
parameterize the TMP for a new task based on, for example, a user-specified point and/or a
perceptual template associated with the new task. In various embodiments, the collaborative
system can acquire the TMP by having the user move the robot via admittance control along a
6 DOF pose trajectory. The collaborative system can store the pose trajectory as a DMP or a
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TMP, which can be used generatively to create a novel motion given one or more target points
in the robot's workspace or environment and/or one or more perceptual templates. The
collaborative system can also store the pose trajectory relative to the robot's initial pose, so
that when generating a novel motion, the collaborative system can constrain the motion to the
tool tip frame of an attached tool and not some arbitrary coordinate system. For tool behavior
constraints and TMPs encapsulated in capabilities, the collaborative system can save the
resulting frame, geometric information, trajectory, and other data in at least one lightweight
database that is available to other capabilities. Using the example TMP Tganger described

above, the collaborative system can apply the spiral sanding trajectory correctly, for example in
a direction parallel to the sander's face, even if TMP Tgg,qer Was recorded with a sander whose

face was mounted at a different angle.

[0045] In various embodiments, the collaborative system can enforce one or more applicable
tool behavior constraints associated with a tool when the user is demonstrating one or more
motions involved in performing a task with the tool. More particularly, during a user
demonstration, the collaborative system can enforce or apply the applicable tool behavior
constraints by constraining the workspace of the robot to a subset of points within the robot's
maximum workspace. VWWhen the user applies a force on or near the tool to direct or guide the
robot during user demonstration, the user-applied force can have one or more components in
one or more undesirable directions that would cause the robot (e.g., the robot's TEP) to exit its
constrained workspace. To address this, the collaborative system can instruct the robot to stay
within or return to the constrained workspace. The robot can be instructed to stay within the
constrained workspace by resisting only the components of the user-applied force in the
undesirable directions, resisting the user-applied force in whole, or the like. The robot can be
instructed to return to the constrained workspace by providing negative force feedback (e.g.,
via impedance control, vibration or other forms of haptic feedback, etc.), moving the robot to a
point in the constrained workspace and/or reorienting the robot when safe for the user, or the
like. By enforcing the applicable tool behavior constraints associated with the tool, the
collaborative system allows the user to more precisely and effectively demonstrate how to use
the tool. The collaborative system can enforce the applicable tool behavior constraints during
motion demonstration, for instance, by forming an information kernel kio for the tool,

specializing motion constraint capability Ry with information kernel ko into a specialized
robot capability Rmc(Kioor), providing an instance of specialized robot capability Rmc(Kioor) @s an

RC element, and operating the RC element to control the robot in compliance with the
applicable tool behavior constraints.

[0046] For example, during a user demonstration of a drilling motion for performing the above-
described drilling task, the collaborative system can instruct the robot to allow the user to move
the drill only in a linear motion while the drill is activated, which assists the user in making a
precise single-shot demonstration. The collaborative system can do so by constraining the
workspace of the robot to a set of points in a straight line along the longitudinal axis of a drill bit
attached to the drill. While the drill is activated, if the user attempts to direct the robot via user-
applied force to deviate from the line along the drill bit's longitudinal axis, the collaborative
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system can instruct the robot move only in the direction along the drill bit's longitudinal axis, for
instance, by resisting one or more components of the user-applied force in one or more
undesirable directions (e.g., allowing only the component of the user-applied force in the
direction along the longitudinal axis of the drill bit). Alternatively or in addition, the collaborative
system can instruct the robot to provide negative feedback via a damping force countering the
user-applied force, return to the constrained workspace when safe for the user, reorient the
end-effector so the drill bit returns to the constrained workspace when safe for the user, etc.
For another example, during a user demonstration of a sanding motion for performing the
above-described sanding task, the collaborative system can instruct the robot to allow the user
to move the sander only in a motion tangential to a plane (e.g., planar motion) or a predefined
surface while the sander is activated.

Perceptual Templates

[0047] Perceptual templates support the definition of constrained tool movement by providing
one or more behavior controls that are described with respect to perception data associated
with the robot's work environment, such as one or more characteristics of a target workpiece
being worked on, one or more points in the robot's workspace, and the like. Thus, a perceptual
template provides one or more behavior controls in the context of the work environment. More
formally, a perceptual template P is a pair P = (S, E) that relates a selected scene region S to
specified geometric entities E = [e4...e,] in the scene. Scene region S can be a selected volume

of 3-D point cloud or red, green, and blue plus depth ("RGBD") data, a selected two-
dimensional ("2-D") region of an image, and the like. A geometric entity e; of geometric entities

E is a task relevant geometric feature, such as a point, a line or curve, a plane or surface, a 3-
D space, and the like. The collaborative system can use perceptual templates to ground tool
behavior constraints, TMPs, and other task constraints to perception data. While tool behavior
constraints and TMPs provide mechanisms for reusing constraint and motion data, perceptual
templates provide task-related parameters that need to be specified to perform task actions
but are not captured by tool behavior constraints or TMPs.

[0048] The task-related parameters can be user-specified with respect to the robot's work
environment, such as parameters that are specified relative to the position and/or orientation of
the target workpiece. Alternatively or in addition, the collaborative system can obtain
perception data descriptive of the robot's work environment and relevant to the task-related
parameters provided by the perceptual templates. The collaborative system can obtain the
perception data from perception or detection (e.g., via a sensor, a camera, and the like), user
interaction (e.g., via an interactive setup, direct user input or selection, and the like), stored
data, or a combination thereof. The collaborative system can continually obtain the perception
data at a suitable rate (e.g., 1 Hz, 5 Hz, etc.) to allow the user to reposition or move the target
workpiece. Stored data can include data values and information associated with one or more
reusable task-related parameters, such as data values associated with a type of workpiece,
data values previously inputted for performing a similar task on a similar type of workpiece, and
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the like. The user can also store data and information acquired via perception and/or user
interaction in one or more perceptual templates associated with the target workpiece or its

type.

[0049] In various embodiments, the collaborative system can obtain the perception data while
operating a robot capability to perform task actions. Subsequent to obtaining perception data,
the collaborative system can specify the task-related parameters based on the perception data
to ground any tool behavior constraint and TMP associated with the robot capability and any
task constraint. Accordingly, the collaborative system can reuse the task-related parameters
while performing task actions without a priori knowledge of the robot's work environment, such
as the target workpiece's position and/or orientation relative to the robot.

[0050] For an example task of repeatedly drilling a pattern of holes on a run of parts in a semi-
automated fashion, an applicable perceptual template Pjpges can include task-related

parameters that need to be specified to perform the example task, such as a drilling angle
relative to a workpiece surface, a pattern of holes to be drilled relative to one or more points on
the workpiece surface, and the like. The pattern of holes can be represented as lines at an
angle relative to the workpiece surface. While operating a robot capability to perform task
actions, the collaborative system can use perceptual template Ppyes to Obtain perception data,

such as a target workpiece surface S, one or more reference points on target workpiece
surface Sy, an orientation of target workpiece surface S, etc. For each part in the run of parts,
the collaborative system can use perceptual template Pproes t0 (1) obtain relevant perception
data descriptive of the part, (2) specify relevant task-related parameters based on the
perception data, (3) specialize a robot capability R (e.g., trajectory generator capability R;q as
shown in Table 1) by setting Kk = Pppjes 10 form a specialized robot capability R(Pppjes), (4)
provide an instance of specialized robot capability R(Ppges) @s an RC element, and (5) use the

RC element to instruct the robot to drill at locations specified by the pattern of holes on the
part's target surface S,, at the specified angle relative to target surface S,

[0051] The perception data can be obtained using one or more sensors, from the user, from
stored data, or a combination thereof. For instance, the collaborative system can first perceive
one or more workpiece surfaces and their orientations, by obtaining input depth data with a
camera and detecting one or more planar surfaces of the workpiece in the input depth data.
The collaboration system can then prompt the user to select a target surface S,, from the
target workpiece surfaces, one or more reference points on target surface S, and/or a pattern

of holes. The collaborative system can also load a previously saved pattern of holes.

Instructor for Specializing Capabilities

[0052] In various embodiments, the collaborative system provides at least one instructor for
generating instructions based on a set of specified parameters, demonstrations, or other user-
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provided information. The instructor can be used to create new information kernels or specify
parameters of existing information kernels, with which the collaborative system can specialize
robot capabilities. The collaborative system can invoke the instructor to obtain different classes
of information, such as tool behavior constraints, motion trajectories in the form of TMPs,
perceptual templates, and the like.

[0053] To generate an instruction for specifying one or more tool behavior constraints, the
instructor can provide a representation (e.g., a 3-D point cloud) of a tool selected by the user
or based on a tool attached to the robot. The representation can include at least one tool origin
point. The instructor can select a region in the representation and a constraint type, either
autonomously or based on an interactive user selection. The instructor can then fit the
representation of the tool to the constraint type based on the selected region and constraint
type to define a constraint frame, and thus can generate the tool effector and one or more tool
behavior constraints relative to the tool origin point. Any region of the tool can be mapped to a
tool behavior constraint based on user selection. The instructor store the tool behavior
constraints and can generate an instruction for specifying the tool behavior constraints in the
form of a formatted information kernel, which can be loaded by any capability requiring one or
more tool behavior constraints, such as motion constraint capability Ry shown in Table 1.

[0054] To generate an instruction for specifying one or more motion trajectories for using a
specified tool or a tool in a specified class in the form of one or more TMPs, the instructor can
provide a user interface for acquiring the motion trajectories. For example, the instructor can
provide an immersive virtual reality ("VR") environment as shown in FIG. 1B. Through the VR
environment, the user can interact with an avatar of the robot to specify motion trajectories.
The user can hold a virtual tool proxy, such as a 3-D pointing device, in a position identical to
how the tool is grasped by the robot, and demonstrate any number of 6 DOF motion
trajectories. The instructor can record the demonstrated motion trajectories as one or more
DMPs with respect to a selected tool, generate one or more TMPs based on the DMPs and a
constraint frame associated with the tool, and store the TMPs for the selected tool or a tool in
the specified class. The instruction for specifying the TMPs generates a formatted information
kernel that can be loaded by any robot capability requiring one or more TMPs, such as motion
instant reply capability R;- or trajectory generator capability Rjg shown in Table 1.

[0055] To generate an instruction for specifying one or more perceptual templates, the
instructor can perceive a scene in the robot's work environment and provide a user interface
that displays the scene in real-time and allows the user to select one or more points, lines, or
planes in the scene. For example, the instructor can perceive the scene using an RGBD
sensor, detect candidate features (e.g., a workpiece's vertices, edges, surfaces, etc.) in the
scene, and display in real-time a 3-D visualization of the scene and any candidate features.
The instructor can select, autonomously or based on user selection, at least one reference
feature from the candidate features. The instructor can also select template features based on
user selection and define each template feature in the context of the reference feature, such
as each template feature's relative position, angle, orientation, depth, or other attributes with
respect to the reference feature. For instance, the instructor can select a candidate surface of
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the workpiece as the reference surface and a user-selected pattern of holes to be drilled as the
template features. The angle of each hole in the pattern can be defined relative to the
reference surface, and the position of each hole can be defined relative to two or more edges
of the reference surface. The instructor can store the candidate features, the reference
feature, and/or the template features, as well as the relationship between the features in the
perceptual templates. The instruction for specifying the perceptual templates generates a
formatted information kernel that can be loaded by any robot capability requiring one or more
perceptual templates, such as trajectory generator capability Ry shown in Table 1.

COLLABORATIVE BEHAVIORS

[0056] Collaborative behaviors include compositions of one or more robot capabilities, one or
more user interaction capabilities, and mappings between the robot capabilities and the user
interaction capabilities. While robot capabilities can be built up and composited for controlling
the robot to perform particular task actions or task actions of particular types, the collaborative
system relies on collaborative behaviors to provide the user with interfaces necessary for user
interactions with the collaborative system and/or the robot for any particular robot behavior and
level of capability. In at least this aspect, the collaborative system differs from existing robotic
systems, which focus solely on the high level user-robot collaborative relationship but neglect
the low level interface elements,

[0057] For each robot capability in a composite capability, the collaborative system needs
explicit information regarding what input is required of the user, what feedback should be
presented to the user, and therefore what user interaction capabilities are required. Suppose a
robot capability R = ygr — @gr is composited through the composition operators (e.g., © and @

from a set of n instantiated or specialized robot capabilities {R4(k4), ..., Rn(kp)). For robot

capability R and the set of all user interface capabilities available to the collaborative system,
U, the compatibility function, A: R x U — {0, 1}, selects an appropriate set of user interface
capabilities {U: yy — @}, with U € U that provides either inputs to R or accepts outputs from R,

but not both, because any feedback loops are closed through a human operator (e.g., the
user):

[0058] Accordingly, a collaborative behavior B can be defined as a composition of robot
capability R, where all user interaction requirements for the composition of robot capability R
are met by a set of user interaction capabilities {Uj | U; € U AR, U;j) = 1}. Robot capability R
can be a base robot capability or a composite robot capability. FIG. 2 illustrates an example of
a collaborative behavior that includes a compaosition of capabilities communicatively connected
to the user and the robot. It should be noted that the collaborative system manages
connections between the capabilities in the collaborative behavior to control what information is
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passed to and from the user, but does not design nor dictate any particular design for user
interfaces associated with the capabilities. Instead, creators and designers of the capabilities
are free to design user interfaces associated with the capabilities.

[0059] To perform the above-described example task of precisely drilling holes collaboratively
with the robot enforcing motion constraints, the collaborative system can generate and/or
modify a composition of capabilities and store the composition in a collaborative behavior B;.

For the example task, drill-specialized motion constraint robot capability Rmc(kgry) requires at

least one 6 DOF command from the user. The collaborative system can select, based on
compatibility function A, a force guidance user interaction capability Ugce that has the required

output matching the 6 DOF command. Therefore, collaborative behavior B can be By = Ugyce
® Rmc(Kgriin. The collaborative system can use a similar approach to derive more complex

interaction requirements for other tasks, such as a task of drilling similar holes at locations
guided manually by the user or the example task of repeatedly drilling a pattern of holes on a
run of parts in a semi-automated fashion described above with respect to perceptual
templates.

EXEMPLARY EMBODIMENTS

[0060] FIGS. 3A and 3B illustrate exemplary embodiments of the collaborative system
consistent with the principles of the present disclosure. In various embodiments, an example of
which is shown in FIG. 3A, the collaborative system can include a computer 300 that can
interact with at least one user (not shown) via at least one Ul 310. Computer 300 can be a
general purpose or application-specific computer that is well known to those skilled in the art,
such as a desktop, a laptop, a tablet, a mobile device, a robot controller, a server, a cluster,
etc., or any combination thereof. Computer 300 can also be a machine of any suitable type,
such as a virtual machine, a physical machine, etc., or any combination thereof. Software
installed on computer 300 can include a collaborative framework 320 and at least one
operating system ("OS") 330.

[0061] Collaborative framework 320 is an example implementation of the above-described
generalizable framework that defines and provides models for capabilities, links, and
collaborative behaviors. Collaborative framework 320 can communicate and interact with at
least one robot 340 and/or the user to learn and/or provide collaborative/assistive
functionalities associated with the collaborative behaviors. According to the invention, the user
teaches one or more motions associated with a collaborative/assistive functionality to
collaborative framework 320 via user demonstration by directing robot 340 through the
motions. Collaborative framework 320 can use Ul 310 to communicate and interact with the
user, and can provide Ul 310 via one or more components or peripherals of computer 300,
such as a visual display, a pointing device or controller, a keyboard/keypad, an electroacoustic
transducer, a kinetic or tangible user interface, etc., or any combination thereof. A pointing
device or controller can include, for example, a mouse, a 3-D pointing device, a touchscreen, a
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touchpad, a joystick, a teach pendant, and the like. Collaborative framework 320 can also
provide Ul 310 via one or more components of robot 340, such as a sensor, an actuator, etc.,
or any combination thereof. A sensor can include, for example, a force sensor, a position
sensor, a visual sensor, a tactile sensor, and the like. One skilled in the art will recognize that
Ul 310 can be provided using other components and peripherals without departing from the
scope of the present disclosure.

[0062] Collaborative framework 320 can be supported, by and/or built on top of OS 330. OS
330 can be any commercial, open-source, or proprietary operating system or platform, such as
the ROBOT OPERATING SYSTEM ("ROS"), which can function as a middleware for
component-based composition of software functionality and network and process
management. Other well-known examples of operating systems that are consistent with the
principles of the present disclosure include LINUX, UNIX, ORACLE SOLARIS, MICROSOFT
WINDOWS, MAC OS, OPEN VMS, and IBM AIX.

[0063] Although FIG. 3A depicts collaborative framework 320 as providing Ul 310 and being
communicatively coupled to robot 340 via direct communications links, those skilled in the art
will appreciate that collaborative framework 320 can provide Ul 310 and/or he communicatively
coupled to robot 340 via any suitable type of communication link, such as a network connection
through at least one communication network like a local area network, a wide area network, an
intranet, the Internet, etc. Those skilled in the art will also appreciate that the single-computer
configuration and the arrangement of various parts of the collaborative system depicted in FIG.
3A are merely representative and that other configurations and arrangements, an example of
which is illustrated in FIG. 3B and described in greater detail below, are possible without
departing from the scope of the present disclosure.

[0064] As illustrated in FIG. 3A, collaborative framework 320 includes a behavior manager 322
that manages collaborative behaviors, robot capabilities, and links between robot capability
interfaces (e.g., inputs y and outputs ¢), as well as a Ul manager 324 that manages user
interaction capabilities. With behavior manager 322 and Ul manager 324 running as separate
and distinct modules or processes, collaborative framework 320 can manage the collaborative
behaviors, the robot capabilities, and the links separately and distinctly from the user
interaction capabilities to maintain consistency with the conceptual definition of collaborative
behaviors. The explicit separation of robot and user interaction capabilities allows behavior
manager 322 and Ul manager 324 to run on separate machines, whether physical or virtual, as
long as the machines are communicatively coupled (e.g., networked) to each other. Moreover,
collaborative framework 320 can include multiple instances of Ul manager 324 running on one
or more machines, an example of which is illustrated in FIG. 3B and described in greater detail
below. Collaborative framework 320 can also include multiple instances of behavior manager
322 running on one or more machines (not shown) in a distributed manner.

Managing Robot Capabilities and Links
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[0065] In various embodiments, collaborative framework 320 can invoke behavior manager
322 to compose (e.g., author, modify, store, delete, etc.) robot capabilities as well as manage
(e.g., load, initialize, run, stop, terminate, unload, etc.) and dynamically adapt (e.g., specialize,
generalize, re-specialize, etc.) RC elements at various states, including during runtime.
Collaborative framework 320 can author robot capabilities in one or more programming
languages such as C++, PYTHON, etc., and can implement robot capabilities as software
elements that can be composed into composite elements. Robot capabilities can extend or be
based on ROS nodes, which provide a communication layer and interfaces for typed
connections between the software elements, e.g., instances of the robot capabilities.
Collaborative framework 320 can implement links between inputs and outputs of robot
capabilities as link elements in the form of published and subscribed ROS topics.

[0066] Collaborative framework 320 can provide instances of the robot capabilites as RC
elements by calling ROS launch files associated with the robot capabilities. RC elements that
have been provided by collaborative framework 320 can be in one or more of several states,
including uninstantiated or general, instantiated or specialized, running, waiting, stopped, and
the like. A general RC element contains code to read from and write to its interfaces (i.e.,
capability inputs and outputs) as well as code for performing task action of the desired type,
but contains an uninstantiated info class that accepts an information kernel required for the RC
element to function. Collaborative framework 320 can implement an information kernel as a
specifically formatted data file that is loaded into memory at runtime and used to instantiate the
info class and thus specialize the RC element. Collaborative framework 320 can include at
least one instructor that generates information kernels and stores the information kernels in a
database that is accessible to all capability elements.

[0067] Collaborative framework 320 can provide a specialized RC element based on a robot
capability by specifying the robot capability and the required information kernel in the element
launch file. Collaborative framework 320 can re-specialize an already-specialized RC element
at runtime, by swapping out the specialized RC element's information kernel for a different
information kernel. Using motion constraint capability R, shown in Table 1 as an example,
collaborative framework 320 can swap out an information kernel containing parameters
associated with a tool for another information kernel containing parameters associated with a
different tool, without having to unload motion constraint capability R, For instance,
collaborative framework 320 can swap out an information kernel kg of a specialized motion
constraint capability Rmc(kqgry) for an information kernel Ksanger to form a newly-specialized

motion constraint capability Rmc(Ksander), Without having to unload Rpc.

Managing User Interaction Capabilities

[0068] In various embodiments, collaborative framework 320 can invoke Ul manager 324 to
author, modify, load, unload, store, and switch between user interaction capabilities at various
states, including during runtime. Collaborative framework 320 can implement user interaction
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capabilities as software elements that can be composed into composite elements. Like RC
elements, IC elements can extend or be based on ROS nodes, and thus sharing a common
communication layer and interfaces with RC elements. Collaborative framework 320 utilizes IC
elements to provide the user with one or more interaction paradigms, which can take the form
of drivers or other forms of software interface with a peripheral such as a 2-D or 3-D display,
touchscreen, etc. For instance, an admittance control interaction element that allows the user
to manipulate a 6 DOF joystick attached to the robot can provide a mapping between the
user's motions as input y and the commanded pose output as output ¢ of the admittance
control interaction element.

Managing Collaborative Behaviors

[0069] To implement collaborative behaviors, collaborative framework 320 provides tools for
composing a composition of robot capabilities for a collaborative behavior, deriving user
interface requirements of the robot capabilities in the composition, and mapping user
interaction capabilities to the robot capabilities in the composition based on the derived user
interface requirements. Collaborative framework 320 can compose the composition by
specifying links between the robot capabilities in the composition. In various embodiments,
collaborative framework 320 can build the composition by populating a behavior manifest,
which can be a file formatted according a data specification or serialization format based on
the YAML standard, JavaScript Object Notation, etc. Each behavior manifest can encapsulate
one or more robot capabilities, user interaction capabilities, and links for a collaborative
behavior into tags, under which capabilities and links required for the collaborative behavior
are listed. Various capabilities can be specified in one or more launch files (e.g., ROS launch
files) and/or files containing behavior manifests, and links can be specified based on one or
more published and subscribed topics (e.g., ROS published and subscribed topics). For
example, collaborative framework 320 can process one or more launch files that specify
available capabilities, and can process one or more files containing a behavior manifest that
encapsulates robot capabilities, user interaction capabilities, and links required by the
collaborative behavior.

[0070] A behavior manifest 400 as shown in FIG. 4 is an example of a behavior manifest that
specifies robot capabilities, user interaction capabilities, and links required by an admittance
control collaborative behavior. Behavior manifest 400, which can be specified in the YAML
wiring format, gives at least one user admittance control of at least one robot, with the option to
constrain the robot's motion based on the tool currently being used and/or the workpiece
currently being worked on. Behavior manifest 400 can include a behavior name 410 as a top-
level key and behavior tags 420a-c as lower-level keys for lists 425a-c of required capabilities
or links. List 425a can list a set of required robot capabilities, list 425b can list a set of required
user interaction capabilities, and list 425c¢ can list a set of required links. Those skilled in the art
will appreciate that the format and content of behavior manifest 400 are merely representative
and that other formats and contents are possible without departing from the scope of the
present disclosure.
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[0071] During startup, collaborative framework 320 can instruct behavior manager 322 to build
a list of available robot capabilities, for example, by parsing the local file system for any launch
file with a prefix associated with collaborative framework 320, and can also locate and read any
file containing behavior manifests. Behavior manager 322 can load, engage, disengage,
unload, and switch between collaborative behaviors while in various states, including during
runtime or while at least one collaborative behavior is engaged. Ul manager 324 and/or
another module of collaborative framework 320 can define and provide one or more
administrative Uls through which the user can perform various administrative functions.

[0072] Administrative functions can include viewing a list of various capabilities (e.g., robot
capabilities and/or user interaction capabilities that are available to the user but not loaded,
loaded, uninstantiated or general, instantiated or specialized, running, waiting, stopped, etc.),
creating a new capability, selecting an existing capability for collaborative framework 320 to
load, instantiate or specialize, uninstantiate or generalize, re-instantiate or re-specialize,
unload, swap out, detail, modify, delete, etc., and other functions that can be performed in the
same manner for different capabilities. Administrative functions can also include viewing a list
of various collaborative behaviors (e.g., collaborative behaviors that are available to the user,
loaded, engaged, etc), creating a new collaborative behavior, selecting an existing
collaborative behavior for collaborative framework 320 to load, engage, disengage, unload,
swap out, detail, modify, delete, etc., and other functions that can be performed in the same
manner for different collaborative behaviors. For example, the user can use the administrative
Uls to browse a list of available collaborative behaviors and select a collaborative behavior for
collaborative framework 320 to load and/or engage, detail, modify, delete, etc. For another
example, the user can use the administrative Uls to browse for any engaged collaborative
behavior and select any engaged collaborative behavior for collaborative framework 320 to
disengage, unload, swap out, detail, modify, etc.

[0073] In response to collaborative framework 320 or any module therein receiving a
command to load a collaborative behavior, behavior manager 322 can locate a composition of
robot capabilities required by at least one behavior manifest associated with the collaborative
behavior, and launch RC elements as separate child processes for the required robot
capabilities. This allows behavior manager 322 to manage and gracefully transition between
the RC elements, for example, by starting, stopping, restarting, terminating, or killing them as
necessary; during such transitions, behavior manager 322 can halt the robot or instruct and
wait for the robot to enter a halted state.

[0074] After launching all required RC elements, behavior manager 322 can then look to the
behavior manifest for all links required by the collaborative behavior and/or the required RC
elements. For each of the required links, behavior manager 322 can spawn a link element, or
an explicitly generated temporary component containing logic to subscribe to a sending node
(e.g., an RC element publishing to a given topic) and publish to a receiving node (e.g., an RC
element subscribed to the given topic). This abstraction provides several benefits. By using link
elements, each link can be compartmentalized into its own process, rather than having the link
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logic (publisher and subscriber) spawn directly in behavior manager 322, thus allowing
behavior manager 322 to easily reorganize links between RC elements at runtime. This
abstraction also allows for useful introspection because the graph- like structure of connected
capability elements is retained. For example, the user can see explicit connections between
the RC elements via a visualization tool (e.g., rqt_graph, an ROS graph visualization tool),
rather than many RC elements all connected to the central hub of behavior manager 322.

[0075] As a result of using a separate process for each running RC elements and link
elements, behavior manager 322 can easily implement and carry out various other behavior
commands and management activities. In response to a command to unload a collaborative
behavior, behavior manager 322 can simply terminate running RC elements and link elements
associated with tne collaborative behavior. In response to a command to switch from a first
collaborative behavior that has already been loaded to a second collaborative behavior that is
being requested but has not been loaded, behavior manager 322 can find intersecting robot
capabilities shared by the first and second collaborative behaviors to load and unload only RC
elements and link elements that are not shared by the first and second collaborative behaviors.

[0076] Behavior manager 322 can add or subtract individual RC elements and make or break
individual links while in various states. For example, after loading or even engaging the
collaborative behavior, behavior manager 322 can add one or more new individual RC
elements and/or link elements to the collaborative behavior and can subtract one or more
individual RC elements and/or link elements associated with the collaborative behavior; if the
collaborative behavior is in an engaged state, behavior manager 322 can add or subtract the
individual RC elements and/or link elements while maintaining as much of the functionality of
the collaborative behavior as possible. Requests or commands to behavior manager 322 can
be implemented as services (e.g., ROS services), so they can be easily connected to a
graphical Ul or invoked programmatically.

[0077] Behavior manager 322 can also dynamically adapt individual RC elements while
collaborative framework 320 is in various states, including during runtime. For example, after
loading an RC element, behavior manager 322 can instantiate or specialize the RC element
with an information kernel that has been defined through one or more instructions. Behavior
manager 322 can uninstantiate or generalize a specialized RC element by decoupling the
existing information kernel from the RC element Behavior manager 322 can also re-instantiate
or re-specialize a specialized RC element by swapping out the existing information kernel with
a new information kernel.

[0078] As described above, collaborative framework 320 can manage the IC elements
associated with collaborative behaviors separately and distinctly from the RC elements and link
elements. To satisfy Ul requirements for collaborative behaviors, Ul manager 324 of
collaborative framework 320 can provide a set of IC elements based on available user
interaction capabilities. Ul manager 324 can launch IC elements as separate processes, similar
to the way that behavior manager 322 launches the RC elements, and thus providing similar
functionality and benefits as discussed above to Ul manager 324 when managing and
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transitioning between running IC elements. Moreover, the IC elements are launched as
separate processes from the RC elements and the link elements. However, Ul manager 324
does not define explicit links between running IC elements. Instead, Ul manager 324 can utilize
the above-described notion of A (i.e., the compatibility function) to determine the
appropriateness of a IC element for a specific RC element. In various embodiments, the
compatibility function associated with a collaborative behavior can specify that certain IC
elements are required for that collaborative behavior when loaded by collaborative framework
320, either by the collaborative behavior itself (e.g., in the behavior manifest) or by at least one
specific robot capability (e.g., in the launch file) in the collaborative behavior. FIG. 5 depicts an
example of a Ul 500 populated with tool behavior Ul elements 510 provided by IC elements
that let the user select and/or apply a tool behavior constraint associated with a sander, and Ul
500 is described in greater detail below with respect to an example process.

[0079] In various embodiments, collaborative framework 320 can create a collaborative
behavior by satisfying, as per compatibility function A, all user interaction requirements of robot
capabilities in the collaborative behavior's composition of robot capabilities. After loading each
robot capability in the composition as an RC element, collaborative framework 320 can
determine user interaction capabilities required by the robot capability based on requirements
listed in a launch file for the robot capability. The robot capability's requirements can list one or
more explicitly required user interaction capabilities and/or a list of one or more abstract
interface requirements. For instance, a tool motion constraint capability can require a specific
user interaction capability for Cartesian control with a joystick. The tool motion constraint
capability can also provide a list of one or more abstract interface requirements, such as text
fields, buttons, and toggles. Collaborative framework 320 can parse the list of abstract
interface requirements and determine which user interaction capabilities match the abstract
interface requirements. Then, collaborative framework 320 can locate and load the required IC
elements and connect each IC element to one or more RC elements that require the IC
element or a user interface provided by the IC element.

[0080] In response to collaborative framework 320 or any module therein receiving a
command to load a collaborative behavior, Ul manager 324 can automatically load all IC
elements listed as Ul requirements in a behavior manifest associated with the collaborative
behavior. Additionally, if and when collaborative framework 320 loads one or more needy RC
elements that have specific Ul requirements beyond those of the collaborative behavior as a
whole, the needy RC elements can broadcast their Ul requirements over a shared memory
space for data (e.g., a ROS parameter server) during the loading process. In response to the
broadcast Ul requirements, Ul manager 324 can load IC elements required by the needy RC
elements. Subsequent to loading IC elements required by the collaborative behavior and/or
any needy RC element, Ul manager 324 can call on the loaded IC element to provide one or
more Ul elements appropriate for the Ul requirements and make any necessary connections.
To ensure that the Uls provide the necessary interaction modalities to the user for the
collaborative behavior, the collaborative behavior's author or designer must explicitly specify at
least a minimal set of Ul requirements for the collaborative behavior.
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[0081] In various embodiments, an example of which is shown in FIG. 3B, the collaborative
system can include a distributed collaborative framework 350 having modules running on a
group of separate computers (not shown). The group of computers can include multiple
general purpose or application-specific computers, examples of which include a client-server
network, a peer-to-peer network, a computer cluster, a grid, a cloud, etc., or any combination
thereof. The computers can be machines of any type (e.g., physical, virtual, etc.) that are
communicatively coupled via at least one network 360, which can include one or more
communication networks of any suitable type, such as a local area network, a wide area
network, an intranet, the Internet, etc. For example, the group of computers can include
separate machines networked over ROS. Each computer in the group can be communicatively
coupled (e.g., networked) to at least one other computer in the group. Software installed on the
group of computers can include the modules of distributed collaborative framework 350 and
multiple instances of one or more operating systems (not shown). The modules of distributed
collaborative framework 350 can be supported by and/or built on top of the operating systems,
which can be any commercial, open-source, or proprietary operating system or platform, such
as ROS or other suitable operating systems.

[0082] The modules of distributed collaborative framework 350 can include a behavior
manager 352 that manages the RC elements and link elements and one or more instances
354 of Ul manager that manage the IC elements. Distributed collaborative framework 350 can
use one or more Uls 370 to communicate and interact with one or more users by providing Uls
370 via one or more components or peripherals of the computers and/or one or more
components of robots 380. One skilled in the art will recognize that Uls 370 can be provided
via other components and peripherals without departing from the scope of the present
disclosure. Distributed collaborative framework 350 can communicate and interact with one or
more robots 380 and/or the wusers via network 360 to learn and/or provide
collaborative/assistive functionalities associated with the collaborative behaviors.

[0083] With the explicit separation of the RC elements and IC elements in collaborative
framework 350, behavior manager 352 and at least one instance of Ul manager instances 354
can run on separate computers. Such configuration flexibility can be useful in scenarios where
distributed collaborative framework 350 requires one or more power-hungry logical modules to
manage the logical components and links but has lightweight Ul front ends. To optimize
performance in these scenarios, distributed collaborative framework 350 can run behavior
manager 352 on a powerful, remote computer or computer cluster (not shown) and run one or
more distributed instances of Ul manager instances 354 on one or more less-powerful local
computers (not shown), such as desktops, laptops, tablets, mobile devices, robot controllers,
and the like.

[0084] Furthermore, Ul manager instances 354 can customize one or more display
parameters and other characteristics of elements in Uls 370 based on the type and nature of
components or peripherals (e.g., displays) connected to the local computers. For example, Ul
elements of one of Uls 370 being displayed on a small touchscreen tablet can be more
compact with larger buttons tailored for touch interaction. For another example, Ul elements of
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one of Uls 370 being displayed via a virtual reality device can include immersive Ul elements.
The configuration flexibility of distributed collaborative framework 350, which allows for Ul
manager instances 354 to be distributed across separate computers and Ul elements in Uls
370 to be customized, enables domain-specific interaction where Uls 370 can be automatically
configured based on the hardware platforms through which distributed collaborative framework
350 interacts with the users.

[0085] Exemplary embodiments of the collaborative system, such as those described herein
and illustrated in FIGS. 3A and 3B, are intended to present concepts in a concrete fashion and
are described in sufficient detail to enable those skilled in the art to practice these
embodiments. However, other embodiments can be utilized and changes can be made without
departing from the scope of the present disclosure.

[0086] FIG. 6 is a flow diagram of a process 600 performed by a generalizable framework that
supports the creation, dynamic adaptation, and management of reusable capability
representations and the creation, reuse, and management of human-machine collaborative
behaviors, according to embodiments of the present disclosure. Process 600 can be
performed by a collaborative framework, such as collaborative framework 320 as shown in
FIG. 3A or distributed collaborative framework 350 as shown in FIG. 3B. Process 600 can
begin by launching or providing the collaborative framework, or process 600 can begin during
or after the collaborative framework's launch.

[0087] At block 602, the collaborative framework can provide modules, including at least one
instance of a behavior manager (e.g., behavior manager 322, 352) and at least one instance
of a Ul manager (e.g., Ul manager 324, 354). Instances of the behavior manager and the Ul
manager can each be launched and executed as a separate process, and thus can run on
different computers or machines. During and/or after initiation, the collaborative framework can
instruct the behavior manager and/or the Ul manager to build one or more lists of available
capabilities and/or collaborative behaviors. The lists can include one or more lists of robot
capabilities (e.g., general robot capabilities, specialized robot capabilities, etc.), user interaction
capabilities, links, RC elements (i.e., instances of one or more robot capabilities), IC elements
(i.e., instances of one or more user interaction capabilities), link elements (i.e., instances of
one or more links), information kernels, collaborative behaviors, and the like. The collaborative
framework can build the lists of available capabilities or collaborative behaviors by parsing the
local file system for any launch file with a prefix associated with the collaborative framework,
and can also locate and read any file containing behavior manifests (e.g., behavior manifest
400).

[0088] Next, at block 604, the collaborative framework can receive input to engage or
compose a collaborative behavior. The collaborative framework can receive a command to
create a new collaborative behavior or select an existing collaborative behavior to engage
and/or modify via one or more Ul elements, via a command shell, programmatically, or the like.
If the collaborative framework receives input to engage an existing collaborative behavior, then
the collaborative framework can proceed to block 612. Alternatively, at decision block 610, if
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the collaborative framework receives input to compose a collaborative behavior, such as create
a new collaborative behavior or modify an existing collaborative behavior, then the
collaborative framework can perform processing 900, which is described in greater detail below
with respect to FIG. 9,

[0089] At block 612, the collaborative framework can select a collaborative behavior for
interacting with at least one user and controlling a robot to collaboratively perform a task. The
collaborative framework can dynamically adapt the collaborative behavior's capabilities to
control the robot to collaboratively perform, with the user, a specific task or a task in a specific
task class. The task can require one or more task actions to complete, and the collaborative
framework can engage one or more collaborative behaviors to perform the task actions. If the
collaborative behavior is not loaded in a working memory, at block 614 the collaborative
framework obtains and parses a specification (e.g., behavior manifest 400) of the collaborative
behavior that specifies the collaborative behavior's composition of capabilities.

[0090] Next, at block 616, the collaborative framework provides a set of capability elements,
which are instances of one or more capabilities, based on the collaborative behavior's
capability composition. The set of capability elements includes one or more RC elements and
one or more IC elements. The collaborative framework provides the set of capability elements
by performing processing 700 as shown in FIG. 7 and described in greater detail below. Then,
at block 618, the collaborative framework provides a set of link elements, which are instances
of one or more links between the one or more capabilities, and connects the set of capability
dements using the set of link elements. In various embodiments, the collaborative framework
can provide the set of link elements and connect the set of capability elements by performing
processing 800 as shown in FIG. 8 and described in greater detail below.

[0091] At block 620, the collaborative framework can engage the collaborative behavior by
executing the set of capability elements to interact with the user and control the robot to
perform the task. The collaborative framework can instruct the behavior manager to execute
the RC elements and use one or more of the RC elements to control one or more
functionalities of the robot to perform, with a tool attached to the robot, one or more task
actions for completing the task. The collaborative framework can also instruct the Ul manager
to execute one or more IC elements to provide one or more Uls through which the user can
interact with the robot and/or the collaborative framework. The collaborative framework can
disengage the engaged collaborative behavior and/or stop running capability elements at any
time. For example, the engaged collaborative behavior and/or any of the running RC elements
can be disengaged or stopped in response to a command or input from the user to disengage
the collaborative behavior or stop any running RC element, the completion of the task or the
task actions, an error or safety alarm, and the like. The collaborative framework can also
disengage the collaborative behavior when adding or subtracting individual capability elements
and/or link elements to make or break links between the capability elements.

[0092] Subsequent to completing the task or task actions or disengaging the collaborative
behavior, at decision block 630 the collaborative framework can decide whether or not to
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perform a new task or task action. If the collaborative framework decides to perform a new
task, then process 600 can proceed to decision block 640, at which the collaborative
framework can decide whether or not to reuse the collaborative behavior and/or one or more
capability elements in the set of capability elements. For example, the collaborative framework
can determine whether or not the collaborative behavior is suitable for collaboratively
performing the new task with the user. If the collaborative framework decides to reuse the
collaborative behavior and/or some or all capability elements in the set of capability elements,
then the collaborative framework can prepare the collaborative behavior and/or the set of
capability elements for transition to the new task prior to process 600 jumping to block 620. For
example, based on the requirements of the new task, the collaborative framework can prepare
the set of capability elements for transition by generalizing or re-specializing any of the RC
elements, re-mapping links between any of the capability elements, and/or terminate and
unload any of the capability and link elements.

[0093] If at decision block 640 the collaborative framework decides to not reuse the
collaborative behavior, then process 600 can proceed to block 642. At block 642, the
collaborative framework can disengage and unload the collaborative behavior and/or terminate
and unload some or all of the capability and link elements, prior to process 600 jumping to
decision block 610 to engage or compose another collaborative behavior to perform the new
task. The collaborative framework can unload the collaborative behavior by terminating and
unloading the capability and link elements instantiated for the collaborative behavior, etc.
However, in case a succeeding collaborative behavior for the new task can utilize one or more
of the capability and/or link elements, the collaborative framework can keep some or all of the
capability and/or link elements in the working memory, and can re-specialize some or all of the
RC elements. On the other hand, if the collaborative framework does not identify any capability
or link elements that a succeeding collaborative behavior can reuse, then the collaborative
framework can unload the collaborative behavior and terminate and unload all capability and
link elements associated with the collaborative behavior before jumping to decision block 610
to engage or compose another collaborative behavior.

[0094] Alternatively, if at decision block 630 the collaborative framework decides to not perform
another task, then at block 652 the collaborative framework can disengage and unload the
collaborative behavior, terminate and unload all capability and link elements associated with
the collaborative behavior, terminate and unload the behavior manager and Ul manager,
and/or terminate and unload the collaborative framework. Finally, subsequent to block 652,
process 600 ends.

[0095] FIGS. 7 and 8 are flow diagrams of a process 700 and a process 800 performed by the
generalizable framework to provide and dynamically adapt reusable capability representations
based on human-machine collaborative behaviors, according to embodiments of the present
disclosure.

[0096] Referring now to FIG. 7, the collaborative framework can perform process 700 while or
subsequent to obtaining and parsing the current collaborative behavior's capability composition
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at block 614 (as shown in FIG. 6). In process 700, the collaborative framework can call the
behavior manager to provide RC elements based on one or more robot capabilities specified
by the capability composition. The collaborative framework can also call at least one instance
of the Ul manager to load and run IC elements based on one or more user interaction
capabilities specified by the capability composition and/or requested by individual robot
capabilities in the capability composition. The collaborative framework can provide each RC
element and each IC element as a separate instance or process.

[0097] At block 702, the collaborative framework can parse the capability composition and
select a capability specified in the capability composition. The collaborative framework can also
identify any needy robot capability that has at least one abstract interface requirement not
satisfied by the user interaction capabilities specified in the capability composition, and the
behavior manager can broadcast the additional Ul requirements over a shared memory space.
In response, the Ul manager can select at least one user interaction capability to satisfy the
additional Ul requirements. The Ul manager can select an appropriate user interaction
capability by performing a compatibility function on the needy robot capability. Then, at block
704, the collaborative framework can determine a type of the selected capability, e.g., a robot
capability or a user interaction capability.

[0098] At decision block 710, if the selected capability is determined to be a robot capability,
then process 700 can proceed to block 712, during which the collaborative framework provides
an instance of the robot capability as an RC element. The collaborative framework can provide
the RC element based on one or more general robot capabilities that are appropriate for
performing the task actions based on one or more task action types associated with the task
actions to be performed using the collaborative behavior. For example, the collaborative
framework can provide the RC element by instructing the behavior manager to call a launch file
associated with the robot capability and create the RC element. Examples of general robot
capabilities include motion constraint, motion instant replay, trajectory generation, and the like.
If an instance of the robot capability is available and already loaded in memory, for example, to
perform a prior task and/or as required by a previously-loaded collaborative behavior, then the
collaborative framework can simply adapt the already-loaded RC element instead of creating a
new RC element.

[0099] Next, at block 714, the collaborative framework provides at least one information kernel
with which to instantiate or specialize the RC element. The information kernel encapsulates a
set of one or more task-related parameters required by the RC element, and types of
parameter that can he encapsulated in the information kernel include, for example, a tool
behavior constraint, a TMP, a perceptual template, and the like. The collaborative framework
can identify the information kernel based on the capability composition and/or the set of
parameters required by the RC element. Then, at block 716, the collaborative framework
specializes the RC element with the information kernel. If the RC element is already specialized
with a different information kernel, then the collaborative framework can re-specialize the RC
element, for example, by generalizing the RC element (e.g., decoupling the RC element from
the different information kernel) and then specializing the RC element with the information
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kernel. Subsequent to block 716, process 700 can proceed to decision block 720.

[0100] Alternatively, if at decision block 710 the selected capability is determined to be a user
interaction capability, then process 700 can proceed to block 718, during which the
collaborative framework provides an instance of the user interaction capability as an IC
element. For example, the collaborative framework can provide the IC element by instructing
the Ul manager to call a launch file associated with the user interaction capability and create
the IC element. The Ul manager can also determine the characteristics of a user interface
(e.g., display, user input device, etc.) through which the 1C element will interact with the user,
and then customize the IC element based on those characteristics. If an instance of the user
interaction capability is available and already loaded in memory, for example, to perform a prior
task and/or as required by a previously-loaded collaborative behavior, then the collaborative
framework can simply adapt the already-loaded IC element instead of creating a new IC
element Subsequent to block 718, process 700 can proceed to decision block 720.

[0101] At decision block 720, the collaborative framework can determine, based on the
capability composition and/or abstract interface requirements of any needy robot capability,
whether or not to provide more instances of capabilities. If yes, then process 700 can jump to
block 702. Alternatively, if no, then the collaborative framework can terminate process 700 and
jump to block 618 (as shown in FIG. 6).

[0102] Referring now to FIG. 8, the collaborative framework can perform process 800
subsequent to providing the RC elements associated with the robot capabilities specified in the
capability composition. In process 800, the collaborative framework can call the behavior
manager to provide link elements based on links and mappings specified by the collaborative
behavior's capability composition and can provide each link element as a separate instance or
process.

[0103] At block 802, the collaborative framework can parse the capability composition for one
or more links or connections between the capabilities, such as links between the robot
capabilities and mappings between robot capabilities and user interaction capabilities. Next, at
block 804, the collaborative framework can provide an instance of the link or mapping as a link
element. Then, at block 806, the collaborative framework can use the link element to connect
the relevant capability elements. For example, a link can be formed between a pair of
capability elements based on a link or mapping specified in the capability composition. A linked
pair of capability elements includes a publisher capability element and a subscriber capability
element. The collaborative framework can form a link between the linked pair in the form of a
topic, in which the publishing capability element publishes to the topic and the subscribing
capability element subscribes to the topic.

[0104] Finally, at decision block 810, the collaborative framework can determine whether or not
to provide more link elements based on any remaining links and mappings in the capability
composition. If yes, then process 800 can jump to block 802. Alternatively, if no, then the
collaborative framework can terminate process 800 and jump to block 620 (as shown in FIG.
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B).

[0105] FIG. 9 is a flow diagram illustrating an example method for composing human-machine
collaborative behaviors, according to embodiments of the present disclosure. The collaborative
framework can perform process 900 subsequent to receiving input to compose a collaborative
behavior at block 610 (as shown in FIG. 6). At block 902, the collaborative framework can
provide a composer, for example, by instructing the behavior manager and/or the Ul manager
to provide the composer.

[0106] At block 904, the collaborative framework can instruct the composer to provide a
capability composition for the collaborative behavior. If the collaborative behavior is new or
does not include a capability composition, then the composer can create a capability
composition. Alternatively, if the collaborative behavior includes a capability composition, then
the composer can load the capability composition. Next, at block 906, the composer can
provide lists of behavior components including available robot capabilities, user interaction
capabilities, information kernels, composition operators, and the like. The composer can build
the lists of available behavior components by parsing the local file system for any configuration
files and/or launch files with a prefix associated with the collaborative framework.

[0107] At block 908, the composer can receive input from the user to add, modify, or remove
behavior components in the capability composition, for example, via one or more Ul elements
or a command shell, programmatically, or the like. Then, at decision block 920, the composer
can determine whether to add or modify/remove one or more behavior components.

[0108] If at decision block 920 the composer determines that the user wants to add one or
more behavior components to the capability composition, then process 900 can proceed to
block 922, at which the composer can select a capability. The composer can select a capability
in response to the user's selection from the list of capabilities, command line, and the like.
Next, at block 924, the composer can determine whether or not the selected capability is a
robot capability. If yes, then the composer can prompt the user to select an information kernel
with which to instantiate or specialize the robot capability. Then, at block 926, the composer
can select a composition operator associated with the selected capability and/or an operand
(e.g., another capability) with which to composite the selected capability. The composer can
add the selected capability and optionally the selected operator and/or operand in the
capability composition. Subsequent to block 926, process 900 can proceed to decision block
940.

[0109] Alternatively, if at decision block 920 the composer determines that the user wants to
modify or remove one or more behavior components from the capability composition, then
process 900 can proceed to block 932, at which the composer can provide the capability
composition to the user and receive user input to select at least one behavior component in the
capability composition. Then, at block 934, the composer can modify the selected behavior
component or remove the selected behavior component from the capability composition.
Subsequent to block 934, process 900 can proceed to decision block 940.
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[0110] At decision block 940, the composer can determine whether or not to continue
composing the capability composition. The composer can make that determination based on
user input. The composer can also determine whether or not all user interaction requirements
of robot capabilities in the capability composition are satisfied, as per compatibility function, by
the user interaction capabilities in the capability composition. If the composer decides to
continue, then process 900 can jump to block 906. Alternatively, if the composer decides to not
continue, then process 900 can proceed to block 942.

[0111] At block 942, the composer can provide one or more links and mappings between the
capabilities in the capability composition. The composer can parse the capability composition
and provide or derive the links and mappings based on one or more composition operators in
the capability composition, abstract interface requirements of the robot capabilities, user input,
and the like. Finally, at block 944, the composer can store the capability composition in a
behavior manifest associated with the collaborative behavior. The behavior manifest, an
example of which is shown in FIG. 4, can encapsulate one or more robot capabilities, user
interaction capabilities, and links/mappings for the collaborative behavior into tags, under which
capabilities and links/mappings required for the collaborative behavior are listed. Finally,
subsequent to block 944, the collaborative framework can terminate process 900 and jump to
block 610 (as shown in FIG. 6).

EXAMPLE PROCESS

[0112] The collaborative framework can create or load a collaborative behavior to
collaboratively perform a sanding task with the user. After creating or loading the collaborative
behavior and loading at least one general robot capabilities specified in the collaborative
behavior, the collaborative framework can identify that a sander is attached to the robot and
instantiate the general robot capability with at least one information kernel that encapsulates
parameters associated with a sander. The collaborative framework can then load a tool
behavior interaction capability based on a Ul requirement of the instantiated robot capability,
and provide a tool behavior Ul element that lets the user select and/or apply a tool behavior
constraint associated with the sander, if not already loaded. For example, the tool behavior
interaction capability may not be a capability required by the collaborative behavior. The
collaborative framework can then run the tool behavior interaction capability to provide tool
behavior Ul elements 510 (as shown in FIG. 5) that allows the user to select and enforce one
or more behavior constraints specified in the tool behavior constraint, and then constrain the
robot's motion based on the enforced behavior constraints. For example, the collaborative
framework can enforce or apply a behavior constraint to constrain the motion of the attached
sander to only within the plane of its sanding pad.

[0113] The collaborative framework can similarly identify and load, if necessary, a workpiece
interaction capability that lets the user select and/or apply a perceptual template, and then run
the workpiece interaction capability to provide at one or more workpiece Ul elements 520,
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which can include a 3-D rendering of detected planes of a workpiece and an input point cloud
for the user to select one or more target locations on the workpiece. Workpiece Ul elements
520 can further allow the user to toggle a "snap to selected surface" perceptual template for
teleoperation, which can constrain the orientation of the attached sander to the normal of the
selected plane or surface. The collaborative framework can incorporate workpiece Ul elements
520 that lets the user select the tool behavior and perceptual templates into a larger tool-
constrained teleoperation behavior, which the collaborative framework can enforce while the
user admittance-guides the robot.

[0114] The collaborative framework can provide a TMP recording element 530 that record or
learn one or more user-demonstrated motions associated with a TMP required by the
collaborative behavior to perform the sanding task. The collaborative framework can also
create a TMP implementation Ul element (not shown) for selecting points on the workpiece's
plane or surface to instantiate a saved TMP at the selected points. After receiving user
selection of the desired workpiece plane in the 3-D view, which specifies a planar perceptual
template, the collaborative framework can warp the current 2-D color image to show an
orthogonal top-down view of the planar region. The user can then select a set of points in the
image and the robot can engage the collaborative behavior to autonomously execute the
motion encapsulated in the TMP at each of the points for a number of times specified via Ul
elements 540. This can be used in a larger behavior called TMP implementation.

[0115] FIG. 10 illustrates a computer system 1000 that is consistent with embodiments of the
present disclosure. In general, embodiments of a human-machine collaborative system (e.g.,
collaborative framework 320 and distributed collaborative framework 350) may be
implemented in various computer systems, such as one or more personal computers, servers,
workstations, embedded systems, multifunction devices, or a combination thereof. Certain
embodiments of the collaborative system or modules therein may be embedded as a computer
program. The computer program may exist in a variety of forms both active and inactive. For
example, the computer program can exist as software program(s) comprised of program
instructions in source code, object code, executable code or other formats; firmware
program(s); or hardware description language ("HDL") files. Any of the above can be
embodied on a computer readable medium, which include storage devices and signals, in
compressed or uncompressed form. However, for purposes of explanation, system 1000 is
shown as a general purpose computer that is well known to those skilled in the art. Examples
of the components and peripherals that, may be included in system 1000 will now be
described.

[0116] As shown, system 1000 includes at least one processor 1002 and a main memory
1010, and may further include a keyboard 1017, a pointing device 1018 (e,g., a mouse, a 3-D
pointing device, a touchpad, and the like), a display 1016, an input/output controller 1015, and
a storage device 1014. Storage device 1014 can comprise, for example, RAM, ROM, flash
memory, EEPROM, CD-ROM or other optical disk storage, magnetic disk storage or other
magnetic storage devices, or any other medium that can be used to carry or store desired
program code in the form of instructions or data structures and that can be accessed by a
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computer. A copy of the computer program embodiment of the printer driver can be stored on,
for example, storage device 1014. System 1000 may also be provided with additional
input/output devices, such as a printer (not shown). The various components of system 1000
communicate through a system bus 1012 or similar architecture. In addition, system 1000 may
include an operating system ("OS") 1020 that resides in memory 1010 during operation. One
skilled in the art will recognize that system 1000 may include multiple processors 1002. For
example, system 1000 may include multiple copies of the same processor. Alternatively,
system 1000 may include a heterogeneous mix of various types of processors. For example,
system 1000 may use one processor as a. primary processor and other processors as co-
processors. For another example, system 1000 may include one or more multi-core
processors and one or more single core processors. Thus, system 1000 may include any
number of execution cores across a set of processors (e.g., processor 1002). As to keyboard
1017, pointing device 1018, and display 1016, these components may be implemented using
components that are well known to those skilled in the art. One skilled in the art will also
recognize that other components and peripherals may be included in system 1000.

[0117] Main memory 1010 serves as a primary storage area of system 1000 and holds data
that is actively used by applications, such as the printer driver in the barcode printing system,
running on processor 1002. One skilled in the art will recognize that applications are software
programs that each contains a set of computer instructions for instructing system 1000 to
perform a set of specific tasks during runtime, and that the term "applications" may be used
interchangeably with application software, application programs, device drivers, and/or
programs in accordance with embodiments of the present teachings. Memory 1010 may be
implemented as a random access memory or other forms of memory as described below,
which are well known to those skilled in the art.

[0118] OS 1020 is an integrated collection of routines and instructions that are responsible for
the direct control and management of hardware in system 1000 and system operations.
Additionally, OS 1020 provides a foundation upon which to run application software and device
drivers. For example, OS 1020 may perform services, such as resource allocation, scheduling,
input/output control, and memory management. OS 1020 may be predominantly software, but
may also contain partial or complete hardware implementations and firmware. Well known
examples of operating systems that are consistent with the principles of the present teachings
include ROBOT OPERATING SYSTEM, LINUX, UNIX, ORACLE SOLARIS, MICROSOFT
WINDOWS, MAC OS, OPEN VMS, and IBM AIX.

[0119] The foregoing description is Iillustrative, and variations in configuration and
implementation may occur to persons skilled in the art. For instance, the various illustrative
logics, logical blocks, modules, and circuits described in connection with the embodiments
disclosed herein may be implemented or performed with a general purpose processor (e.g.,
processor 1002), an application specific integrated circuit, a field programmable gate array or
other programmable logic device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform the functions described herein. A
general-purpose processor may be a microprocessor, but, in the alternative, the processor
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may be any conventional processor, controller, microcontroller, or state machine. A processor
may also be implemented as a combination of computing devices, e.g., a microprocessor, a
plurality of microprocessors, or any other such configuration.

[0120] In one or more exemplary embodiments, the functions described may be implemented
in hardware, software, firmware, or any combination thereof. For a software implementation,
the techniques described herein can be implemented with modules (e.g., procedures,
functions, subprograms, programs, routines, subroutines, modules, software packages,
classes, and so on) that perform the functions described herein. A module can be coupled to
another module or a hardware circuit by passing and/or receiving information, data,
arguments, parameters, or memory contents. Information, arguments, parameters, data, or
the like can be passed, forwarded, or transmitted using any suitable means including memory
sharing, message passing, token passing, network transmission, and the like. The software
codes can be stored in memory units and executed by processors. The memory unit can be
implemented within the processor or external to the processor, in which case it can be
communicatively coupled to the processor via various means as is known in the art.

[0121] If implemented in software, the functions may be stored on or transmitted over a
computer-readable medium as one or more instructions or code. Computer-readable media
includes both tangible, non-transitory computer storage media and communication media
including any medium that facilitates transfer of a computer program from one place to
another. A storage media may be any available tangible, non-transitory media that can be
accessed by a computer. By way of example, and not limitation, such tangible, non-transitory
computer-readable media can comprise RAM, ROM, flash memory, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other magnetic storage devices, or any
other medium that can be used to carry or store desired program code in the form of
instructions or data structures and that can be accessed by a computer. Disk and disc, as used
herein, includes CD, laser disc, optical disc, DVD, floppy disk and Blu-ray disc where disks
usually reproduce data magnetically, while discs reproduce data optically with lasers. Also, any
connection is properly termed a computer-readable medium. For example, if the software is
transmitted from a website, server, or other remote source using a coaxial cable, fiber optic
cable, twisted pair, digital subscriber line (DSL), or wireless technologies such as infrared,
radio, and microwave, then the coaxial cable, fiber optic cable, twisted pair, DSL, or wireless
technologies such as infrared, radio, and microwave are included in the definition of medium.
Combinations of the above should also be included within the scope of computer-readable
media.

[0122] Resources described as singular or integrated can in one embodiment be plural or
distributed, and resources described as multiple or distributed can in embodiments be
combined. The scope of the present teachings is accordingly intended to be limited only by the
following claims. Although the invention has been described with respect to specific
embodiments, those skilled in the art will recognize that numerous modifications are possible.
For instance, the proxy servers can have additional functionalities not mentioned herein. In
addition, embodiments of the present disclosure can be realized using any combination of
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dedicated components and/or programmable processors and/or other programmable devices.
While the embodiments described above can make reference to specific hardware and
software components, those skilled in the art will appreciate that different combinations of
hardware and/or software components can also be used and that particular operations
described as being implemented in hardware might also be implemented in software or vice
versa.
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PATENTKRAV

1. Computerimplementeret fremgangsmade (600, 700, 800) til muliggerelse

af bruger-robot-samarbejde omfattende:

opnaelse (614), ved hjeelp af en samarbejdsramme til kommunikation og
interaktion med mindst én robot (340), af en sammensaetning (400) af en
robotkapacitet og én eller flere brugerinteraktionskapaciteter, hvor robotkapaciteten
modellerer mindst én funktionalitet for en robot (340, 380) til udfarelse af en type af
opgavehandling baseret pa et seet af ét eller flere parametre, og den ene eller flere
brugerinteraktionskapaciteter tilvejebringer én eller flere greenseflademodaliteter til
en bruger ved enten at kraeve indleesningskommandoer eller visning af feedback,
hvor sammensaetningen er en seriel sammenseetning eller en parallel
sammenseaetning, hvor den serielle sammenseaetning repreesenterer at forbinde
udleesninger af én kapacitet i indlaesninger af en anden kapacitet, og den parallelle

sammenseaetning repraesenterer foreningen af de to kapaciteter;

specialisering (616, 714, 716) af robotkapaciteten med en informationskerne
afheengigt af en brugerdemonstration, der specificerer én eller flere
beveegelsesbaner, hvor informationskernen indkapsler seettet af ét eller flere
parametre, og hvor den ene eller flere bevaegelsesbaner er blevet indhentet via et
immersivt virtuelt realitetsmilj@, hvori en bruger kan interagere med robottens avatar

for at specificere beveegelsesbaner,

tilvejebringelse (712, 714, 716) af et robotkapacitetselement baseret pa

robotkapaciteten, hvor robotkapacitetselementet er en instans af robotkapaciteten;

tilvejebringelse (718) af én eller flere interaktionskapacitetselementer baseret
pa den ene eller flere brugerinteraktionskapaciteter, hvor det ene eller flere
interaktionskapacitetselementer er instanser af den ene eller flere

brugerinteraktionskapaciteter:;

at forbinde (618, 800) robotkapacitetselementet med det ene eller flere

interaktionskapacitetselementer;

indhentning, ved hjeelp af én eller flere brugergreenseflader, Ul, (310, 370,

500), der afheenger af det ene eller flere interaktionskapacitetselementer, af
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brugerinput (510, 520, 530, 540) forbundet med saettet af ét eller flere parametre;
og
styring (620), baseret pa brugerinputtet og informationskernen, af robottens

mindst ene funktionalitet via robotkapacitetselementet til at udfere en

opgavehandling af typen af opgavehandling.

2. Fremgangsmade ifelge krav 1, hvor typen af opgavehandling indbefatter

en beveegelsesbegraensning, hvilken fremgangsmade endvidere omfatter:

tilvejebringelse (716), baseret pa typen af opgavehandling, af en

redskabstype til udferelse af opgavehandlingen;

indkapsling (716, 924, 934) af en redskabsadfeerdsbegreensning i
informationskernen, hvilken redskabsadfeerdsbegraensning tilvejebringer

bevaegelsesbegraensningen forbundet med redskabstypen; og

modtagelse af brugerinput (510, 520, 530, 540, 620) via den ene eller flere
Uler for at udfere opgavehandlingen, hvor styring af robottens mindst ene
funktionalitet indbefatter at tvinge (620) beveegelsesbegraensningen til at begreense

én eller flere af robottens beveegelser ved udferelse af opgavehandlingen.

3. Fremgangsmade ifelge krav 2, hvor modtagelse af brugerinput endvidere

omfatter:

modtagelse (620) af brugermanipulation af robotten via en adgangsstyrings-
Ul (510, 520) af den ene eller flere Uler.

4, Fremgangsmade ifelge krav 1, hvor  forbindelse af

robotkapacitetselementet endvidere omfatter:

udledning (618, 942) af mindst ét Ul-krav for robotkapacitetselementet
baseret pa robotkapacitetselementets graenseflade, hvor greensefladen indbefatter

mindst én af en indlaesningsgraenseflade eller en udlaesningsgreenseflade.
5. Fremgangsmade ifglge krav 1, og som endvidere omfatter:

tilvejebringelse (616), baseret pa typen af opgavehandling, af en

redskabstype til udferelse af opgavehandlingen;
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indkapsling (616, 924, 934) af en redskabsbevaegelsesprimitiv, TMP, i
informationskernen, hvilken TMP tilvejebringer en redskabsbevaegelse forbundet

med redskabstypen.
6. Fremgangsmade ifglge krav 5, og som endvidere omfatter:

tilvejebringelse (620) af en instrukt@rgreenseflade, der indbefatter en
redskabs-proxy af redskabstypen til modtagelse af den brugerdemonstrerede

bevaegelse;
bestemmelse af en startposition for redskabs-proxy’en;

indhentning af banedata (530) for redskabs-proxy'en fra den

brugerdemonstrerede beveegelse;

generalisering af banedataene baseret pa robottens startposition for at danne
TMP’en; og

lagring af TMP’en.

7. Fremgangsmade ifalge krav 6, hvor indhentning af banedataene endvidere

omfatter:

tilvejebringelse (716) af en redskabsadfeerdsbegraensning (510) forbundet
med redskabstypen, hvilken redskabsadfeerdsbegreensning tilvejebringer en

bevaegelsesbegraensning forbundet med redskabstypen; og

at tvinge (620) af beveegelsesbegreensningen til at begraense én eller flere af

redskabs-proxy-beveegelserne.
8. Fremgangsmade ifglge krav 5, og som endvidere omfatter:

tilvejebringelse (716) af en adgangskontrolinstruktargreenseflade (530) til
modtagelse af den brugerdemonstrerede beveegelse via brugerhandtering af

robotten;
bestemmelse af en startposition for robotten;

indhentning (530, 620) af robottens banedata fra den brugerdemonstrerede

bevaegelse;
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generalisering af banedataene baseret pa robottens startposition for at danne
TMP’en; og
lagring af TMP’en;
hvor indhentning af banedataene eventuelt endvidere omfatter:
tilvejebringelse af en redskabsadfserdsbegraensning (510) forbundet med

redskabstypen, hvilken redskabsadfeerdsbegreensning tilvejebringer en

bevaegelsesbegraensning forbundet med redskabstypen; og

at tvinge (620) beveegelsesbegraensningen til at begraense én eller flere af

robottens beveegelser.

9. Fremgangsmade ifelge krav 5, hvor typen af opgavehandling indbefatter
ojeblikkelig beveegelsesreplay, og hvor styring af robottens mindst ene funktionalitet

endvidere omfatter:

styring (540, 620) af robotten til at udfere opgavehandlingen baseret pa

redskabsbevaegelsen.

10. Fremgangsmade ifelge krav 5, hvor typen af opgavehandling indbefatter

banegenerering, hvilken fremgangsmade endvidere omfatter:

indkapsling (716, 924, 934) af en opfattelsesskabelon i informationskernen,
hvilkken opfattelsesskabelon tilvejebringer mindst én egenskab ved et

malarbejdsemne (520) til at begreense redskabsbeveaegelsen;

opnaelse af opfattelsesdata (520, 620) forbundet med den mindst ene

egenskab ved malarbejdsemnet; og

generering af en beveegelsesbane ved at basere redskabsbeveegelsen

baseret pa opfattelsesdataene,

hvor styring af robottens mindst ene funktionalitet indbefatter styring (620) af

robotten til at udfere opgavehandlingen baseret pa bevaegelsesbanen.

11. Fremgangsmade ifglge krav 1, hvor specialisering af robotkapaciteten

endvidere omfatter:

udveelgelse (714, 924, 934) af informationskernen baseret pa en valgt

redskabstype.
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12. Fremgangsmade ifglge krav 1, og som endvidere omfatter:

tilvejebringelse (904) af en samarbejdsadfeerd, der indbefatter
sammenseetningen  af  robotkapaciteten og den ene eller flere

brugerinteraktionskapaciteter:;

udveelgelse (906) af en flerned af robotkapaciteter baseret pa et

robotkapacitetssammensaetningskrav for samarbejdsadfeerden;

sammenseetning (908-942) af flerheden af robotkapaciteter til en

sammenseaetning af robotkapaciteter; og

associering (944) af sammenseaetningen af robotkapaciteter med

samarbejdsadfaerden.

13. Fremgangsmade ifelge krav 12, hvor sammensaetning af flerheden af

robotkapaciteter endvidere omfatter:

sammenseetning (926, 934) af to robotkapaciteter af flerheden af
robotkapaciteter ved hjeelp af mindst én af en parallel sammenseetningsoperatar

eller en seriel sammenseaetningsoperater.
14. Fremgangsmade ifelge krav 12, og som endvidere omfatter:

udledning af en flerhed af Ul-krav for sammensaetningen af robotkapaciteter
ved udfgrelse af en kompatibilitetsfunktion pa& sammenseetningen af

robotkapaciteter; og

bestemmelse af en flerhed af interaktionskapaciteter, der opfylder flerheden

af Ul-krav; og

generering (942) af en Kkortleegning mellem sammensaetningen af
robotkapaciteter og flerheden af interaktionskapaciteter baseret pa flerheden af Ul-

krav.
15. Fremgangsmade ifelge krav 12, og som endvidere omfatter:

tilvejebringelse af (906) en flerhed af robotkapacitetselementer, hvor

flerheden af robotkapacitetselementer er instanser af flerneden af robotkapaciteter;

0g
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dannelse (942) af en forbindelse mellem et par af robotkapacitetselementer
af flerheden af robotkapacitetselementer baseret pa et forbindelseskrav for
samarbejdsadfeerden, hvor parret af robotkapacitetselementer indbefatter et

udgiver-robotkapacitetselement og et abonnent-robotkapacitetselement.
16. Fremgangsmade ifelge krav 15, og som endvidere omfatter:

tilvejebringelse af hver af flerhneden af robotkapacitetselementer, det ene eller

flere interaktionskapacitetselementer og forbindelsen i en separat proces.
17. Fremgangsmade ifelge krav 15, og som endvidere omfatter:

tilvejebringelse af robotkapacitetssammensaetningskravet (420a, 425a) og
forbindelseskravet (420e, 425c¢) baseret pa et adfeerdsmanifest (400) forbundet med

samarbejdsadfaerden.

18. Fremgangsmade ifglge et hvilket som helst foregaende krav, hvor
samarbejdsrammen til kommunikation og interaktion med mindst én robot (340) er
beregnet til leering og/eller tilvejebringelse af samarbejds-/hjeelpefunktionaliteter

forbundet med samarbejdsadfeerd.
19. System til muliggerelse af bruger-robot-samarbejde omfattende:
en ikke-flygtig hukommelse (1014) til lagring af instruktioner; og

en processor (1002), der udferer instruktionerne for at foranledige systemet
til at udfere fremgangsmaden (600, 700, 800) ifalge et hvilket som helst af kravene
1til 18.

20. Ikke-flygtigt computerleesbart lagringsmedium (1014), der indeholder
instruktioner, som ved udfarelse pa en processor (1002) udferer fremgangsmaden

ifelge et hvilket som helst af kravene 1 til 18.
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