(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
11 August 2022 (11.08.2022)

(10) International Publication Number

WO 2022/170279 A1l

WIPO I PCT

(51) International Patent Classification:
B25J 9716 (2006.01)

(21) International Application Number:
PCT/US2022/015710

(22) International Filing Date:

08 February 2022 (08.02.2022)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:

63/147,124 08 February 2021 (08.02.2021) US
63/211,999 17 June 2021 (17.06.2021) us
(71) Applicant: DILIGENT ROBOTICS, INC. [US/US];

2400 E Cesar Chavez St., Ste 320, Austin, Texas 78702
Us).

(72) Inventors; and

(71) Applicants: THOMAZ, Andrea Lockerd [US/US]; 2515
Janice Drive, Austin, Texas 78703 (US). CHU, Vivian
Yaw-Wen [US/US]; 1800 E 4th Street, Unit 226, Austin,
Texas 78702 (US). WORSNOP, Peter [AU/US]; 6021
Broad St., Bethesda, Maryland 20816 (US). GUTIERREZ,
Reymundo [US/US]; 3300 Captain Ladd Ct., Round Rock,

Texas 78665 (US). HUTSON, Lauren [US/US], 5604
Southwest Pkwy, Apt. 1315, Austin, Texas 78735 (US). LI,
Shuai [CN/US]; 4344 232nd CT SE, Sammamish, Wash-
ington 98075 (US). NELLITHIMARU, Anjana [IN/US];
1505 Southport Dr., Unit 144, Austin, Texas 78704 (US).
MATHIS, Frank [US/US]; 2515 Elmont Dr., 162, Austin,
Texas 78741 (US).

Agent: TALBOT, C. Scott et al.; Cooley LLP, 1299 Penn-
sylvania Ave., Suite 700, Washington, District of Columbia
20004 (US).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP,KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US,UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,

(54) Title: SYSTEMS, APPARATUSES, AND METHODS FOR ROBOTIC LEARNING AND EXECUTION OF SKILLS IN-
CLUDING NAVIGATION AND MANIPULATION FUNCTIONS

C

2202

Navigating through a Door

)

l

l

Learning Mode
2206

Execution Mode
2208

oL

é FIG. 22

wo 2022/170279 A1 |0 000 KO0 O 0

(57) Abstract: Systems, apparatus, and methods are described for robotic learning and execution of skills. A robotic apparatus can
include a memory, a processor, sensors, and one or more movable components (e.g., a manipulating element and/or a transport element).
The processor canbe operatively coupled to the memory, the movable elements, and the sensors, and configured to obtain information of
an environment, including one or more objects located within the environment. In some embodiments, the processor can be configured
to learn skills through demonstration, exploration, user inputs, etc. In some embodiments, the processor can be configured to execute
skills and/or arbitrate between different behaviors and/or actions. In some embodiments, the processor can be configured to execute
skills and/or behaviors using cached trajectories or plans. In some embodiments, the processor can be configured to execute skills
requiring navigation and manipulation behaviors.
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SYSTEMS, APPARATUSES, AND METHODS FOR ROBOTIC
LEARNING AND EXECUTION OF SKILLS INCLUDING NAVIGATION
AND MANIPULATION FUNCTIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to and benefit of U.S. Provisional Application No.
63/147,124 entitled “SYSTEMS, APPARATUS, AND METHODS FOR ROBOTIC
LEARNING AND EXECUTION OF SKILLS,” filed February 8, 2021, the disclosure of which

is incorporated herein by reference in its entirety.

[0002] This application claims priority to and benefit of U.S. Provisional Application No.
63/211,999 entitled “SYSTEMS, APPARATUS, AND METHODS FOR ROBOTIC
LEARNING AND EXECUTION OF SKILLS,” filed June 17, 2021, the disclosure of which

is incorporated herein by reference in its entirety.
TECHNICAL FIELD

[0003] The present disclosure relates generally to systems, apparatus, and methods for robotic
learning and execution of skills. More specifically, the present disclosure relates to a robotic

apparatus capable of learning and executing skills in unstructured environments.
BACKGROUND

[0004] Robots can be used to perform and automate a variety of tasks. Robots can perform
tasks by moving through an environment, such as an office building or a hospital. Robots can
be equipped with wheels, tracks, or other mobile components that enable them to move
autonomously around an environment. Robots that do not have an arm or other manipulator,
however, cannot manipulate objects in the environment. Therefore, these robots are limited in
their ability to perform tasks, e.g., such robots may not be able to pick up and deliver an object

without a human being present to manipulate the object at a pick up or delivery point.

[0005] Robots that include an arm or other manipulator may be able to pick up and deliver
objects to a location without a human being present. For example, a robot that has an arm with
an end effector, such as a gripper, can use the gripper to pick up one or more objects from

different locations and deliver those objects to a new location, all without human assistance.
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These robots can be used to automate certain tasks, thereby allowing human operators to focus
on other tasks. However, most commercial robots do not include manipulators due to the

challenge and complexity of programming the operation of a manipulator.

[0006] Moreover, most commercial robots are designed to operate in structured environments,
e.g., a factory, a warehouse, etc. Unstructured environments, e.g., environments involving
humans, such as hospitals and homes, can impose additional challenges for programming a
robot. In unstructured environments, robots cannot rely on complete knowledge of their
surrounding environment but must be able to perceive changes in their surrounding
environment and adapt based on those changes. Thus, in unstructured environments, robots
have to continuously acquire information about the environment to be able to make
autonomous decisions and perform tasks. Oftentimes, the movements of a robot, e.g., the
movements of an arm or end effector in the environment, are also constrained by objects and
other obstacles in the environment, further adding to the challenge of robot perception and
manipulation. Given the uncertain and dynamic nature of unstructured environments, robots

typically cannot be pre-programmed to perform tasks.

[0007] Furthermore, most existing robots are configured to execute simple tasks. For instance,
most existing robots are configured to move around in a structured environment. At the most
these existing robots may navigate through an open door. However, existing robots are not
designed to perform sophisticated tasks such as identifying different types of doors, accessing

these doors, opening the doors, and navigating through the doorway without pre-programming,.

[0008] Accordingly, there is aneed for robotic systems that can perceive and adapt to dynamic
and unstructured environments, and can perform sophisticated tasks within those

environments, without relying on pre-programmed manipulation skills.
SUMMARY

[0009] Systems, apparatus, and methods are described for robotic learning and execution of
skills. In some embodiments, a robotic device can comprise a base supported on a transport
element, a manipulating element coupled to the base and including an end effector, a set of
sensors, and a processor operatively coupled to the base, the manipulating element, and the set
of sensors. The processor can be configured to: register a starting pose of the base and the end
effector relative to an activation device for opening a door in response to receiving a first user

input indicating a starting pose for opening the door, obtain during a demonstration of a
2
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manipulation required to trigger the activation device to open the door sensor data using a set
of sensors at a plurality of keyframes of the demonstration, register a target pose of the end
effector relative to the activation device in response to receiving a second user input indicating
a target pose for triggering the activation device, generate a plan for triggering the activation
device based at least in part on the starting pose, sensor data collected at the plurality of
keyframes, and the target pose, identify a plurality of additional starting poses for opening the
door, and generate a plurality of additional plans for triggering the activation device based at
least in part on the plurality of additional starting poses, the sensor data collected at the plurality

of keyframes, and the target pose.

[0010] In some embodiments, the processor can be further configured to scan an environment
near the robotic device using at least one sensor of the set of sensors, and identify based on the
scan of the environment a marker associated with the activation device. The processor can be
configured to identify the starting pose based at least in part on a position of the marker relative
to the base. In some embodiments, the robotic device can further comprise a memory. The
processor can be operatively coupled to the memory and can be further configured to store the
plan and the plurality of additional plans for triggering the activation device as a plan cache in

the memory.

[0011] In some embodiments, the door can be a type of door of a plurality of doors. The
processor can be further configured to associate the plan cache with the type of door. In some
embodiments, the door can be a first door. The processor can be further configured to detect
using at least one sensor of the set of sensors a second door that is the same type as the first
door and select a plan from the plan cache to execute to open the second door. In some
embodiments, the door can be a first door and the activation device can be a first activation
device. The processor can be further configured to detect using at least one sensor of the set of
sensors a second door and a second activation device associated therewith, obtain information
of at least one obstacle in an environment near the second door, determine whether executing
at least one plan from the plan cache would cause a collision between the manipulating element
and the at least one obstacle, and in response to determining that executing the at least one plan
from the plan cache would cause a collision, generate at least one modified plan for triggering

the second activation device.
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[0012] In some embodiments, the processor can be configured to obtain information of the at
least one obstacle by retrieving information of objects near at least one of the second door or

the second activation device from a map of the environment stored in the memory.

[0013] In some embodiments, the processor can be further configured to in response to
determining that executing the at least one plan from the plan cache would not cause the robotic
device to collide with the at least one obstacle, determine whether executing the at least one
plan would successfully trigger the second activation device, and in response to determining
that the at least one plan would successfully trigger the second activation device, associate the

at least one plan with the second activation device.

[0014] In some embodiments, the processor can be further configured to in response to
determining that the at least one plan would not successfully trigger the second activation
device, generate at least one modified plan for triggering the second activation device. In some
embodiments, the processor can be further configured to in response to determining that the at
least one plan would not successfully trigger the second activation device, present a message

to a user to prompt the user to open the second door.

[0015] In some embodiments, the processor can be configured to identify the plurality of
additional starting poses by randomly sampling around the starting pose based on a statistical
distribution. In some embodiments, the processor can be configured to in response to receiving
a third user input indicating that an obstacle is located near the door, present a message to a
user to prompt the user to teach the collision primitive, and obtain, using at least one sensor of
the set of sensors, spatial and geometric information of the obstacle. The processor can be
configured to generate the plan and the plurality of additional plans further based on the spatial

and geometric information of the obstacle.

[0016] In some embodiments, a method can comprise in response to receiving at a robotic
device a first user input indicating a starting pose of the robotic device for opening a door,
registering the starting pose of a base and an end effector of the robotic device relative to an
activation device for opening the door, obtaining, using a set of sensors of the robotic device
and during a demonstration of a manipulation by the robotic device to trigger the activation
device to open the door, sensor data at a plurality of keyframes of the demonstration, in
response to receiving at the robotic device a second user input indicating a target pose for

triggering the activation device, registering the target pose of the end effector relative to the
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activation device, generating a plan for triggering the activation device based at least in part on
the starting pose, the sensor data collected at the plurality of keyframes, and the target pose,
identifying a plurality of additional starting poses for opening the door, and generating a
plurality of additional plans for triggering the activation device based at least in part on the
plurality of additional starting poses, the sensor data collected at the plurality of keyframes,

and the target pose.

[0017] In some embodiments, the activation device is a scanner. Triggering the activation
device can include scanning a badge at the scanner. In some variations, the activation device is

a button and triggering the activation device can include pushing the button.

[0018] In some embodiments, a robotic device can comprise a base supported on a transport
element, a manipulating element coupled to the base and including an end effector, a set of
sensors, and a processor operatively coupled to the base, the manipulating element, and the set
of sensors. The processor can be configured to scan, using at least one sensor of the set of
sensors, an environment near the robotic device, identify based on the scan of the environment
a marker associated with an activation device for opening a door, access a plan cache including
a plurality of plans for triggering the activation device, determine a current pose of the base
and the end effector relative to the marker, select a plan from the plurality of plans for triggering
the activation device based on the current pose of the base and the end effector, and execute at

least a portion of the plan.

[0019] In some embodiments, the processor can be configured to after executing the plan,
determine whether the door has opened, and in response to determining that the door has
opened, navigate using the transport element through the door. In some embodiments, the plan
can be a first plan and the processor can be configured to in response to determining that the
door has not opened, select a second plan from the plurality of plans for triggering the activation

device, the second plan being different from the first plan, and execute the second plan.

[0020] In some embodiments, the plan can be a first plan, and the processor can be configured
to in response to determining that the door has not opened, move the base and the end effector
into a different pose relative to the activation device, select a second plan from the plurality of
plans for triggering the activation device, and execute the second plan. In some embodiments,

the processor can be further configured to in response to determining that the door has opened,
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positioning the manipulating element into a predefined safe position prior to navigating through

the door.

[0021] In some embodiments, the processor can be configured to detect a collision with an
obstacle during the execution of at least the portion of the plan, and in response to detecting
the collision, terminate the execution of the plan and moving the end effector back into a
predefined safe position. In some embodiments, the processor can be configured to determine
a type of the activation device based on the marker, the plan cache being associated with the

type of the activation device.

[0022] In some embodiments, the processor can be configured to in response to receiving a
user input after executing the plan that indicates that the door has not opened, select a second
plan from the plan cache for triggering the activation device, and execute the second plan. In
some embodiments, the processor can be further configured to: define a safety perimeter
associated with the robotic device, determine a likelihood that an object has entered the safety
perimeter, and based on the likelihood: pause movement of the manipulating element; slow a
speed of movement of the manipulating element; or resume movement of the manipulating
element. In some embodiments, the processor can be configured to select the plan by selecting
the plan from the plurality of plans that is associated with a starting pose that is closest to the

current pose of the base and the end effector.

[0023] In some embodiments, a method can comprise scanning, using a set of sensors of a
robotic device, an environment near the robotic device, identifying based on the scan of the
environment a marker associated with an activation device for opening a door, accessing a plan
cache including a plurality of plans for triggering the activation device, determining a current
pose of a base and an end effector of the robotic device relative to the marker, selecting a plan
from the plurality of plans for triggering the activation device based on the current pose of the

base and the end effector, and executing at least a portion of the plan.
BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The skilled artisan will understand that the drawings primarily are for illustrative
purposes and are not intended to limit the scope of the inventive subject matter described
herein. The drawings are not necessarily to scale; in some instances, various aspects of the
inventive subject matter disclosed herein may be shown exaggerated or enlarged in the

drawings to facilitate an understanding of different features. In the drawings, like reference
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characters generally refer to like features (e.g., functionally similar and/or structurally similar

elements).

[0025] FIG. 1 is a block diagram illustrating a configuration of system including a robotic

device, according to some embodiments.

[0026] FIG. 2 is a block diagram illustrating a configuration of a robotic device, according to

some embodiments.

[0027] FIG. 3 is a block diagram illustrating a configuration of a control unit associated with

arobotic device, according to some embodiments.

[0028] FIG. 4 is a schematic illustration of a manipulating element of a robotic device,

according to some embodiments.
[0029] FIG. 5 is a schematic illustration of a robotic device, according to some embodiments.

[0030] FIG. 6 is a schematic illustration of layers of a map of an environment generated by a

robotic device, according to some embodiments.

[0031] FIG. 7 is a flow diagram illustrating a method of sensing or scanning an environment

performed by a robotic device, according to some embodiments.

[0032] FIG. 8 is a flow diagram illustrating a method of learning and execution of skills

performed by a robotic device, according to some embodiments.

[0033] FIG. 9 depicts a flow diagram illustrating different learning modes of a robotic device,

according to some embodiments.

[0034] FIG. 10 depicts a flow diagram illustrating different execution modes of a robotic

device, according to some embodiments.

[0035] FIG. 11 is aflow diagram illustrating a method of learning a skill performed by arobotic

device, according to some embodiments.

[0036] FIG. 12 is a flow diagram illustrating a method of executing a skill performed by a

robotic device, according to some embodiments.
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[0037] FIG. 13 is a flow diagram illustrating an operation of a robotic device within an

environment, according to some embodiments.

[0038] FIG. 14 is a flow diagram illustrating a method of requesting and receiving input from

a user, such as a robot supervisor, according to some embodiments.

[0039] FIG. 15 is a flow diagram illustrating a method of leaming skills and environmental

constraints performed by a robotic device, according to some embodiments.

[0040] FIG. 16 is a flow diagram illustrating a method of learning a skill from a generic skill

model performed by a robotic device, according to some embodiments.

[0041] FIG. 17 is a flow diagram illustrating a method of learning an environmental constraint

performed by a robotic device, according to some embodiments.

[0042] FIGS. 18-20 depict flow diagrams illustrating example learning behaviors of a robotic

device, according to some embodiments.

[0043] FIG. 21 depicts flow of information that a robotic device provides to and received from

a map maintained by the robotic device, according to some embodiments.

[0044] FIG. 22 is a flow diagram that depicts different learning modes and execution modes

for a robotic device for navigating through doors, according to some embodiments.

[0045] FIG. 23 is a flow diagram that depicts a shared teaching scenario, according to some

embodiments.

[0046] FIG. 24 is a flow diagram depicting a guided teaching scenario, according to some

embodiments.

[0047] FIG. 25 is aflow diagram depicting a site-specific teaching scenario, according to some

embodiments.

[0048] FIG. 26 is a flow diagram depicting execution of door navigation, according to some

embodiments.

[0049] FIGS. 27A-27D depict approaches for building or loading an obstacle model, according

to some embodiments.
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[0050] FIG. 28 illustrates example variations of activation devices, according to some

embodiments.

[0051] FIG. 29 illustrates an example fiducial tag that is placed near an activation device,

according to some embodiments.
[0052] FIG. 30 illustrates an example fiducial, according to some embodiments.
[0053] FIG. 31 illustrates an example reference pose, according to some embodiments.

[0054] FIG. 32 depicts example fiducial tag locations relative to the robotic device, according

to some embodiments.

[0055] FIG. 33 depicts example orientations of the end effector relative to the fiducial tag,

according to some embodiments.

[0056] FIG. 34 depicts an example flow of executing the sub-state machine for going through

the door autonomously, according to some embodiments.

[0057] FIG. 35 illustrates a controller that a user can use to overrise an output of a door state

detector of the robotic device, according to some embodiments.

[0058] FIG. 36 depicts an example flow of executing the sub-state machine for going through

the door with user help, according to some embodiments.

[0059] FIG. 37 depicts four doorway configurations based on the presence of walls, the robotic
device’s location, and whether the door is in the robotic device’s field of view, according to

some embodiments.

[0060] FIG. 38 depicts an example door in the field of view of the robotic device and an

example door outside the field of view of the robotic device, according to some embodiments.

[0061] FIG. 39 depicts a hidden Markov model that computes pause/resume, according to

some embodiments.

[0062] FIG. 40 depicts schematic depictions of safety range thresholds, according to some

embodiments.
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[0063] FIG. 41 depicts an example of adjusting movement speed of the robotic device
according to an example safe manipulation process or algorithm, according to some

embodiments.
DETAILED DESCRIPTION

[0064] Systems, apparatus, and methods are described herein for robotic learning and
execution of skills. In some embodiments, systems, apparatus, and methods described herein
relate to a robotic apparatus capable of learning skills via human demonstrations, exploration,
and interactions and executing learned skills in unstructured environments. In some
embodiments, systems, apparatus, and methods described herein relate to a robotic apparatus
capable of learning sophisticated skills such as accessing a door, opening a door, and/or

navigating through a doorway.
Overview

[0065] In some embodiments, systems, apparatus, and methods described herein relate to
robots that can learn skills (e.g., manipulation skills). For example, in some embodiments,
robots can leamn skills via a Learning from Demonstration (“LfD”) process, in which a human
demonstrates an action to the system via kinesthetic teaching (e.g. the human guides the robot
through the action physically and/or by remote control) and/or the human’s own performance
of the action. Such systems, apparatus, and methods do not require a robot to be pre-
programmed with manipulation skills, but rather the robot is designed to be adaptive and
capable of learning skills via observations. For example, a robot can use machine-learning
techniques to acquire and execute a manipulation skill. After learning a skill, the robot can
execute the skill in different environments. The robot can learn and/or execute a skill based on
visual data (e.g., perceived visual information). Alternatively or additionally, the robot can
learn and/or execute the skill using haptic data (e.g., torque, forces, and other non-visual

information).

[0066] In some embodiments, robots can learn skills via Learning from Execution process, in
which, during the execution of a previously learned skill, the robot can perceive information
about the environment (e.g., using sensor data such as visual information and/or using haptic
data such as torque, forces, and other non-visual information). The robot can analyze and/or
update information about the environment based on the information perceived during the

execution of skill. The robot can adapt its behavior to execute a skill based on this learning. In
10
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some embodiments, robots can learn skills via Learning from Exploration process, in which,
the robot can scan an environment and collect information on the environment. The robot can
then select an existing skill model (e.g., a model that when implemented causes the robot to
execute a skill) to plan and execute the skill using the skill model. In some embodiments, robots
can leamn skills via Leaming from User Input (e.g., interactive learning), in which, the robot
can engage with a human and receive inputs that enable the robot to execute skills. For instance,
the robot can receive information regarding an environment, initial set of models and/or rules
to execute a skill, etc. from a user. In some instances, the robot can engage with a user while
operating in an environment. In some instances, the robot can autonomously perform certain
portions of a skill while learning the other portions of the skill from the user via interactive
learning. Additionally or alternatively, the robot can interact with a user during learning by
exploration process, thereby using user input to adapt its behavior to execute a skill. In some
embodiments, the robot can learn skills via Learning from Cache generation process, in which,
the robot can prompt a user to teach the robot one or more pose for executing a skill and/or to
teach the robot various markers in an environment. The robot can then generate and save cached

plans based on these teachings to execute one or more skills.

[0067] Robotic learning can take place at a factory prior to robot deployment, or onsite (e.g.,
at a hospital) after robot deployment. In some embodiments, a robot can be taught a skill and/or
adapted to operate in an environment by users who are not trained in robotics and/or
programming. For example, the robot can have a learning algorithm that leverages natural

human behavior, and can include tools that can guide a user through the demonstration process.

[0068] In some embodiments, a robot can be designed to interact with humans and collaborate
with humans to perform tasks. In some embodiments, a robot can use common social behavior
to act in a socially predictable and acceptable manner around humans. Robots that are mobile
can also be designed to navigate within an environment while interacting with humans in that
environment. For example, a robot can be programmed to voice certain phrases to navigate
around humans, to move aside to allow humans to pass, and to use eye gaze to communicate
intentionality during navigation. In some embodiments, a robot can have sensors that enable it
to perceive and track humans in the environment around it, and to use that information to trigger

eye gaze and other social behaviors.

[0069] In some embodiments, a robot can be designed to propose options for achieving a goal

or performing an action during one or more learning processes disclosed above. For example,
11
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a robot can propose a few different options for achieving a goal (e.g., picking up an object,
opening a door, navigating a doorway, etc.), and can indicate which of those options is most
likely to be effective and/or efficient at achieving the goal. In some embodiments, a robot can
adapt a skill based on inputs by a user, e.g., a user indicating relevant features to include in a
skill model.

[0070] In some embodiments, a robotic device can be capable of learning and/or executing
skills in an unstructured environment, e.g., a dynamic and/or human environment, where the
robotic device does not have complete information of the environment beforehand.
Unstructured environments can include, for example, indoor and outdoor settings, and can
include one or more humans or other objects that are movable within the environment. Since
most natural or real-world environments are unstructured, robotic devices that can adapt and
operate in an unstructured environment, such as robotic devices and/or systems described
herein, can offer significant improvements over existing robotic devices that are incapable of
adapting to an unstructured environment. Unstructured environments can include indoor
settings (e.g., buildings, offices, houses, rooms, etc.) and/or other types of enclosed spaces
(e.g., airplanes, trains, and/or other types of movable compartments), as well as outdoor settings
(e.g., parks, beaches, outside yards, fields). In an embodiment, robotic devices described herein

can operate in an unstructured hospital environment.

[0071] FIG. 1 is a high-level block diagram that illustrates a system 100, according to some
embodiments. System 100 can be configured to learn and execute skills, such as, for example,
manipulation skills in an unstructured environment. System 100 can be implemented as a single
device, or be implemented across multiple devices that are connected to a network 105. For
example, as depicted in FIG. 1, system 100 can include one or more compute devices, such as,
for example, one or more robotic devices 102 and 110, a server 120, and additional compute
device(s) 150. While four devices are shown, it should be understood that system 100 can
include any number of compute devices, including compute devices not specifically shown in

FIG. 1.

[0072] Network 105 can be any type of network (e.g., a local area network (LAN), a wide area
network (WAN), a virtual network, a telecommunications network) implemented as a wired
network and/or wireless network and used to operatively couple compute devices, including
robotic devices 102 and 110, server 120, and compute device(s) 150. As described in further

detail herein, in some embodiments, for example, the compute devices are computers
12
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connected to each other via an Internet Service Provider (ISP) and the Internet (e.g., network
105). In some embodiments, a connection can be defined, via network 105, between any two
compute devices. As shown in FIG. 1, for example, a connection can be defined between
robotic device 102 and any one of robotic device 110, server 120, or additional compute
device(s) 150. In some embodiments, the compute devices can communicate with each other
(e.g., send datato and/or receive data from) and with the network 105 via intermediate networks
and/or alternate networks (not shown in FIG. 1). Such intermediate networks and/or alternate
networks can be of a same type and/or a different type of network as network 105. Each
compute device can be any type of device configured to send data over the network 105 to send

and/or receive data from one or more of the other compute devices.

[0073] In some embodiments, system 100 includes a single robotic device, e.g., robotic device
102. Robotic device 102 can be configured to perceive information about an environment, learn
skills via human demonstration and interactions, explorations, etc. Robotic device 102 can be
configured to interact with the environment and/or learn environmental constraints via human
demonstrations and inputs, exploration, and/or execute those skills in the environment. In some
embodiments, robotic device 102 can engage in self-exploration and/or request user input to
learn additional information with respect to a skill and/or environment. A more detailed view

of an example robotic device is depicted in FIG. 2.

[0074] In other embodiments, system 100 includes multiple robotic devices, e.g., robotic
devices 102 and 110. Robotic device 102 can send and/or receive data to and/or from robotic
device 110 via network 105. For example, robotic device 102 can send information that it
perceives about an environment (e.g., a location of an object) to robotic device 110, and can
receive information about the environment from robotic device 110. Robotic devices 102 and
110 can also send and/or receive information to and/or from one another to learn and/or execute
a skill. For example, robotic device 102 can learn a skill in an environment and send a model
representing that learned skill to robotic device 110, and robotic device 110, upon receiving
that model, can use it to execute the skill in the same or a different environment. Robotic device
102 can be in a location that is the same as or different from robotic device 110. For example,
robotic devices 102 and 110 can be located in the same room of a building (e.g., a hospital
building) such that they can learn and/or execute a skill together (e.g., moving a heavy or large
object). Alternatively, robotic device 102 can be located on a first floor of a building (e.g., a

hospital building), and robotic device 110 can be located on a second floor of a building, and
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the two can communicate with one another to relay information about the different floors to

one another (e.g., where objects are located on those floors, where a resource may be, etc.).

[0075] In some embodiments, system 100 includes one or more robotic devices, e.g., robotic
device 102 and/or 110, and a server 120. Server 120 can be a dedicated server that manages
robotic device 102 and/or 110. Server 120 can be in a location that is the same as or different
from robotic device 102 and/or 110. For example, server 120 can be located in the same
building as one or more robotic devices (e.g., a hospital building), and be managed by a local
administrator (e.g., a hospital administrator). Alternatively, server 120 can be located at a
remote location (e.g., a location associated with a manufacturer or provider of the robotic

device).

[0076] In some embodiments, system 100 includes one or more robotic devices, e.g., robotic
device 102 and/or 110, and an additional compute device 150. Compute device 150 can be any
suitable processing device configured to run and/or execute certain functions. In a hospital
setting, for example, a compute device 150 can be a diagnostic and/or treatment device that is
capable of connecting to network 105 and communicating with other compute devices,

including robotic device 102 and/or 110.

[0077] In some embodiments, one or more robotic devices, e.g., robotic device 102 and/or 110,
can be configured to communicate via network 105 with a server 120 and/or compute device
150. Server 120 can include component(s) that are remotely situated from the robotic devices
and/or located on premises near the robotic devices. Compute device 150 can include
component(s) that are remotely situated from the robotic devices, located on premises near the
robotic devices, and/or integrated into a robotic device. Server 120 and/or compute device 150
can include a user interface that enables a user (e.g., a nearby user or a robot supervisor), to
control the operation of the robotic devices. For example, the user can interrupt and/or modify
the execution of one or more actions performed by the robotic devices. These actions can
include, for example, navigation behaviors, manipulation behaviors, head behaviors,
sounds/lights, and/or other components of a robotic device. In some embodiments, a robot
supervisor can remotely monitor the robotic devices and control their operation for safety
reasons. For example, the robot supervisor can command a robotic device to stop or modify an
execution of an action to avoid endangering a human or causing damage to the robotic device
or another object in an environment. In some embodiments, a nearby user can guide or

demonstrate to a robotic device an action. In some embodiments, a robotic device can be
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configured to solicit user intervention at specific points during its execution of an action. For
example, the robotic device can solicit user intervention at points when the robotic device
cannot confirm certain information about itself and/or environment around itself, when the
robotic device cannot determine a trajectory for completing an action or navigating to a specific
location, when the robotic device has been programmed in advance to solicit user input (e.g.,
during learning using an interactive learning template, as further described below), etc. In some
embodiments, a robotic device can request feedback from a user at specific points during
learning and/or execution. For example, the robotic device can prompt a user to specify what
information it should collect (e.g., information associated with a manipulation element or a
transport element, information associated with the surrounding environment) and/or when to
collect information (e.g., the timing of keyframes during a demonstration). Alternatively or
additionally, the robotic device can request that a user tag the robotic device’s past or current
behavior in a specific context as a positive or negative example of an action. The robotic device
can be configured to use this information to improve future execution of the action in the

specific context.

Systems and Devices

[0078] FIG. 2 schematically illustrates a robotic device 200, according to some embodiments.
Robotic device 200 includes a control unit 202, a user interface 240, at least one manipulating
element 250, and at least one sensor 270. Additionally, in some embodiments, robotic device
200 optionally includes at least one transport element 260. Control unit 202 includes a memory
220, a storage 230, a processor 204, a graphics processor 205, a system bus 206, and at least
one input/output interface (“I/O interface™) 208. Memory 220 can be, for example, a random
access memory (RAM), a memory buffer, a hard drive, a database, an erasable programmable
read-only memory (EPROM), an electrically erasable read-only memory (EEPROM), a read-
only memory (ROM), and/or so forth. In some embodiments, memory 220 stores instructions
that cause processor 204 to execute modules, processes, and/or functions associated with
sensing or scanning an environment, learning a skill, and/or executing a skill. Storage 230 can
be, for example, a hard drive, a database, a cloud storage, a network-attached storage device,
or other data storage device. In some embodiments, storage 230 can store, for example, sensor
data including state information regarding one or more components of robotic device 200 (e.g.,

manipulating element 250), learned models, marker location information, etc.
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[0079] Processor 204 of control unit 202 can be any suitable processing device configured to
run and/or execute functions associated with viewing an environment, learning a skill, and/or
executing a skill. For example, processor 204 can be configured to generate a model for a skill
based on sensor information, or execute a skill by generating, using a model, a trajectory for
performing a skill, as further described herein. More specifically, processor 204 can be
configured to execute modules, functions, and/or processes. In some embodiments, processor
204 can be a general purpose processor, a Field Programmable Gate Array (FPGA), an
Application Specific Integrated Circuit (ASIC), a Digital Signal Processor (DSP), and/or the
like.

[0080] Graphics processor 205 can be any suitable processing device configured to run and/or
execute one or more display functions, e.g., functions associated with display device 242. In
some embodiments, graphics processor 205 can be a low-powered graphics processing unit

such as, for example, a dedicated graphics card or an integrated graphics processing unit.

[0081] System bus 206 can be any suitable component that enables processor 204, memory
220, storage 230, and/or other components of control unit 202 to communicate with each other.
I/0 interface(s) 208, connected to system bus 206, can be any suitable component that enables
communication between internal components of control unit 202 (e.g., processor 204, memory
220, storage 230) and external input/output devices, such as user interface 240, manipulating

element(s) 250, transport element(s) 260, and sensor(s) 270.

[0082] User interface 240 can include one or more components that are configured to receive
inputs and send outputs to other devices and/or a user operating a device, e.g., a user operating
robotic device 200. For example, user interface 240 can include a display device 242 (e.g., a
display, a touch screen, etc.), an audio device 244 (e.g., a microphone, a speaker), and
optionally one or more additional input/output device(s) (“I/O device(s)”) 246 configured for

receiving an input and/or generating an output to a user.

[0083] Manipulating element(s) 250 can be any suitable component that is capable of
manipulating and/or interacting with a stationary and/or moving object, including, for example,
a human. In some embodiments, manipulating element(s) 250 can include a plurality of
segments that are coupled to one another via joints that can provide for translation along and/or
rotation about one or more axes. Manipulating element(s) 250 can optionally include an end

effector that can engage with and/or otherwise interact with objects in an environment. For
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example, manipulating element can include a gripping mechanism that can releasably engage
(e.g., grip) objects in the environment to pick up and/or transport the objects. Other examples
of end effectors include, for example, vacuum engaging mechanism(s), magnetic engaging
mechanism(s), suction mechanism(s), and/or combinations thereof. In some embodiments, one
or more manipulating element(s) 250 can be retractable into a housing of the robotic device
200 when not in use to reduce one or more dimensions of the robotic device. In some
embodiments, manipulating element(s) 250 can include a head or other humanoid component
configured to interact with an environment and/or one or more objects within the environment,
including humans. In some embodiments, manipulating element(s) 250 can include a transport
element or base (e.g., transport element(s) 260). A detailed view of an example manipulating

element is depicted in FIG. 4.

[0084] Transport element(s) 260 can be any suitable components configured for movement
such as, for example, a wheel or a track. One or more transport element(s) 260 can be provided
on a base portion of robotic device 200 to enable robotic device 200 to move around an
environment. For example, robotic device 200 can include a plurality of wheels that enable it
to navigate around a building, such as, for example, a hospital. Transport element(s) 260 can
be designed and/or dimensioned to facilitate movement through tight and/or constrained spaces
(e.g., small hallways and corridors, small rooms such as supply closets, etc.). In some
embodiments, transport element(s) 260 can be rotatable about an axis and/or movable relative
to one another (e.g., along a track). In some embodiments, one or more transport element(s)
260 can be retractable into a base of the robotic device 200 when not in use to reduce one or
more dimensions of the robotic device. In some embodiments, transport element(s) 260 can be

or form part of a manipulating element (e.g., manipulating element(s) 250).

[0085] Sensor(s) 270 can be any suitable component that enables robotic device 200 to capture
information about the environment and/or objects in the environment around robotic device
200. Sensor(s) 270 can include, for example, image capture devices (e.g., cameras, such as a
red-green-blue-depth (RGB-D) camera or a webcam), audio devices (e.g., microphones), light
sensors (e.g., light detection and ranging or lidar sensors, color detection sensors),
proprioceptive sensors, position sensors, tactile sensors, force or torque sensors, temperature
sensors, pressure sensors, motion sensors, sound detectors, etc. For example, sensor(s) 270 can
include at least one image capture device such as a camera for capturing visual information

about objects and the environment around robotic device 200. In some embodiments, sensor(s)
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270 can include haptic sensors, e.g., sensors that can convey forces, vibrations, touch, and other

non-visual information to robotic device 200.

[0086] In some embodiments, robotic device 200 can be have humanoid features, e.g., a head,
abody, arms, legs, and/or a base. For example, robotic device 200 can include a face with eyes,
anose, a mouth, and other humanoid features. These humanoid feature can form and/or be part
of one or more manipulating element(s). While not schematically depicted, robotic device 200
can also include actuators, motors, couplers, connectors, power sources (e.g., an onboard
battery), and/or other components that link, actuate, and/or drive different portions of robotic

device 200.

[0087] FIG. 3 is a block diagram that schematically illustrates a control unit 302, according to
some embodiments. Control unit 302 can include similar components as control unit 202, and
can be structurally and/or functionally similar to control unit 202. For example, control unit
302 includes a processor 304, a graphics processor 305, a memory 320, I/O interface(s) 308, a
system bus 306, and a storage 330, which can be structurally and/or functionally similar to
processor 204, memory 220, I/O interface(s) 208, system bus 206, and storage 230,
respectively. Control unit 302 can be located on a robotic device and/or at a remote server that

1s connected to one or more robotic devices.

[0088] Memory 320 stores instructions that can cause processor 304 to execute modules,
processes, and/or functions, illustrated as active sensing 322, learning 324, execution 328, and
optionally data tracking and analytics 329. Active sensing 322, learning 324, execution 328,
and data tracking and analytics 329 can be implemented as one or more programs and/or
applications that are tied to hardware components (e.g., a sensor, a manipulating element, an
I/O device, a processor, etc.). Active sensing 322, learning 324, execution 328, and data
tracking and analytics 329 can be implemented by one robotic device or multiple robotic
devices. For example, a robotic device can be configured to implement active sensing 322,
learning 324, execution 328, and data tracking and analytics 329. As another example, a robotic
device can be configured to implement active sensing 322, learning 324, and optionally
execution 328. As another example, a robotic device can be configured to implement active
sensing 322, learning 324, execution 328, and optionally data tracking and analytics 329. While
not depicted, memory 320 can also store programs and/or applications associated with an
operating system, and general robotic operations (e.g., power management, memory allocation,

etc.).
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[0089] In some embodiments, active sensing 322 can include active sensing or scanning of an
environment, as described herein. In some embodiments, active sensing 322 can include active
scanning of an environment and/or sensing or perceiving information associated with the
environment, object(s) within the environment (e.g., including humans within the

environment), and/or one or more conditions associated with a robotic device or system.

[0090] Learning 324 can include modules, processes, and/or functions, that when implemented
cause the robotic device to learn actions or skills. In some embodiments, skill model(s) 334
can be generated and/or updated based on learning 324. Execution 328 can cause the skill
model(s) 334 to be implemented, thereby causing the robotic device to perform actions or
skills. For example, learning from demonstration 326 can be configured to enable humans to
demonstrate an action or a skill. Interactive learning 325 can be configured to receive inputs
from a user that enable learning an action and/or updating a skill. Cache generation 327 can be

configured to prompt a user to teach one or more pose that enable execution of a skill.

[0091] In some embodiments, execution 328 can be configured to cause the robotic device to
execute an action and/or a skill learned from interactive learning 325, learning from
demonstration 326, and/or cache generation 327. In some embodiments, execution 328 can
include implementing one or more skill model(s) 334 to perform the action and/or the skill.
Execution 328 can include modules, processes, and/or functions to determine joint
configurations for the manipulating element (e.g., manipulating element 250) of the robotic
device. In some embodiments, execution 328 can include modules, processes, and/or functions

to implement one or more trajectories for the robotic device based on the leaming 324.

[0092] In some embodiments, control unit 302 can also optionally include a data tracking &
analytics element 329. Data tracking & analytics element 329 can be, for example, a computing
element (e.g., a processor) configured to perform data tracking and/or analytics of the
information collected by one or more robotic devices, e.g., information contained within state
information 332 as further described below. For example, data tracking & analytics element
329 can be configured to manage inventory, e.g., tracking expiration dates, monitoring and
recording the use of inventory items, ordering new inventory items, analyzing and
recommending new inventory items, etc. In ahospital setting, data tracking & analytics element
329 can manage the use and/or maintenance of medical supplies and/or equipment. In some
embodiments, data tracking & analytics element 329 can generate aggregate data displays (e.g.,

reports, charts, etc.), which can be used to comply with formal laws, regulations, and/or
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standards. In some embodiments, data tracking & analytics element 329 can be configured to
analyze information associated with humans, such as patients within a hospital. For example,
arobotic device can be configured to collect information on patient(s) within a hospital and to
pass that information to data tracking & analytics element 329 to analyze and/or summarize for
use in various functions, including, for example, diagnostic tests and/or screening. In some
embodiments, data tracking & analytics element 329 can be configured to access and/or obtain
information from third-party systems (e.g., hospital electronic medical records, security system
data, insurance data, vendor data, etc.), and use and/or analyze that data, with or without data

collected by one or more robotic devices, to perform data tracking and/or analytics functions.

[0093] Storage 330 stores information relating to an environment and/or objects within the
environment, and learning and/or execution of skills (e.g., tasks and/or social behaviors).
Storage 330 stores, for example, state information 332, skill model(s) 334, object information
340, machine learning libraries 342, and/or environmental constraints 354. Optionally, storage

330 can also store tracked information 356 and/or arbitration algorithm(s) 362.

[0094] State information 332 can include information regarding a state of arobotic device (e.g.,
robotic device 200) and/or an environment in which the robotic device is operating (e.g., a
building, such as, for example, a hospital). In some embodiments, state information 332 can
indicate a location of the robotic device within the environment, such as, for example, a room,
a floor, an enclosed space, etc. For example, state information 332 can include a map of the
environment, and indicate a location of the robotic device within that map. State information
332 can also include the location(s) of one or more objects (or markers representing and/or
associated with objects) within the environment, e.g., within a map. Thus, state information
332 can identify a location of a robotic device relative to one or more objects. Objects can
include any type of physical object that is located within the environment, including objects
that define a space or an opening (e.g., surfaces or walls that define a doorway). Objects can
be stationary or mobile. Examples of objects in an environment, such as, for example, a
hospital, include equipment, supplies, instruments, tools, furniture, and/or humans (e.g., nurses,

doctors, patients, etc.).

[0095] In some embodiments, state information 332 can include a representation or map of the
environment along with static and/or dynamic information regarding objects (e.g., supplies,
equipment, etc.) within the environment and social context information associated with humans

and/or social settings within the environment, such as depicted in FIG. 6. The map (e.g., map
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600 in FIG. 6) of the environment can include, for example, a navigation layer 610, a static
semantic layer 620, a social layer 630, and a dynamic layer 640. Navigation layer 610 provides
a general layout or map of the building, which may identify a number of floor(s) 612 with
wall(s) 614, stair(s) 616, and other elements built into the building (e.g., hallways, openings,
boundaries). Static semantic layer 620 identifies objects and/or spaces within the building, such
as room(s) 622, object(s) 624, door(s) 626, etc. Static semantic layer 620 can identify which
room(s) 622 or other spaces are accessible or not accessible to a robotic device. In some
embodiments, static semantic layer 620 can provide a three dimensional map of the objects
located within a building. Social layer 630 provides social context information 632. Social
context information 632 includes information associated with humans within the building, such
as past interactions between robotic device(s) and human(s). Social context information 632
can be used to track interactions between robotic device(s) and human(s), which can be used
to generate and/or adapt existing models of skills involving one or more interactions between
arobotic device and a human. For example, social context information 632 can indicate that a
human is typically located at a particular location, such that a robotic device having knowledge
of that information can adapt its execution of a skill that would require the robotic device to
move near the location of the human. Dynamic layer 640 provides information on object(s) and
other elements within a building that may move and/or change over time. For example,
dynamic layer 640 can track movement(s) 644 and/or change(s) 646 associated with object(s)
642. In an embodiment, dynamic layer 640 can monitor the expiration date of an object 642

and identify when that object 642 has expired.

[0096] Map and/or representation 600 can be accessible to and/or managed by a control unit
602 (e.g., structurally and/or functionally similar to control unit 302), e.g., of a robotic device.
Control unit 602 can include similar components as other control units described herein (e.g.,
control units 202 and/or 302). Control unit 602 can include a storage (similar to other storage
elements described herein, such as, for example, storage 330) that stores state information 604,
including map and/or representation 600 as well as information associated with one or more
robotic devices (e.g., a configuration of an element of a robotic device, alocation of the robotic
device in a building, etc.). Control unit 602 can be located on a robotic device and/or at a remote
server that is connected to one or more robotic devices. Robotic device(s) can be configured to
update and maintain state information 604, including information associated with
representation 600 of the environment, as the robotic device(s) collect information on their
surrounding environment.
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[0097] Information leamed by a robotic device, e.g., from interactive learning 325, learning
from demonstration 326, and/or cache generation 327 can feed into the different layers of the
map 600 and be organized for future reference by the robotic device (and/or other robotic
devices). For example, arobotic device may rely on information learned about different objects
within an environment (e.g., a door) to decide how to arbitrate between different behaviors
(e.g., waiting for a door to a tight doorway to be opened before going through the doorway,
seeking assistance to open a door before going through a tight doorway), as further described

herein.

[0098] Referring back to FIG. 3, object information 340 can include information relating to
physical object(s) in an environment. For example, object information 340 can include
information identifying or quantifying different features of an object, such as, for example,
location, color, shape, and surface features. Object information 340 can also identify codes,
symbols, and other markers that are associated with a physical object, e.g., Quick Response or
“QR” codes, barcodes, tags, etc. In some embodiments, object information 340 can include
information characterizing an object within the environment, e.g., a doorway or hallway as
being tight, a door handle as being a type of door handle, etc. Object information 340 can enable

control unit 302 to identify physical object(s) in the environment.

[0099] Skill model(s) 334 are models that have been generated for performing different
actions, and represent skills that have been learned (e.g., by implementing learning 324) by a
robotic device. In some embodiments, skill model(s) 334 are models that can be used to learn
and/or execute various actions or skills, including tasks and/or behaviors. For example,
model(s) 334 can include information associated with object(s) that are involved in the
execution of a skill (e.g., an object that is manipulated by the robotic device, an object that a
robotic device interacts with during execution of a skill, an object that a robotic device takes
into account while executing a skill). In some embodiments, each model 334 is associated with
a set of markers that are tied to different physical objects in an environment. Marker
information can indicate which markers are associated with a particular model 334. Each model
334 can also be associated with sensory information that is collected, e.g., via one or more
sensors of a robotic device, during kinesthetic teaching and/or other demonstrations of a skill.
Sensory information can optionally include manipulating element information associated with
a manipulating element of a robotic device as it performs an action during a demonstration.

Manipulating element information can include, for example, joint positions and configurations,
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end effector positions and configurations, base or transport element positions and
configurations, and/or forces and torques acting on joints, end effectors, transport elements,
etc. Manipulating element information can be recorded at specific points during a
demonstration and/or execution of a skill (e.g., keyframes), or alternatively, throughout a
demonstration and/or execution of a skill. Sensory information can also include information
associated with an environment in which a skill is demonstrated and/or executed, e.g., location
of markers in the environment. In some embodiments, each model 334 can be associated with
success criteria. Success criteria can be used to monitor the execution of a skill. In some
embodiments, success criteria can include information associated with visual and haptic data
that are perceived using one or more sensors, e.g., cameras, force/torque sensors, etc. Success
criteria can be, for example, tied to visually detecting movement of an object, sensing a force
that is acting on a component of the robotic device (e.g., a weight from an object), sensing an
engagement between a component of the robotic device and an object (e.g., a change in pressure
or force acting on a surface), etc. Examples of using haptic data in robotic learning of
manipulation skills is described in the article entitled “Learning Haptic Affordances from
Demonstration and Human-Guided Exploration,” authored by Chu et. al., published in 2016
IEEE Haptics Symposium (HAPTICS), Philadelphia, PA, 2016, pp. 119-125, accessible at
http://ieeexplore.ieee.org/document/7463165/, incorporated herein by reference. Examples of
using visual data in robotic learning of manipulating skills is described in the article entitled
“Simultaneously Learning Actions and Goals from Demonstration,” authored by Akgun et al.,
published in Autonomous Robots, Volume 40, Issue 2, February 2016, pp. 211-227, accessible
at https://doi.org/10.1007/s10514-015-9448-x (“Akgun article™), incorporated herein by

reference.

[0100] Optionally, sensory information can include transport element information. Transport
element information can be associated with movements of a transport element (e.g., transport
element(s) 260) of a robotic device as the robotic device undergoes a demonstration of a skill
(e.g.. navigation through a doorway, transport of an object, etc.). Transport element information
can be recorded at specific points during a demonstration and/or execution of a skill, such as
at keyframes associated with the skill, or alternatively, through a demonstration and/or

execution of a skill.

[0101] Machine leaming libraries 342 can include modules, processes, and/or functions

relating to different algorithms for machine learning and/or model generation of different skills.
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In some embodiments, machine learning libraries can include methods such as Hidden Markov
Models or “HMMs.” An example of an existing machine learning library in Python is scikit-
learn. Storage 330 can also include additional software libraries relating to, for example,

robotics simulation, motion planning and control, kinematics teaching and perception, etc.

[0102] Environmental constraints 354 include information associated with objects and/or
conditions within an environment that may restrict the operation of a robotic device within the
environment. For example, environmental constraints 354 can include information associated
with the size, configuration, and/or location of objects within an environment (e.g., supply bin,
room, doorway, etc.), and/or information that indicates that certain areas (e.g., a room, a
hallway, etc.) have restricted access. Environmental constraints 354 may affect the learning
and/or execution of one or more actions within an environment. As such, an environmental
constraint 354 may become part of each model for a skill that is executed within a context

including the environmental constraint.

[0103] In some embodiments, an initial set of environmental constraints 354 (e.g., state
information 331, object information 340, etc.) and/or skills (e.g., model(s) 334) can be provided
to arobotic device, e.g., via a remote administrator or supervisor. The robotic device can adapt
and/or add to its knowledge of environmental constraints 354 and/or skills 334 based on its
own interactions, demonstrations, etc. with an environment or humans within the environment
(e.g.. patients, nurses, doctors, etc.) and/or via additional user input. Alternatively or
additionally, a robot supervisor can update the robotic device’s knowledge of environmental
constraints 354 and/or skills 334 based on new information collected by the robotic device or
other robotic device(s) (e.g., other robotic device(s) within similar or the same environment,
e.g., a hospital) and/or provided to the robotic supervisor by external parties (e.g., suppliers,
administrators, manufacturers, etc.). Such updates can be periodically and/or continuously
provided, as new information about an environment or skill is provided to the robotic device

and/or robot supervisor.

[0104] Tracked information 356 includes information associated with a representation of an
environment (e.g., map and/or representation 600) and/or information that is obtained from
third-party systems (e.g., hospital electronic medical records, security system data, insurance
data, vendor data, etc.) that is tracked and/or analyzed, e.g., by a data tracking & analytics
element, such as data tracking & analytics element 329 or processor 302 executing data

tracking & analytics 329. Examples of tracked information 356 include inventory data, supply
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chain data, point-of-use data, and/or patient data, as well as any aggregate data compiled from

such data.

[0105] Arbitration algorithm(s) 362 include algorithms for arbitrating or selecting between
different actions to execute (e.g., how to use different resources or components of a robotic
device). Arbitration algorithm(s) 362 can be rules and, in some embodiments, can be learned,
as further described with reference to FIG. 19. These algorithms can be used by arobotic device
to select between different actions when the robotic device has multiple resources and/or
objectives to manage. For example, a robotic device operating in an unstructured and/or
dynamic environment, e.g., an environment including humans, may be exposed to a number of
conditions at any point in time that may demand different behaviors or actions from the robotic
device. In such instances, the robotic device can be configured to select between the different
actions based on one or more arbitration algorithms 362, which may assign different priorities
to the various actions based on predefined rules (e.g., affective states, environmental
constraints, socially defined constraints, etc.). In an embodiment, an arbitration algorithm 362
can assign different scores or values to actions based on information collected by a robotic

device about its surrounding environment, its current state, and/or other factors.

[0106] Similar to I/O interface(s) 208, I/0 interface(s) 308 can be any suitable component(s)
that enable communication between internal components of control unit 302 and external
devices, such as a user interface, a manipulating element, a transport element, and/or compute
device. 1/0 interface(s) 308 can include a network interface 360 that can connect control unit
302 to a network (e.g., network 105, as depicted in FIG. 1). Network interface 360 enables
communications between control unit 302 (which can be located on a robotic device or another
network device in communication with one or more robotic devices) and a remote device, such
as a compute device that can be used by a robot supervisor to monitor and/or control one or
more robotic devices. Network interface 360 can be configured to provide a wireless and/or

wired connection to a network.

[0107] FIG. 4 schematically illustrates a manipulating element 450, according to some
embodiments. Manipulating element 450 can form a part of a robotic device, such as, for
example, robotic device 102 and/or 200. Manipulating element 450 can be implemented as an
arm that includes two or more segments 452 coupled together via joints 454. Joints 454 can
allow one or more degrees of freedom. For example, joints 454 can provide for translation

along and/or rotation about one or more axes. In an embodiment, manipulating element 450
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can have seven degrees of freedom provided by joints 454. While four segments 452 and four
joints 454 are depicted in FIG. 4, one of ordinary skill in the art would understand that a

manipulating element can include a different number of segments and/or joints.

[0108] Manipulating element 450 includes an end effector 456 that can be used to interact with
objects in an environment. For example, end effector 456 can be used to engage with and/or
manipulate different objects. Alternatively or additionally, end effector 456 can be used to
interact with movable or dynamic objects, including, for example, humans. In some
embodiments, end effector 456 can be a gripper that can releasably engage or grip one or more
objects. For example, end effector 456 implemented as a gripper can pick up and move an
object from a first location (e.g., a supply closet) to a second location (e.g., an office, a room,

etc.).

[0109] A plurality of sensors 453, 455, 457, and 458 can be disposed on different components
of manipulating element 450, e.g., segments 452, joints 454, and/or end effector 456. Sensors
453, 455, 457, and 458 can be configured to measure sensory information, including
environmental information and/or manipulating element information. Examples of sensors
include position encoders, torque and/or force sensors, touch and/or tactile sensors, image
capture devices such as cameras, temperature sensors, pressure sensors, light sensors, etc. In
some embodiments, sensor 453 disposed on a segment 452 can be a camera that is configured
to capture visual information about an environment. In some embodiments, sensor 453
disposed on a segment 452 can be an accelerometer configured to enable measurement of an
acceleration, and/or calculation of speed of movement, and/or a position, of segment 452. In
some embodiments, sensor 455 disposed on a joint 454 can be a position encoder configured
to measure a position and/or configuration of joint 454. In some embodiments, sensor 455
disposed on a joint 454 can be a force or torque sensor configured to measure a force or torque
applied to joint 454. In some embodiments, sensor 458 disposed on end effector 456 can be a
position encoder and/or a force or torque sensor. In some embodiments, sensor 457 disposed
on end effector 456 can be a touch or tactile sensor configured to measure an engagement
between end effector 456 and an object in the environment. Alternatively or additionally, one
or more of sensors 453, 455, 457, and 458 can be configured to record information about one
or more objects and/or markers in the environment. For example, sensor 458 disposed on end
effector 456 can be configured to track a location of an object in the environment and/or a

position of the object relative to end effector 456. In some embodiments, one or more of sensors
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453, 455, 457, and 458 can also track whether an object, such as a human, has moved in the
environment. Sensors 453, 455, 457, and 458 can send the sensory information that they record
to a compute device located on a robotic device (e.g., an onboard control unit such as, for
example, control unit 202 and/or 302), or sensors 453, 455, 457, and 458 can send the sensory

information to a remote compute device (e.g., a server such as, for example, server 120).

[0110] Manipulating element 450 can optionally include a coupling element 459 that enables
manipulating element 450 to be releasably coupled to a robotic device, such as any of the
robotic devices described herein. In some embodiments, manipulating element 450 can be
coupled to a fixed location of the robotic device and/or be capable of being coupled to multiple
locations of the robotic device (e.g., a right side or a left side of a body of robotic device, as
shown in FIG. 5). Coupling element 459 can include any type of mechanism that can couple
manipulating element 350 to the robotic device, such as, for example, a mechanical mechanism

(e.g., afastener, a latch, a mount), a magnetic mechanism, a friction fit, etc.

[0111] FIG. 5 schematically illustrates a robotic device 500, according to some embodiments.
Robotic device 500 includes a head 580, a body 588, and a base 586. Head 580 can be
connected to body 588 via a segment 582 and one or more joints (not depicted). Segment 582
can be movable and/or flexible to enable head 580 to move relative to body 588. Head 580,
segment 582, etc. can be examples of manipulating element(s), and include similar

functionality and/or structure as other manipulating element(s) described herein.

[0112] Head 580 includes one or more image capture devices 572 and/or other sensors 570.
Image capture device 572 and/or other sensors 570 (e.g., lidar sensors, motion sensors, etc.)
can enable robotic device 500 to scan an environment and obtain a representation (e.g., a visual
representation or other semantic representation) of the environment. In some embodiments,
image capture device 572 can be a camera. In some embodiments, image capture device 572
can be movable such that it can be used to focus on different areas of the environment around
robotic device 500. Image capture device 572 and/or other sensors 570 can collect and send
sensory information to a compute device or processor onboard robotic device 500, such as, for
example, control unit 202 or 302. In some embodiments, head 580 of robotic device 500 can
have a humanoid shape, and include one or more human features, e.g., eyes, nose, mouth, ears,
etc. In such embodiments, image capture device 572 and/or other sensors 570 can be
implemented as one or more human features. For example, image capture device 572 can be

implemented as eyes on head 580.
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[0113] In some embodiments, robotic device 500 can use image capture device 572 and/or
other sensors 570 to scan an environment for information about objects in the environment,
e.g., physical structures, devices, articles, humans, etc. Robotic device 500 can engage in active
sensing, or robotic device 500 can initiate sensing or scanning in response to a trigger (e.g., an
input from a user, a detected event or change in the environment). In some embodiments,
robotic device 500 can engage in adaptive sensing where sensing can be performed based on
stored knowledge and/or a user input. For example, robotic device 500 can identify an area in

the environment to scan for an object based on prior information that it has on the object.

[0114] In some embodiments, robotic device 500 can also know to sense or scan different areas
of a scene more closely based on an input by a human. For example, a human can indicate to
robotic device 500 that a certain area of a scene includes one or more objects of interest, and
robotic device 500 can scan those areas more closely to identify those objects. In such
embodiments, robotic device 500 can include an input/output device 540, such as a display
with a keyboard or other input device, and/or a touchscreen, as schematically depicted in FIG.
5. In some embodiments, robotic device 500 can scan an environment and identify that an
object, such as, for example, a human, is moving in the environment. In some embodiments,
robotic device 500 can engage in active sensing such that it can adjust its actions in near real-

time.

[0115] As schematically depicted in FIG. 5, base 586 optionally can include one or more
transport elements implemented as wheels 560. Wheels 560 can enable robotic device 500 to
move around an environment, e.g., a hospital. Robotic device 500 also includes at least one
manipulating element implemented as arms 550. Arms 550 can be structurally and/or
functionally similar to other manipulating elements described herein, e.g., manipulating
element 450. Arms 550 can be fixedly attached to body 588 of robotic device 500, or optionally,
manipulating element 550 can be releasably coupled to body 588 via a coupling element (e.g.
coupling element 459) that can attach to a coupling portion 584 of robotic device 500. Coupling
portion 584 can be configured to engage with coupling element 459, and provide an electrical
connection between arm 550 and an onboard compute device (e.g., control unit 202 or 302),
such that the onboard compute device can power and/or control components of arm 550, and
receive information collected by sensors disposed on manipulating element 550 (e.g., sensors

453, 455, 457, and 438).
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[0116] Optionally, robotic device 500 can also include one or more additional sensor(s) 570
located on segment 582, body 588, base 586, and/or other parts of robotic device 500. Sensor(s)
570 can be, for example, image capture devices, force or torque sensors, motion sensors, light
sensors, pressure sensors, and/or temperature sensors. Sensors 570 can enable robotic device

500 to capture visual and non-visual information about the environment.
Methods

[0117] FIGS. 7-10 are flow diagrams illustrating a method 700 that can be performed by a
robotic system (e.g., robotic system 100) including one or more robotic devices, according to
some embodiments. For example, all or a part of method 700 can be performed by one robotic
device, such as any of the robotic devices described herein. Alternatively, all of method 700
can be performed sequentially by multiple robotic devices, each performing, in turn, a part of
method 700. Alternatively, all or a part of method 700 can be performed concurrently by

multiple robotic devices.

[0118] As depicted in FIG. 7, a robotic device can scan an environment and obtain a
representation of the environment, at 702. The robotic device can scan the environment using
one or more sensors (e.g., sensor(s) 270 or 470, and/or image capture device(s) 472). In some
embodiments, the robotic device can scan the environment using a movable camera, where the
position and/or focus of the camera can be adjusted to capture areas in a scene of the
environment. At 704, based on the information collected during the sensing, the robotic device
can analyze the data to identify marker(s) in the captured representation of the environment.
The markers can be associated with one or more objects in the scene that have been marked
using visual or fiducial markers, e.g., a visible marker such as a QR code, a barcode, a tag, etc.
Altematively or additionally, the robotic device can identify markers associated with one or
more objects in the environment via object recognition using object information (e.g., object
information 340) that is stored in a memory on the robotic device (e.g., storage 330). Object
information can include, for example, information indicating different features of an object,
such as location, color, shape, and surface features. In an embodiment, object information can
be organized as numerical values that represent different features of an object, which can be

referred to as a feature space.

[0119] After identifying the marker(s), the robotic device can optionally present the marker(s)

in a representation of the environment, at 706. In some embodiments, the representation of the
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environment can be a visual representation such as, for example, an augmented view of the
environment. In such embodiments, the robotic device can display the visual representation of
the environment, e.g., on a display screen, and display the locations of the marker(s) in the
visual representation of the environment. Alternatively or additionally, the representation of
the environment can be a semantic representation of the environment, with the locations of the

marker(s), represented by semantic markers, in the environment.

[0120] In some embodiments, the robotic device can present the representation of the
environment with the marker(s) to a user, and optionally prompt the user, e.g., via a user
interface or other type of /0O device, to accept or reject the marker(s) in the representation of
the environment, at 708. If the user does not accept the marker(s) (708: NO), then method 700
returns to 702, and the robotic device can rescan the environment to obtain a second
representation of the environment. If the user accepts the marker(s) (708: YES), then method
700 proceeds to 708, where the robotic device can store information associated with the
markers (e.g., location, features, etc.) in a memory (e.g., storage 330). For example, the robotic
device can store the location of the marker(s) in an internal map of the environment (e.g., map

332).

[0121] In some embodiments, the robotic device can identify the marker(s) at 704 and proceed
directly to store the location of the marker(s) and/or other information associated with the
markers, at 710, without prompting a user to accept the marker(s). In such embodiments, the
robotic device can analyze the location of the marker(s) prior to storing their location. For
example, the robotic device can have previously stored information on the location of the
marker(s) (e.g., that was acquired during a previous scan of the environment and/or inputted in
the robotic device by a user or compute device), and can compare the location of the marker(s)
to that previously stored information to check for accuracy and/or identify changes in marker
locations. In particular, if the previously stored information indicates that a particular marker
should be located in a location that is different from the location identified by the robotic
device, then the robotic device may initiate an additional scan of the environment to verify the
location of the marker before storing its location. Alternatively or additionally, the robotic
device can send a notification to a user indicating that the location of a marker has changed. In
such instances, the robotic device can store the new location of the marker but also store a

message indicating that there has been a change in the marker location. A user or compute
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device can then, at a later point in time, review the message and reconcile the change in marker

location.

[0122] Optionally, method 700 can proceed to 712, where the robotic device can prompt a user
e.g., viaauser interface or other type of I/O device, to select a set of markers from the marker(s)
identified in the representation of the environment, as depicted in FIG. 8. The user can make a
selection, and the robotic device can receive the selection from the user, at 714. Alternatively,
in some embodiments, the robotic device can automatically select a set of markers instead of
prompting a user to make a selection. The robotic device can be programmed to select a marker
based on certain predefined or learned rules and/or conditions. For example, the robotic device
can be instructed to select a marker that is associated with a particular type of object (e.g., a
supply item) during certain hours of the day, or when traffic in a building is low. In the latter
case, the robotic device can determine when traffic in a building is low by actively moving
through the building (e.g., patrolling and monitoring hallways and rooms) and sensing or
scanning the environment. The robotic device can then know to select markers that are
associated with particular objects at times when traffic in the building is lower than a majority

of other times.

[0123] After scanning the environment and identifying the marker(s), the robotic device can
initiate leamning, at 716, or execution, at 718. FIG. 9 depicts the various ways that the robotic
device can learn information about its environment, its current state, and/or one or more
behaviors or skills. FIG. 10 depicts the various ways that the robotic device can execute one or

more behaviors or skills.

[0124] As depicted in FIG. 9, arobotic device (e.g., any of the robotic devices described herein
including, for example, robotic device 102, 110, 200, 400, etc.) operating in a learning mode
902 can learn skill(s), environmental constraint(s), etc. through one or more processes. In some
embodiments, a robotic device operating according to the methods described herein can be
constantly learning (e.g., operating in a learning mode). For example, the robotic device can be
collecting, storing, analyzing, and/or updating information on a continuous basis, and be
adapting and/or adding to its library of learned information (e.g., skills, behaviors,
environmental constraints, map, etc.), as it navigates through an environment and/or engages
in certain behavior or actions. In other embodiments, a robotic device can switch between
operating in a learning mode or in an execution mode. While operating in learning mode 902,

arobotic device such that those described herein can learn via demonstration 904, via execution
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906, via exploration 908, via derivation / user input 910, via cache generation 912, and/or any

combination thereof.

[0125] In some embodiments, the robotic device can learn through demonstration. For
example, to acquire a manipulation skill, the robotic device can be taught using LD (e.g.,
kinesthetic teaching), whereby a user (e.g., nearby user or remotely situated robot supervisor)
or other robotic device can demonstrate skills to the robotic device. For example, a
manipulating element such as an arm of the robotic device can be moved through a sequence
of waypoints to interact with an object. As another example, a mobile base of a robotic device
(e.g.. a base with a transport element such as wheels, tracks, crawlers, etc.) can be navigated
around objects within an environment by a user, e.g., by using a joystick, a user interface, or
some other type of physical or virtual control device, or by physically guiding or moving (e.g.,

pulling, pushing) the robotic device.

[0126] In the case of kinesthetic teaching, a user can physically demonstrate skills to the
robotic device. The training or teaching can be performed in a mass-production setting, such
as, for example, a manufacturing environment, in which the robotic device can be taught using
an aggregate model representing a generic performance of a skill. Alternatively or additionally,
the teaching can occur onsite after the robotic device has been deployed (e.g., at a hospital),
such that the robotic device can learn to perform the skill in the specific site environment. In
some embodiments, a robotic device can be taught in an onsite setting, and can then send
information associated with the learned skill to one or more additional robotic devices, such
that those additional robotic devices can also have the knowledge of the taught skill when
operating in the same onsite setting. Such embodiments can be useful when multiple robotic
devices are being deployed at a single site. Each robotic device can then receive and send
information to other robotic devices such that they can collectively learn a set of skills for that

onsite environment.

[0127] In some embodiments, the robotic device can learn a new skill or an environmental
constraint through a demonstration of a skill using the LfD teaching process. The robotic device
can analyze and extract information from past demonstrations of a skill in a human
environment. As an example, a user can demonstrate to the robotic device how to move its
manipulation element (e.g., an arm) in a supply room with a human and the robotic device.
From the demonstration(s), the robotic device can define one or more environmental

constraints that limit its motion when planning and/or executing the skill in the future to the
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motion of the existing demonstration(s). The robotic device can generaie motions and construct
a graph, where the environment constrainis are encoded, using existing demonstrations {e.g.,
sequences of kevirame(s)) sach offering a node and path through an nth dimensional space of
motion. . When the robotic device is then presented with a new environment and needs to adapt
the skill to that new environment, the robotic device can etficiently sample from s existing
set of demonstrated motions using the constructed graph to plan a motion for the new
environment. By building in the learming of such environmental constraints into the initial
demonstrations of a skill, the robotic device can quickly adapt to new environments without
requiring new environmental constraints to be defined. In the new environment, the robotic
device can scan the environment to obtain additional information regarding that environment
and/or object(s) (e.g., humans, supplies, doors, etc.) within the environment, and then use its
existing skill model to plan a motion trajectory through the new environment without deviating
significantly from its existing set of demonstrated motions. Further details of learning from

demonstration 904 are described with reference to FIG. 11 and FIG. 16.

[0128] In some embodiments, the robotic device can learn through demonstration 904 and user
input 910. For example, the robotic device can engage in interactive learning with a user, e.g.,
with an interactive learning template. As described above, with interactive learning, the robotic
device can be provided an initial set of skill models. The initial set of models can be developed
in a factory setting, by other robotic device, and/or the robotic device itself in one or more
settings. While operating in a specific environment, the robotic device can adapt or specialize
this initial set of skills via interactive learning sessions, where the robotic device can
autonomously perform certain portions of a skill while leaving other portions to be
demonstrated by a user. Further details of such interactive learning process are described with

reference to FIGS. 16-20.

[0129] In some embodiments, the robotic device can learn new information, skills, etc. while
executing skills 906. For example, the robotic device can collect, store, analyze, and/or update
information, as the robotic device executes a behavior, an action, etc. In an embodiment, a
robotic device can execute a skill that requires the robotic device to move through a hallway
several times a day. The robotic device can learn that, at certain times of day, the hallway has
greater traffic. The robotic device can then adapt its behavior, for example, to avoid going

through the hallway during those times of high traffic (e.g., by going an alternative route and/or
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waiting to go through the hallway at times of low traffic). Further details of such learning via

execution process are described with reference to FIGS. 12-13.

[0130] In some embodiments, the robotic device can leam through exploration 908. For
example, the robotic device can scan and collect information on the environment and/or objects
within the environment. To execute a skill, the robotic device can select an existing skill model,
plan the execution of the skill, and execute the skill. In some embodiments, the robotic device
can compare the information collected on the environment and/or objects within the
environment to previous information collected on the environment and/or objects within the
environment. In some embodiments, the robotic device can re-select, re-plan, or re-execute the
skill based on the comparison. For example, the robotic device can scan a hallway with a
doorway and can collect information on the hallway and/or the doorway. The robotic device
can select a plan to navigate through the doorway. As the robotic device is navigating through
the doorway, the robotic device can determine whether the interaction with the doorway was
successful. If the interaction was unsuccessful, the robotic device can scan the hallway and/or
the doorway again. The robotic device can compare the information to previously collected
information. The robotic device can then re-plan and/or re-execute navigating through the
doorway based on this comparison. For instance, the robotic device can determine that the
doorway is crowded based on the comparison. The robotic device can then re-select another
skill model, re-plan execution of the skill, and/or re-execute the skill based on the comparison.

Further details of such learning via exploration process is described with reference to FIG. 18.

[0131] In some embodiments, the robotic device can learn via cache generation 912. For
example, the robotic device can prompt a user to teach one or more poses (e.g., starting
positions) for executing a skill, e.g., relative to one or more markers in the environment. The
robotic device can save the poses and the manipulation data associated with the skill. The
robotic device can also generate and save cached plans to execute the one or more skills. In an
example implementation, to navigate through a door and/or doorway, the robotic device can
prompt a user to identify the door type. If the door type is known (e.g., if manipulation data for
a door type has been saved), the robotic device can select manipulation data for that door type,
and generate and save cached plans to navigate through the door and/or doorway. If the door
type is not known, the robotic device can prompt the user to teach one or more target pose to

navigate through the door. The robotic device can generate and save a cached plan to navigate
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through the door based on the teaching. Further details of such learning via cache generation

1s described with reference to FIGS. 23-25.

[0132] FIG. 10 is a flow diagram that depicts different processes through which a robotic
device (e.g., any of the robotic devices described herein including, for example, robotic device
102, 110, 200, 400, etc.) operating in an execution mode 1018 can execute skill(s). In some
embodiments, the robotic device can receive or select a plan to execute a skill (e.g., from a
cache of previously generated plans). The plan can be generated during alearning process, such
as during implementation of one or more learning modes described in FIG. 9. Additionally or
alternatively, an initial plan can be received from a user via a user interface. The plan can later
be updated by the robotic device. In some embodiments, a plan can include a trajectory for the
robotic device to follow so as to execute the skill. In some embodiments, a robotic device can
switch between operating in execution mode and operating in learning mode. For example,
during execution, the robotic device can continuously scan and collect information of the
environment. The robotic device can use this information collected during execution to
generate and/or update plans to execute a skill. Further details of such execution is described

with reference to FIGS. 12-13 and FIG. 26.

[0133] FIG. 11 is aflow diagram illustrating a method of learning a skill performed by arobotic
device, according to some embodiments. In the learning mode, depicted in FIG. 11, method
700 proceeds to 1120-1124, where a user can use a LfD teaching process to teach the robotic
device a skill. In an embodiment, a skill can be defined as gripping an object located at a
particular location, picking up the object, moving the object to a different location, and setting
the object down in the different location. In another embodiment, a skill can involve

interactions with an environment surrounding the robotic device, e.g., a door.

[0134] At 1120, a user (or another robotic device) can guide the robotic device, including a
manipulating element (e.g., manipulating element 250, 450, or 550) and/or a transport element
(e.g., transport element(s) 260, 560), through a movement. For example, a user can guide the
manipulating element of the robotic device (and/or other component of the robotic device, e.g.,
a transport element) through a demonstration associated with executing a particular skill, e.g.,
an interaction with a human, an engagement with and/or manipulation of an object, and/or other
interactions with human(s) and/or a surrounding environment. In an embodiment, a user can
demonstrate to the robotic device how to interact with and/or navigate through a door. The user

can demonstrate how the robotic device, e.g., via its manipulating element(s), how to interact
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with a handle of the door. For example, a manipulating element of the robotic device, such as
an arm, can be guided through a series of motions relative to the door handle (e.g., as placed
or identified by a visual input or fiducial marker). While or after the door handle is turned, e.g.,
using the manipulating element, the robotic device can be guided via demonstration to push
the door open, e.g., by moving its transport element(s). The combination of motions of the
manipulating element(s) and transport element(s) can be used, as further explained below, to
construct a model for executing a skill or behavior for future interactions with the door and/or

similar doors.

[0135] In some embodiments, the robotic device can be guided by a user that is locally present,
e.g., by the user physically moving and/or providing inputs to the robotic device. In some
embodiments, the robotic device can be guided by a user located remotely from the robotic

device (e.g., a robot supervisor) via, for example, a remote or cloud interface.

[0136] While guiding the manipulating element (and/or other component of the robotic device)
through the movement, the user can indicate to the robotic device when to capture information
about the state of the manipulating element (e.g., joint configurations, joint forces and/or
torques, end effector configuration, end effector position), another component of the robotic
device, and/or the environment (e.g., a location of an object associated with a selected marker
and/or other objects in the environment). For example, the robotic device can receive a signal
from a user to capture information about the manipulating element and/or environment at a
waypoint or keyframe during the movement of the manipulating element, at 1122. In response
to receiving a signal, at 1124, the robotic device can capture the information about the
manipulating element, other component of the robotic device, and/or environment at that
keyframe. The manipulating element information can include, for example, joint
configurations, joint torques, end effector positions, and/or end effector torques. The
environmental information can include, for example, the position of a selected marker relative
to the end effector, and can indicate to the robotic device when objects in the environment may
have moved. If the movement is still ongoing (1128: NO), then the robotic device can wait to
capture information about the manipulating element and/or environment at additional
keyframes. In some embodiments, the robotic device can be programmed to capture keyframe
information without receiving a signal from a user. For example, while the manipulating
element is being moved by a user, the robotic device can monitor changes in the segments and

joints of the manipulating element, and when those changes exceed a threshold, or when there

36



WO 2022/170279 PCT/US2022/015710

is a directional change in a trajectory of a segment or joint, the robotic device can autonomously
select that point to be keyframe and record information about the manipulating element and/or

environment at that keyframe.

[0137] During the movement of the manipulating element (and/or other component of the
robotic device, e.g., transport element), the robotic device can also continuously or
periodically, without receiving a signal from a user, record sensory information, e.g.,
information about the manipulating element, other element(s) of the robotic device (e.g.,
transport element), and/or environment, at 1130. For example, the robotic device can record
information about the trajectories of segments and joints, as well their configurations, as the
user moves the manipulating element through the demonstration. During the demonstration,
the robotic device can also record information about one or more environmental constraints,
e.g., static information about object(s) within the environment (e.g., a location or size of a
doorway, a supply bin, etc.) and/or dynamic information about object(s) within the
environment (e.g., a level of traffic in a room, movements of users around the robotic device,
etc.). In some embodiments, the sensory information recorded by the robotic device during the
demonstration can add to and/or modify one or more layers of a map of the environment, e.g.,

as depicted in FIG. 6.

[0138] In some embodiments, the robotic device can include an audio device (e.g., 244) such
as, for example, a microphone, and the demarcation of keyframes can be controlled by speech
commands. For example, a user can indicate to the robotic device that it plans to give a
demonstration by speaking, “I will guide you.” The demonstration can begin when the user
indicates the first keyframe by speaking “start here.” Intermediate keyframes can be indicated
by speaking “go here.” And a final keyframe representing the end of the demonstration can be
indicated by speaking “end here.” Suitable examples of demonstration teaching are provided

in the Akgun article.

[0139] In some embodiments, while demonstrating a skill to the robotic device, a user can
indicate which portion(s) of the skill are generic and which portion(s) of the skill are more
specific to a particular environment or situation, e.g., via one or more inputs into the robotic
device. For example, while demonstrating to a robotic device how to move supplies from a first
location to a second location (e.g., aroom) and to drop those supplies off at the second location,
the user can indicate to the robotic device that the action of navigating from the first location

to the second location is generic while the action of dropping off the supplies at the second
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location is unique and requires more information specific to an environment to implement (e.g.,
a specific tag or marker to drop off the supplies relative to). When the robotic device later uses
amodel for that skill to move supplies between different locations, the robotic device can know
to request specific information regarding the drop off and/or scan for that specific information
before executing the skill (e.g., request and/or scan for information regarding a specific tag to

determine its location before performing the drop off).

[0140] In some embodiments, a user can indicate after demonstrating a skill to a robotic device
those portions of the skill that are generic or specific and/or modify those portions of the skill
that the user has previously indicated to be generic or specific. In some embodiments, a robotic
device after learning a set of skills may determine that portions of the set of skills are generic
or specific. In some embodiments, the robotic device can recommend that portions of the set
of skills are generic or specific to a user, and request confirmation from the user. Based on the
user’s confirmation, the robotic device can store the information for reference when learning
and/or executing future skills associated with the set of skills. Alternatively, the robotic device
can automatically determine and label different portions of skills as being generic or specific

without user input.

[0141] Once the movement or demonstration is complete (1128: YES), the robotic device can
generate a model for the demonstrated skill based on a subset of all the sensory information
(e.g., manipulating element information, transport element information, environmental
information) that has been recorded. For example, at 1132, the robotic device can optionally
prompt a user, e.g., via a user interface or other type of I/O device, for a selection of features
that are relevant to learning the skill, and at 1134, the robotic device can receive the selection
of features from the user. Alternatively or additionally, the robotic device can know to select
certain features to use in generating the model based on previous instructions from a user. For
example, the robotic device can recognize that it is being demonstrated to pick up an object,
e.g., based on the sensory information, and can automatically select one or more features of the
sensory information (e.g., joint configuration, joint torques, end effector torques) to include as
relevant features for generating the skill model, e.g., based on past demonstrations of picking

up the same or different objects.

[0142] At 1136, the robotic device can generate the model of the skill using the selected
features. The model can be generated using stored machine learning libraries or algorithms

(e.g., machine leaming libraries 342). In some embodiments, the model can be represented as
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a HMM algorithm that includes a plurality of parameters, such as, for example, a number of
hidden states, a feature space (e.g., features included in a feature vector), and emission
distributions for each state modeled as a Gaussian distribution. In some embodiments, the
model can be represented as a support vector machine or “SVM™ model, which can include
parameters such as, for example, a kemel type (e.g., linear, radial, polynomial, sigmoid), a cost
parameter or function, weights (e.g., equal, class balanced), aloss type or function (e.g., hinge,
square-hinge), and a solving or problem type (e.g., dual, primal). The model can be associated
with the relevant sensory information and/or other sensory information recorded by the robotic
device during the skill demonstration. The model can also be associated with marker
information indicating the set of markers that were manipulated during the skill demonstration
and/or features associated with one or more physical objects tied to those markers. The robotic

device can store the model in a memory (e.g., storage 230 or 330), at 1138.

[0143] In some embodiments, information associated with a demonstration (e.g., sensory
information, model, etc.) can be used to add to and/or modify the layers of a map or
representation of the environment, e.g., such as the representation 600 depicted in FIG. 6. For
example, FIG. 21 depicts an example of information that flows from and feeds into a map (e.g.,

map 2120). FIG. 21 is described in further detail below.

[0144] Optionally, at 1140, the robotic device can determine whether the user will be
performing another demonstration of the skill. If another demonstration is to be performed
(1140: YES), then method 700 can return to 1120, where a user (or other robotic device) can
guide the robotic device through an additional demonstration. If the demonstrations are
complete (1140: NO), then method 700 can optionally return to the beginning and perform a

new scan of the environment. Alternatively, in some embodiments, method 700 can terminate.

[0145] In another embodiment, a skill can be a navigation behavior, such as navigating
between two locations or navigating around and/or through an object in the environment.
Similar to learning a skill with a manipulation element, such as described herein, a user (or
other robotic device) can guide the robotic device including a set of transport elements (e.g.,
transport element(s) 260, 560) through the navigation behavior, at 1120. For example, a user
can use a joystick or other control device to control the movement of the set of transport
elements (and/or other components of the robotic device, e.g., a manipulation element) and/or
physically guide such elements (e.g., push or pull on the robotic device) such that the robotic

device can perform the navigation behavior. While controlling the movement of the set of
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transport elements (and/or other components of the robotic device), the user can signal to the
robotic device when to capture sensory information, such as information about the state of the
set of transport elements (e.g., angles of each transport element, configurations of each
transport element, spacing between transport elements if movable relative to one another, etc.),
other components of the robotic device, and/or the environment (e.g., location of the robotic
device in a map, location and/or boundary of an object in the environment). The user can signal
to the robotic device at keyframes during the movement of the set of transport elements (and/or
other components of the robotic device), e.g., at a starting point, an ending point, and/or
transition points between moving the set of transport elements in a first direction and a second
direction. In response to receiving a signal from the user, at 1122, the robotic device can capture
a snapshot of movement (including information about the set of transport elements, other
components of the robotic device, and/or the environment) at the keyframe. Alternatively or
additionally, the robotic device can be configured to autonomously select points during the
movement of the set of transport elements (and/or other components of the robotic device) to
capture a snapshot of the movement. For example, the robotic device can monitor the angle
and/or configuration of the set of transport elements (e.g., such as when a user takes over
control of the robotic device, for example, by controlling the robotic device suing a control
device or pushing on the robotic device) and automatically capture a snapshot of that
information whenever the robotic device detects a change in the angle and/or configuration. In
some embodiments, the robotic device can be configured to continuously collect information
on the set of transport elements, other components of the robotic device, and/or the

environment while the user controls the movement of the robotic device.

[0146] Similar to learning a skill with a manipulating element, as described herein, the robotic
device can continue to capture sensory information associated with the movement of the
transport elements (and/or other components of the robotic device) until the movement is
completed (1128: YES). The robotic device can optionally receive a selection of features that
are relevant to learning the navigation behavior and/or autonomously identify relevant features
in the collected sensory information (e.g., by recognizing that it is being demonstrated a
particular navigation skill and identifying those features that are relevant to learning that skill),
at 1132-1134. The robotic device can then generate a model for the navigation behavior based
on the sensory information associated with the relevant features, at 1136, and store that model
and the sensory information such that it can be used to generate a trajectory for the robotic
device to execute at a later point in time, at 1138.
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[0147] An example of a navigation behavior is to navigate through a doorway. The robotic
device can be configured to navigate through standard doorways within a building, but the
robotic device may not be capable of navigating through a non-standard doorway, e.g., a small
or oddly shaped doorway. Accordingly, the robotic device may prompt a user to demonstrate
to the robotic device how it can safely navigate through the doorway. The robotic device can
navigate to one side of the doorway and then have a user demonstrate to the robotic device how
to pass through the doorway to the other side. During the demonstration, the robotic device can
passively record information such as a location of the robotic device in a map and/or sensor
data (e.g., aboundary of the door, a configuration of the transport elements and/or manipulation
elements, and other sensory information as described herein). In some embodiments, the
robotic device can learn how to navigate through the doorway using an interactive learning

template, as further discussed herein with reference to FIG. 16.

[0148] In some embodiments, the user can be onsite near the robotic device. In other
embodiments, the user can be located at a remote location and can control the robotic device
from a compute device (e.g., server 120, compute device 150) via a network connection to the

robotic device (e.g., such as depicted in FIG. 1 and described above).

[0149] In some embodiments, as described herein, the robotic device can actively scan its
surrounding environment to monitor changes in the environment. Accordingly, during learning
and/or execution, the robotic device can engage in continuous sensing or scanning of the
environment, and update the representation of the environment accordingly, as well as the

environmental information that 1t has stored.

[0150] In some embodiments, the robotic device can be configured to learn socially appropriate
behaviors, i.e., actions that account for interactions with humans. For example, the robotic
device can be configured to learn a manipulation or navigation skill that is performed around
humans. The robotic device can learn the socially appropriate behavior via a demonstration by
a human operator (e.g., a nearby user or a remotely situated robot supervisor). In some
embodiments, the robotic device can be configured to leamn the behavior in an interactive
setting, e.g., via a human operator intervening in the autonomous execution of a skill by the
robotic device and then demonstrating to the robotic device how to execute the skill. The
robotic device, upon detecting an intervention by the human operator (e.g., a nurse pushing the
robotic device to one side), can be configured to switch to a learning mode where the robotic

device is controlled by the human operator and passively records information associated with
41



WO 2022/170279 PCT/US2022/015710

the demonstration and the perceptual context in which the demonstration is performed. The
robotic device can use this information to generate a modified model of the skill and to
associate that model with the appropriate social context in which the robotic device should
execute that skill at a later point in time. As an example, a robotic device may detect that a
human operator has intervened in its autonomous execution of a navigation plan and, in
response to detecting the intervention, switch to a learning model of being controlled by the
human operator. The robotic device can record information about its surrounding environment
and its own movements as the human operator demonstrates how the navigation plan should
be modified in the presence of humans, e.g., that the robotic device should move aside in a
hallway to let a human pass instead of waiting for the hallway to clear. Further details regarding

interactive learning is described herein, with reference to FIGS. 16-20.

[0151] In the execution mode, depicted in FIG. 12, the robotic device can optionally prompt,
e.g., via a user interface or other type of I/0 device, a user to select a model, such as a model
that was previously generated by the robotic device in the learning mode, at 1150. The robotic
device can receive the model selection, at 1152. In some embodiments, the robotic device can
receive the model selection from a user, or alternatively, the robotic device can automatically
select a model based on certain rules and/or conditions. For example, the robotic device can be
programmed to select a model when it is in a certain area of a building (e.g., when it is in a
certain room or floor), during certain times or day, etc. Alternatively or additionally, the robotic
device can know to select a certain model based on the selected set of markers. At 1154, the
robotic device can determine whether to move closer to a selected marker prior to generating a
trajectory and executing a skill with respect to the selected marker. For example, the robotic
device can determine based on the selected set of markers and the selected model whether it
should move to be better positioned to execute the skill (e.g., to be closer or more proximate to
the marker, to be facing the marker from a certain angle). The robotic device may make this
determination based on the sensory information that was recorded during a demonstration of
the skill. For example, the robotic device may recognize that it was positioned closer to the

marker when it was demonstrated the skill and accordingly adjust its position.

[0152] If the robotic device determines to move with respect to the selected marker (1154:
YES), the robotic device can move its position (e.g., adjust its location and/or orientation), at
1156, and method 700 can return to 702, where the robotic device scans the environment again

to obtain a representation of the environment. Method 700 can proceed back through the
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various steps to 1154. If the robotic device determines not to move with respect to the selected
marker (1154: NO), then the robotic device can generate an action trajectory, e.g., for a

manipulating element of the robotic device.

[0153] Specifically, at 1158, the robotic device can compute a function that transforms (e.g.,
translates) between a selected set of markers and a set of markers associated with the selected
model (e.g., the marker(s) that were selected when the robotic device leamed the skill, i.e.,
generated the selected model), referred to herein as a “stored marker” or “stored set of
markers.” For example, the robotic device can be taught a skill using a first set of markers that
were at specific location(s) and/or orientation(s) relative to a portion of the robotic device, such
as, for example, the end effector, and later, the robotic device can be executing the skill with a
second set of markers that are at different location(s) and/or orientation(s) relative to the
manipulating element. In such instances, the robotic device can compute a transformation
function that transforms between the position(s) and/or orientation(s) of first set of markers and

the second set of markers.

[0154] At 1160, the robotic device can use the computed transformation function to transform
the position and orientation of a portion of the manipulating element, e.g., the end effector of
the manipulating element, in each keyframe that was recorded when the skill was taught.
Optionally, at 1162, the robotic device can account for any environmental constraints, e.g., a
feature of an object and/or an area within the environment, such as a size, configuration, and/or
location. The robotic device can limit the movement of the manipulating element based on the
environmental constraints. For example, if the robotic device recognizes that it will be
executing the skill in a supply room, the robotic device can take into account a size of the
supply room when transforming the position and orientation of the manipulating element to
avoid having a portion of the manipulating element come into contact with a wall or other
physical structure within the supply closet. The robotic device can also take into account other
environmental constraints associated with the supply room, such as, for example, a size of a
bin within the supply room, alocation of a shelf within the supply room, etc. The robotic device
can be provided information regarding environmental constraint(s) and/or taught
environmental constraint(s) in advance of executing skills in a setting with the environmental

constraint(s), as further described herein with reference to FIG. 17.

[0155] Optionally, at 1162, the robotic device can use inverse kinematic equations or

algorithms to determine the configuration of the joints of the manipulating element for each
43



WO 2022/170279 PCT/US2022/015710

keyframe, at 1162. The position and orientation of the end effector and the set of markers can
be provided in a task space (e.g., the Cartesian space where the robotic device is operating),
while the orientation of the joints can be provided in a joint or configuration space (e.g., a nth
dimensional space associated with the configuration of the manipulating element, where the
robotic device is represented as a point and 7 is the number of degrees of freedom of the
manipulating element). In some embodiments, the inverse kinematic calculations can be guided
by the joint configuration information recorded when the robotic device was taught the skill
(e.g.. the configuration of the joints recorded during a teaching demonstration using the
manipulating element). For example, the inverse kinematics calculations can be seeded (e.g.,
provided with an initial guess for the calculation, or biased) with the joint configurations that
were recorded at each keyframe. Additional conditions can also be imposed on the inverse
kinematics calculations, such as, for example, requiring that the calculated joint configurations
do not deviate more than a predefined amount from a joint configuration in an adjacent
keyframe. At 1164, the robotic device can plan the trajectory between the joint configurations
from one keyframe to the next keyframe, e.g., in the joint space, to generate a complete
trajectory for the manipulating element to execute the skill. Optionally, the robotic device can

take into account environmental constraints, as discussed herein.

[0156] In some embodiments, after the robotic device transforms the position and orientation
of the portion of the manipulating element (e.g., the end effector), the robotic device can plan
the trajectory for the manipulating element in the task space. In such embodiments, method

700 can proceed from 1160 directly to 1164.

[0157] At 1166 and 1168, the robotic device can optionally present the trajectory to a user and
prompt the user, e.g., via a user interface or other I/O device, to accept or reject the trajectory.
Alternatively, the robotic device can accept or reject the trajectory based on internal rules
and/or conditions, and by analyzing relevant sensory information. If the trajectory is rejected
(1168: NO), then the robotic device can optionally modify one or more parameters of the
selected model, at 1170, and generate a second trajectory, at 1158-1164. The parameters of the
model can be modified, for example, by selecting different features (e.g., different sensory
information) to include in the model generation. In some embodiments, where the model is a
HMM model, the robotic device can change the parameters of the model based on a determined
success or failure, in which the robotic device tracks alog likelihood of different models having

different parameters and selects the model with a higher log likelihood than the other models.
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In some embodiments, where the model is a SVM model, the robotic device can change the
parameters by changing the feature space or configuration parameters (e.g., kemel type, cost

parameter or function, weights), as described herein.

[0158] If the trajectory is accepted (1168: YES), then the robotic device can move the
manipulating element to execute the generated trajectory, at 1172. While the manipulating
element is executing the planned trajectory, the robotic device, e.g., via one or more sensors on
the manipulating element and other components of the robotic device, can record and/or store
sensory information, such as, for example, information about the manipulating element and/or

environment, at 1174.

[0159] Optionally, at 1174, the robotic device can determine whether the execution of the skill
was successful (e.g., whether an interaction with an object meets predefined success criteria).
For example, the robotic device can scan the environment and determine whether the current
state of the environment and the robotic device, including, for example, the locations of one or
more objects, and/or the position or orientation of those objects relative to the manipulating
element or another component of robotic device, and determine whether that current state
aligns with predefined success criteria. The predefined and/or learned success criteria can be
provided by a user, or, in some embodiments, provided by a different robotic device and/or
compute device. The predefined and/or learned success criteria can indicate information about
different features of the environment and/or the robotic device that are associated with success.
In some embodiments, a user may also provide an input indicating to the robotic device that

the execution was successful.

[0160] In a particular example, where a skill is defined as gripping an object at a particular
location and picking up the object, success for the skill can be taught and/or defined as detecting
that one or more markers associated with the object are in a specific relationship with each
other and/or the robotic device, or detecting that a sufficient force or torque is being
experienced (or was experienced) by the end effector or a joint of the manipulating element
(e.g.. a wrist joint), signifying that the manipulating element is supporting the weight of the
object and therefore has picked up the object. If the execution was not successful (1176: NO),
then the robotic device may optionally modify the parameters of the model, at 1170, and/or
generate anew trajectory, at 1158-1164. If the execution was successful (1176: YES), then the
data associated with the successful interaction (e.g., data indicating that the execution was

successful and how it was successful) can be recorded, and method 700 can optionally return
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to the beginning and perform a new scan of the environment. Alternatively, in some

embodiments, method 700 can terminate.

[0161] In some embodiments, a robotic device is configured to execute a skill involving
operation of one or more of a manipulating element, a transport element, and/or another
components of the robotic device (e.g., a head, eyes, a sensor, etc.). The robotic device can be
configured to plan a trajectory for the skill, similar to that described above with respect to a
manipulating element. For example, at 1150-1152, the robotic device can prompt and receive
a user selection of a model for the skill, or alternatively, autonomously select a model for the
skill. At 1158, the robotic device can compute a function that transforms between a set of
markers currently identified in the environment and a set of stored markers associated with the
selected model (e.g., the marker(s) that were identified and stored with the model for the skill
when the robotic device learned the skill). Such transformation can involve a transformation of
keyframes associated with a transport element or other component of the robotic device. At
1160, the robotic device can use the computed function to transform the configuration of the
one or more components of the robotic device at each keyframe. At 1164, the robotic device
can plan a trajectory for the one or more components of the robotic device between each
transformed keyframe. While transforming the keyframes and/or planning the trajectory, the
robotic device can optionally take into account any environmental constraints associated with
the setting in which the skill is being executed. At 1172, the robotic device can implement
movements of the one or more components of the robotic device according to the planned
trajectory. In some embodiments, the robotic device can determine a joint configuration, at
1162, present the planned trajectory to a user, at 1166, and/or perform other optional steps as
illustrated in FIG. 12. An example of a skill involving the operation of a transport element can
be opening a door. A user (e.g., a nearby user or a remotely situated robot supervisor) can guide
a robotic device to open a door using its base, e.g., by pushing open the door. The user can
guide the robotic device, e.g., using a control device such as a joystick or by physically guiding
the robotic device (e.g., pushing or pulling on the robotic device), through the action of opening
the door using the base. The robotic device can sense and record information while the user
guides its movements, and use that information generate a skill model. The robotic device can
later use that skill model to execute the action of opening the door or other doors in the
environment, e.g., by transforming keyframes associated with the transport element during the

user’s demonstration of the skill.
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[0162] FIGS. 13-17 are flow diagrams illustrating methods 1300 and 1400 that can be
performed by arobotic system (e.g., robotic system 100) including one or more robotic devices,
according to embodiments described herein. For example, methods 1300 and/or 1400 can be
performed by a single robotic device and/or multiple robotic devices. FIG. 13 illustrates a flow
diagram of a robotic device operating in an execution mode. In the execution mode, the robotic
device can autonomously plan and execute actions within an environment. To determine which
actions to execute and/or plan how to execute an action, the robotic device can scan the
environment and collect information on the environment and/or objects within the
environment, at 1304, and use that information to build and/or change a representation or map
of the environment (e.g., map and/or representation 600), at 1305. The robotic device can
repeatedly (e.g., at predefined times and/or time internals) or continuously scan the
environment and update its representation of the environment based on the information that it
collects on the environment. Similar to methods described above, the robotic device can collect
information on the environment using one or more sensors (e.g., sensor(s) 270 or 570, and/or

image capture device(s) 572).

[0163] In some embodiments, the robotic device can repeatedly and/or continuously scan the
environment, at 1304, for data tracking and/or analytics, at 1307. For example, the robotic
device can move through an environment (e.g., a building such as a hospital), autonomously
or remotely driven (e.g., by a robot supervisor), and collect data regarding the environment,
objects within the environment, etc. This information can be used, for example, by a data
tracking & analytics element (e.g., data tracking & analytics element 329) that manages
supplies and/or equipment for a hospital. In some embodiments, the robotic device can collect
information on various humans (e.g., patients) to track the behavior of such patients (e.g.,
compliance with medications and/or treatments), run diagnostic tests, and/or conduct

screening, etc.

[0164] In some embodiments, the robotic device can repeatedly and/or continuously scan the
environment, at 1304, for modelling and learning purposes, at 1309. For example, the robotic
device can collect data regarding its environment and/or objects within that environment (e.g.,
including humans and their behavior in response to robot actions), and use that information to
develop new behavior and/or actions. In some embodiments, the robotic device can collect
large amounts of information about an environment, which can be used by the robotic device

to further refine and/or generate models specific to that environment. In some embodiments,
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the robotic device can provide this information to a robot supervisor (e.g., a remote user) that
can use the information to further adapt the robotic device to a specific environment, e.g., by
generating and/or modifying skill models and/or behaviors within that environment. The robot
supervisor can in repeatedly (e.g., at specific intervals of time) and/or continuously (e.g., in
real time) tweak the information that is collected by the robotic device and/or other robotic
devices and/or the parameters of the models that the robotics are using. In some embodiments,
the robot supervisor via this active exchange of information with the robotic device can
repeatedly and/or continuously adapt the robotic device for a particular environment. For
example, the robotic supervisor can modify planned paths that a robotic device may be using
to navigate through an environment, which can in turn change the information and/or model(s)
used by the robotic device to generate motion for its transport element. These changes, both
provided by the robot supervisor and/or made by the robotic device, can feed into one or more
layers of a map (e.g., map 600) of the environment, such as, for example, a social or semantic

layer of the map.

[0165] At 1306, the robotic device can determine which action(s) to execute within the
environment, i.e., perform arbitration on a set of resources or components capable of executing
certain actions. The robotic device can select between different actions based on one or more
arbitration algorithms (e.g., arbitration algorithm(s) 362). The robotic device can perform
arbitration autonomously and/or with user input. For example, the robotic device can be
configured to request user input when the robotic device cannot determine a current state of
one or more of its components and/or an object within the environment, or when the robotic
device cannot determine which action to execute and/or plan how to execute a selected skill.
In some embodiments, the robotic device can be configured to autonomously select among a
set of actions when the robotic device is familiar with a particular setting (e.g., has previously
learned and/or executed actions in the setting) and to request user input when the robotic device
encounters a new setting. When the robotic device encounters the new setting, the robotic
device can request that a user select the appropriate action for the robotic device to execute or,

alternatively, select an action and prompt a user to confirm the selection of the action.

[0166] In some embodiments, a human operator (e.g., a robot supervisor) can also monitor the
robotic device and send a signal to the robotic device when the human operator wants to
intervene in the execution of an action by the robotic device. The human operator can be located

near the robotic device and/or at a remote compute device that is connected via a network to

48



WO 2022/170279 PCT/US2022/015710

the robotic device or anearby device that can be used to monitor the robotic device. The human
operator may decide to intervene in the execution of an action by the robotic device, e.g., when
the human operator wants to teach the robotic device a new skill or behavior, for safety reasons
(e.g., to prevent harm to a human or the environment surrounding a robotic device), and/or to

prevent injury to the robotic device.

[0167] In response to determining that user input is needed (e.g., because of an unfamiliar
setting or in response to a signal from a user) (1312: YES), the robotic device can optionally
prompt a user to provide a user input, at 1314. For example, the robotic device may cause an
onboard display or a display located at a remote device (e.g., via a remote or cloud interface)
to display a prompt to the user requesting the user input. The robotic device can receive a user
input, at 1315, and perform arbitration based on that user input. When user input is not needed

(1312: NO), the robotic device continues to autonomously perform arbitration.

[0168] After the robotic device has selected an action to execute, the robotic device can plan
and execute the action, at 1308. As discussed above, the action can be associated with a task,
such as a manipulation action (e.g., involving a manipulating element such as those described
herein) or a movement (e.g., involving a transport element such as those described herein),
and/or a social behavior. While executing the action, the robotic device can continue to scan
its surrounding environment, at 1304. When the robotic device detect a change in its current
state and/or a state of the environment (e.g., location of objects within the environment), the
robotic device can evaluate the change to determine whether it should interrupt execution of
the action, at 1310. For example, the robotic device can determine to interrupt execution of the
action in response to detecting a physical engagement between one or more of its components
and a human or other object in the environment (e.g., when a human operator touches a
manipulating element, transport element, etc.), or when detecting the presence of a human or
other object nearby. Additionally or alternatively, the robotic device can determine to interrupt
execution of the action in response to receiving a signal from a user, e.g., a robot supervisor.
In some embodiments, the robotic device can be configured in advance to interrupt execution
of an action at specific points during the execution of an action, e.g., when the robotic device
may need a user to demonstrate a part of the action, as defined in an interactive learning
template. Further details regarding learning using interactive leaming templates is explained

herein, with reference to FIG. 15.
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[0169] If the robotic device determines to interrupt execution of the action (1310: YES), then
the robotic device may determine whether user input is needed, at 1312. As discussed above,
if the robotic device determines that user input is required (1312: YES), then the robotic device
may optionally prompt for a user input and/or receive a user input, at 1314-1315. The robotic
device can then return to sensing or scanning its surrounding environment, at 1304, performing
arbitration on a set of resources, at 1306, and/or executing an action, at 1308. Optionally, as
depicted in FIGS. 14 and 15, when the robotic device determines that user input is required,
the robotic device can switch to a learning mode, and then proceed to learn a skill, at 1504, or
to learn an environmental constraint, at 1506. If the robotic device determines that user input
is not needed (1312: NO), then the robotic device can return to sensing or scanning its
surrounding environment, at 1304, performing arbitration on a set of resources, at 1306, and/or
executing an action, at 1308. If the robotic device determines that the action does not need to

be interrupted (1310: NO), then the robotic device can continue to execute the action, at 1308.

[0170] In some embodiments, the robotic device can be configured to determine when it may
need to ask for user input, e.g., to help the robotic device execute a particular task or behavior.
Such assistance can be requested both during execution of certain actions and/or while the
robotic device is navigating through an environment. The robotic device can be configured to
use its learned models and information regarding the environment and objects within that
environment to determine when it needs to ask for user input and how to ask for that user input,
at 1312. For example, the robotic device can use its knowledge of types of doors and different
users in its environment to determine when and how to ask for help, e.g., asking different users
to help with opening different types of doors (e.g., doors with keypads that require specific
permissions or knowledge), and knowing to ask certain types of users who may be more

inclined to provide assistance versus others (e.g., nurses vs. doctors).

[0171] In some embodiments, the user input received by the robotic device, e.g., at 1315, can
include feedback from a user regarding whether the selection and/or execution of a skill was
appropriate and/or successful. For example, a user can tag an action (e.g., a task or behavior)
being executed by the robotic device (or having previously been executed by the robotic
device) as a positive or negative example of the action. The robotic device can store this
feedback (e.g., as success criteria associated with the action and/or other actions) and use it to

adjust its selection and/or execution of that action or other actions in the future.

50



WO 2022/170279 PCT/US2022/015710

[0172] In some embodiments, the robotic device is configured to engage in socially appropriate
behavior. The robotic device may be designed to operate in an environment with humans.
When operating around humans, the robotic device can be configured to continually plan for
how its actions may be perceived by a human, at 1306-1308. For example, when the robotic
device is moving, the robotic device can monitor its surrounding environment for humans, at
1304, and engage in social interactions with any humans that it encounters, at 1308. When the
robotic device is not executing any task (e.g., is stationary), the robotic device can continue to
monitor its surrounding environment for humans, at 1304, and determine whether it may need
to execute one or more socially appropriate behaviors based on how a human may perceive its
presence, at 1306. In such embodiments, the robotic device may be configured with an
underlying framework (e.g., one or more arbitration algorithms) that plans for and executes
behavior that is socially appropriate given any particular context or setting. The robotic device
can be configured to manage multiple resources (e.g., a manipulating element, a transport
element, a humanoid component such as a head or eyes, a sound generator, etc.) and to generate

appropriate behavior based on one or more of these resources.

[0173] FIGS. 15-17 illustrate flow diagrams of a robotic device operating in a learning mode.
As discussed above, a robotic device can operate in an execution mode and switch to operating
in a learning mode, e.g., when the robotic device determines that it requires user input, at 1312.
Altemnatively or additionally, a robotic device can be set to operate in a learning mode, e.g.,
when the robotic device is initially deployed in a new environment (e.g., a new area, building,
etc.). The robotic device can operate in the learning mode until a user indicates to the robotic
device that it can switch to operating in the execution mode and/or the robotic device

determines that it can switch to operating in the execution mode.

[0174] When operating in the learning mode, the robotic device can learn a skill, at 1504,
and/or learn an environmental constraint, at 1506. The robotic device can be configured to learn
a skill with or without an existing model of the skill (e.g., a generic model of the skill). When
learning a skill without an existing model (e.g., leaming a skill without relying prior
knowledge), the robotic device can generate a model for the skill after being guided through a
demonstration of the skill, as described herein with respect to FIG. 11. When learning a skill
with an existing model (e.g., a generic model of the skill), the robotic device can initiate
execution of the skill with the existing model and request user input when the robotic device

needs a user to demonstrate a part of the skill. The existing model of the skill can be or form a

51



WO 2022/170279 PCT/US2022/015710

part of an interactive learning template, i.e., a template for guiding the robotic device to learn

a skill with input from a user at specified points during the execution of the skill.

[0175] FIG. 16 depicts a process for learning a skill using an interactive learning template. A
robotic device may be deployed in a specific setting, e.g., a building. The robotic device may
make a selection of an existing model of a skill, at 1610. The existing model of the skill may
be a generic model of the skill that is not specialized to the environment or setting in which the
robotic device is operating. At 1612, the robotic device can generate a plan for executing the
skill using the skill model, according to a process similar to the process discussed herein with
reference to FIG. 12. At 1614, the robotic device can initiate the execution of the skill by
performing one or more steps or parts of the skill that do not require user input and/or
specialization. Upon reaching a part of the skill (e.g., a part where the robotic device cannot
determine how to execute, or a part of the skill that requires specialization to the setting in
which the robotic device is executing the skill) (1616: YES), the robotic device can prompt a
user to provide a demonstration of that part of the skill, at 1618. In some embodiments, the
interactive learning template may indicate to the robotic device when it should prompt a user
for a demonstration. Alternatively or additionally, the robotic device may autonomously
determine that it requires user input to be able execute a part of the skill, e.g., when the robotic
device cannot determine the state of an object in the environment and/or generate a plan to
execute a particular part of the skill given constraints imposed by the environment. In some
embodiments, a user (e.g., a robot supervisor) may also be monitoring the robotic device’s
execution of the skill and send a signal to the robotic device when the user wants to demonstrate
a part of the skill to the robotic device. The robotic device, upon receiving the signal from the

user, can then determine to proceed to 1618.

[0176] At 1620, a user can guide the robotic device through a movement. For example, the
user can move one or more components of the robotic device (e.g., a manipulating element, a
transport element, etc.) to demonstrate the part of the skill. While guiding the robotic device
through the movement, the user can optionally indicate to the robotic device when to capture
information about the state of one or more of its components and/or the environment, at 1622.
For example, the robotic device can receive a signal from the user to capture sensory
information, including information about the manipulating element, transport element, and/or
environment, at a keyframe during the movement of the robotic device. Alternatively, the

robotic device can autonomously determine when to capture sensory information. For example,
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while the robotic device is being moved by a user, the robotic device can monitor changes in
one or more of its components, and when those changes exceed a threshold, or when there is a
directional change in a trajectory of a component, the robotic device can autonomously select
that point to be keyframe and record information about the robotic device and/or environment
at that keyframe. In response to receiving a signal from a user or autonomously determining to
capture sensory information, the robotic device can capture sensory information using one or
more of its sensors, at 1624. During the movement of the robotic device, the robotic device can
also continuously or periodically, without receiving a signal from a user, record sensory

information, at 1630.

[0177] Once the movement or demonstration is complete (1626: YES), the robotic device can
optionally receive a selection of features that are relevant to learning the part of the skill that
has been demonstrated, at 1632. In some embodiments, the robotic device can autonomously
make a selection of features and/or prompt a user to confirm the selection made by the robotic
device, at 1632. At 1636, the robotic device can store the information associated with the
demonstration. If the execution of the skill is not complete (1617: NO), then the robotic device
continues with its execution of the skill, at 1614, and can prompt the user for additional
demonstrations of parts of the skill, as needed, at 1618. The robotic device can continue to
cycle through the interactive learning process until the execution of the action is complete
(1617: YES), at which point the robotic device can generate a model for the skill with parts
that are specialized to the setting in which the robotic device executed the skill, at 1638. The
robotic device can then learn another skill and/or environmental constraint. Altematively, if
the robotic device does not need to learn another skill and/or environmental constraint, the
robotic device can switch into its execution mode, and begin sensing or scanning an

environment, performing arbitration, and/or executing actions.

[0178] With interactive learning templates, a robotic device taught and/or provided an initial
set of models for skills. The initial set of models can be developed before the robotic device is
deployed on-site in a specific environment (e.g., a hospital). For example, this initial set of
models can be developed in a factory setting or at a training location, and made available to the
robotic device. Once deployed on-site, the robotic device can adapt or specialize the initial set
of models to the environment, e.g., via an interactive learning session, as described herein.
Moreover, as new models are developed (e.g., off site at a factory or training location), the new

models can be made available to the robotic device, e.g., via a network connection.
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Accordingly, systems and methods described herein enable a user and/or entity to continue to
develop new models for skills and provide those to robotic devices, even after those robotic

devices have been deployed on-site.

[0179] An example of an interactive learning session can involve adapting a generic model for
moving an item into a room. The robotic device can be equipped with the generic model and
deployed on-site at a hospital. When deployed at the hospital, the robotic device can
autonomously initiate execution of the skill to move an item into a patient room, at 1612-1614.
For example, the robotic device can autonomously navigate to the patient room using a map of
the hospital. Once the robotic device has navigated to the patient room, the robotic device can
determine that it needs a user to demonstrate where to drop off the item in the patient room

(1616: YES).

[0180] The robotic device can prompt a user to move it to the specific drop-off location, at
1618. The user can control the movement of the robotic device, e.g., using a joystick or other
type of control device, at 1620. As discussed above, the user can be located on-site near the
robotic device or located at a remote location. While the user moves the robotic device to the
drop-off location, the robotic device can capture sensory information about its current state
and/or its surrounding environment, at 1624 and/or 1630. Once at the drop-off location, the
robotic device can switch back to autonomous execution, at 1614. For example, the robotic
device can execute a known arm motion, e.g., locating the item in a container on-board the
robotic device, grabbing the item using a manipulating element, and positioning its
manipulating element in a generic position for releasing the item. The robotic device can
determine for a second time that it needs a user to demonstrate a part of the skill, e.g., dropping
the item on a shelf (1616: YES). The robotic device can prompt the user for another
demonstration, at 1618, and the user can move the manipulating element such that the item is
in position over the shelf. The robotic device can capture sensory information again during the
movement of the manipulating element, at 1624 and/or 1630. The robotic device can regain
control once again and autonomously open a gripper of the manipulating element to drop off
the item on the shelf and then retract its manipulating element back into a resting position, at
1614. The robotic device can then determine that execution is complete (1617: YES) and
generate a specialized model of the skill based on the information it captured during the two

user demonstrations, at 1638.
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[0181] Other examples of interactive learning session can include adapting a navigation action,

e.g., to navigate through a specific hallway and/or doorway, as discussed above.

[0182] In some embodiments, a user (or robotic device) can modify a model for a skill after
the skill is demonstrated and/or a model for the skill is generated. For example, a user can
iterate through keyframes captured during a demonstration of the skill and determine whether
to keep, modify, and/or delete those keyframes. By modifying and/or deleting one or more
keyframes, the user can modify a model for the skill generated based on those keyframes.
Examples of using iterative and adaptive versions of keyframe-based demonstrations are
described in the article entitled “Trajectories and keyframes for kinesthetic teaching: a human-
robot interaction perspective,” authored by Akgun et al., published in Proceedings of the 7th
Annual ACM/IEEE Intemational Conference on Human-Robot Interaction (2012), pp. 391-98,
which is incorporated herein by reference. As another example, an interactive graphical user
interface (“GUI”) can be used to display keyframes captured during a demonstration of a skill
to a user such that the user can indicate how much variance associated with a position,
orientation, etc. of the components of the robotic device is acceptable during a planned
execution. Examples of using a GUI with keyframes are described in the article entitled “An
Evaluation of GUI and Kinesthetic Teaching Methods for Constrained-Keyframe Skills,”
authored by Kurenkov et al., published in IEEE/RSJ International Conference on Intelligent
Robots and Systems (2015), accessible at
http://sim.ece.utexas.edu/static/papers/kurenkov_iros2015.pdf, which is incorporated herein
by reference. These examples enable modification of a model for a skill after the skill is learned.
Systems and methods described herein further provide a learning template that enables a
robotic device to plan and execute certain parts of the skill while leaving other parts of the skill
to user demonstration during an on-going execution of the skill. Moreover, systems and
methods described herein provide a robotic device that can determine when to collect data
and/or request demonstration of a part of a skill, e.g., autonomously or based on information

provided to the robotic device in advance of the learning process.

[0183] FIG. 17 depicts a process for learning an environmental constraint. As noted above, a
robotic device can be configured to learn an environmental constraint, which may be applicable
to a set of skills that are learned and/or executed in a setting including the environmental
constraint. At 1650, the robotic device can optionally prompt a user for a selection of a type of

constraint and/or an object associated with the constraint. The constraint type can be, for
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example, a barrier (e.g., a wall, a surface, a boundary), a size and/or dimension, a restricted
area, a location of an object, a time constraint, etc. At 1652, the robotic device can receive a
selection of a constraint type and/or object. Optionally, at 1654, a user (or other robotic device)
can guide the robotic device through a movement to demonstrate the environmental constraint.
For example, a user can demonstrate the size of a supply bin to a robotic device by moving a
manipulating element of the robotic device along one or more edges of the bin. As another
example, a user can demonstrate a location of a shelf by moving a manipulating element of the
robotic device along a surface of the shelf. During a movement of the robotic device, the robotic
device can capture information associated with the constraint using one or more sensors (e.g.,
camera, laser, tactile, etc.), at 1656. At 1658, the robotic device can store the captured
information associated with the environmental constraint for use with models of any skills
executed in a setting including the environment constraint. In some embodiments, the robotic
device may include the information associated with the environmental constraint in each model
for a skill that is executed in the setting. Alternatively, the robotic device can be configured to
reference the information associated with the environmental constraint when planning and/or
executing a skill in the setting. In some embodiments, the environmental constraint may be

added to a representation of the environment (e.g., representation and/or map 600).

[0184] In some embodiments, the robotic device can learn the environmental constraint
without requiring a user demonstration or movement of the robotic device. For example, after
receiving a selection of a constraint type and/or object, at 1652, the robotic device can be
configured to scan the environment for relevant information associated with the environmental
constraint, at 1656. In some embodiments, the robotic device can present the information that
it captures and/or determines to be relevant to the environmental constraint to a user such that
the user can confirm and/or modify what information is relevant to the environmental

constraint. The robotic device can then store the relevant information, at 1658.

[0185] In some embodiments, the robotic device can use a transport element (e.g., wheels or
tracks) to move about an environment and learn one or more environmental constraints. For
example, the robotic device can move through a corridor or hallway, e.g., while undergoing a
demonstration and/or executing a skill, and learn that the corridor is busy during certain time
frames. In some embodiments, the robotic device can learn and associate various
environmental constraints and/or behaviors with different conditions (e.g., time, location, etc.).

For example, the robotic device can recognize that a corridor is busy based on information
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collected by its sensor(s), user input, and/or information derived from sensed information (e.g.,
during a demonstration and/or execution of a skill). As another example, the robotic device can
determine that it should respond with a “hello” or “good night™ at different times of day when

a user enters a particular room.

[0186] In some embodiments, the robotic device can learn environmental constraints
autonomously and interactively. For example, the robotic device can acquire an initial set of
environmental constraints by moving through an environment (e.g., moving through a corridor
or hallway), at 1658. A user (e.g., a robot supervisor or local user) can review the constraint
and determine whether to adjust the constraint by directly modifying the constraint and/or via
demonstration, at 1659. For example, some constraints can be provided through an interaction
with the robotic device (e.g., a demonstration), while other constraints (e.g., a location of an
object such as, for example, a distance a shelf extends from a wall) can be provided through an

input (e.g., to a user interface such as, for example, user interface 240).

[0187] In some embodiments, the robotic device can learn via exploration. FIG. 18 is a flow
diagram depicting an example method of learning through exploration. The robotic device can
scan an environment and collect information on the environment and/or objects within the
environment, at 1802. Optionally, based on the information the robotic device has collected,
the robotic device can determine to explore the environment by executing a skill. To execute
the skill, the robotic device can select an existing skill model, at 1804, plan the execution of
the skill using the skill model, at 1806, and execute the skill, at 1808. For example, the robotic
device can scan an environment and identify a doorway. The robotic device can determine to
execute a skill including steps of opening a door and moving through the doorway. At 1804,
the robotic device can select an existing skill model that it has been provided and/or learned to
navigate through doorways. At 1806, the robotic device can generate a plan for opening the
door and moving through the doorway using the existing skill, e.g., according to a process
similar to the process discussed with reference to FIG. 10. And at 1808, the robotic device can
execute the skill according to the generated plan. While executing the skill, the robotic device
can collect information on the environment and/or its execution of the skill, and compare such
information to information collected during previous interactions with doorways, at 1810. The
robotic device can evaluate, based on this comparison, whether its interaction with the doorway

was a success or failure (e.g., based on success criterion, as described above). The robotic
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device can optionally generate a skill model that is specific to the doorway based on its

execution of the skill, at 1812.

[0188] In some embodiments, the robotic device may initiate execution of a skill and determine
that user input is required to further complete the skill. For example, as described above with
reference to FIG. 16, the robotic device can initiate the execution of a skill and, upon reaching
a part of the skill that the robotic device cannot determine how to execute, solicit user input to

build on its execution of the skill.

[0189] In some embodiments, the robotic device may execute a skill and determine that its
execution has failed. For example, the robotic device can plan and/or execute a movement
through a doorway but detect that it was not able to move through the doorway (e.g., due to a
failed attempt to open the door or navigate across a tight doorway). The robotic device can
determine to scan the environment again (1814: YES), and then re-plan and re-execute the skill,
at 1806-1808. In some embodiments, the robotic device may select a different skill (e.g., a skill
more specific to a tight doorway), at 1804, and then re-plan and re-execute based on the
different skill. The robotic device can continue to learn via exploration by re-sensing, re-
planning, and re-executing a skill until the robotic device determines that it has met a certain
objective (e.g., successfully executed the skill a predetermined number of times or ways,
learned sufficient information regarding the environment, etc.). At 1816, the robotic device can
store the information it has collected of the environment and/or objects within the environment
and optionally any models that it has adapted or generated based on executing skills within the

environment.

[0190] In some embodiments, the robotic device may engage in learning by exploration with
user input. For example, the robotic device can explore a particular environment and/or execute
one or more skills in that environment to learn more information about that environment. While
the robotic device is exploring, a user (e.g., a remote supervisor or a local user) can provide
inputs to the robotic device based on information that the user perceives and/or learned about
the environment (e.g., directly by being in the environment and/or through the robotic device).
The user can then provide one or more inputs into the robotic device that further guide its
exploration of the environment. For example, a robotic device that encounters a doorway may
plan one or more movements to navigate through the doorway. The robotic device, upon
executing the movements, may fail to navigate through the doorway. A user can view the failed

attempt by the robotic device and provide input(s) into the robotic device to guide the robotic
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device in a second attempt to navigate through the doorway. For example, the user can
determine that the doorway is a tight doorway and indicate to the robotic device that it should
seek a nearby user or robotic device to first open the door before navigating through the
doorway. The robotic device, upon receiving the user input, can then seek a user to open the

door before navigating through the doorway.

[0191] In some embodiments, the robotic device can learn via user input by receiving
information regarding an environment and/or objects within the environment from a user, or
receiving initial sets of models, rules, etc. from a user. In some embodiments, a robotic device
may initially learn a skill through a demonstration (e.g., as described above with reference to
FIG. 11) and learn to adapt that skill based on a user input. For example, a robotic device can
learn a skill for moving a supply from a first location to a second location and then dropping
off the supply at the second location. During a user demonstration of the skill, the user can
indicate to the robotic device that dropping off the supply at the second location requires
specific information unique to an environment or situation. The user can later provide inputs
to the robotic device specifying, for different supplies and/or different locations, the unique
information that the robotic device should observe while dropping off the supply. For example,
the user can provide information regarding a tag or a marker that identifies where the robotic

device should drop off the supply.

[0192] In some embodiments, the robotic device can learn behavior or rules (e.g., arbitration
algorithm(s) 362, as described above) based on stored information and/or user inputs. FIG. 19
is a flow chart of an example method of robotic learning of behavior and/or rules. The robotic
device can analyze stored information (e.g., map(s), model(s), user input(s)), at 1902. The
robotic device can derive behavior and/or rules based on its analysis of stored information, at
1904. For example, a user (e.g., robot supervisor or local user) can define a rule for a robotic
device to be more conversational when more humans are near the robotic device. The robotic
device may determine, based on its analysis of stored information, that more humans are near
it during a certain time of day (e.g., around lunchtime). Therefore, the robotic device may
further derive that it should be more conversational during that time of day. In some
embodiments, the robotic device can automatically implement this behavior as a new rule.
Altemnatively, the robotic device can propose being more conversational at that time of day as
a new rule to the user, at 1906. The robotic device can receive a user input in response to

proposing the rule, at 1908. For example, the user may view the rule on a local and/or remote
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display of the robotic device and select to accept or reject it. Based on the user input, the robotic
device can modify its behavior and/or rules, at 1910. For example, if the user indicates that the
rule is acceptable, the robotic device can store the new rule and implement it in the future.
Alternatively, if the user indicates that the rule is acceptable but with a further tweak or change
(e.g.. being more conversational around lunchtime but only in a cafeteria), then the robotic

device can adapt the rule and store the adapted rule for future implementation.

[0193] In some embodiments, the robotic device can learn a skill and/or environmental
constraint by adapting an existing skill and/or environmental constraint based on a user input.
FIG. 20 is a flow diagram of an example method of adapting a skill and/or environmental
constraint based on a user input. The robotic device can receive a user input, at 2002. The
robotic device can associate the user input with one or more skill(s) and/or environmental
constraints, at 2004. Such association can be based on, for example, a further input by the user
(e.g., the user specifying the skill and/or environmental constraint that the input relates to)
and/or a derivation by the robotic device (e.g., the robotic device determining that such an input
is associated with a particular skill or environmental constraint based on one or more rules,
attributes, etc. associated with the input and/or particular skill or environmental constraint. For
example, a user can provide a robotic device with new information for identifying an object,
such as a QR code, a barcode, a tag, etc. The user can specify that this new information is for
a particular object, and the robotic device can associate the new information with that object.
The robotic device can further associate the new information for that object with one or more
skills that involve interactions with that object, e.g., a grabbing or moving skill. The robotic
device can optionally modify and/or generate a skill or environmental constraint based on the

input, at 2006-2008.

[0194] In some embodiments, the robotic device can enable a user to retroactively label
information associated with a skill and/or environmental constraint. For example, the robotic
can present a skill or environmental constraint to a user, e.g., via a user interface (e.g., user
interface 240) and/or a remote interface. The user can select to add, modify, and/or remove a
label associated with the skill or environmental constraint, and such input can be received at
the robotic device, at 2002. The robotic device can then associate the input with the skill or
environmental constraint, at 2004, and modify and/or generate a new skill or environmental

constraint based on the input, at 2006-2008.
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[0195] FIG. 21 depicts an example of information that flows from and feeds into a map 2120
(e.g.. a map of a building such as, for example, a hospital). The map 2120 can be stored and/or
maintained by one or more robotic devices, such as any of the robotic devices as described
herein. The map 2120 can be similar to map 600, as depicted in FIG. 6. For example, the map
2120 can include one or more layer(s) 2122 such as, for example, a navigation layer, a static

layer, a dynamic layer, and a social layer.

[0196] The map 2120 can provide information that a robotic device can use while operating in
a learning mode 2102 or an execution mode 2112. For example, a robotic device operating in
the learning mode 2102 can access the map 2120 to obtain information regarding
environmental constraint(s), object(s), and/or social context(s) (e.g., similar to state
information 332, object information 340, environmental constraint(s) 354, etc.). Such
information can enable the robotic device to determine a location of object(s), identify
characteristic(s) of object(s), analyze one or more environmental constraint(s), select skill
model(s) to use, prompt user(s) for input(s), etc., as described herein. Additionally or
alternatively, a robotic device operating in the execution mode 2112 can access the map 2120
to obtain information regarding environmental constraint(s), object(s), and/or social context(s),
and use that information to evaluate an environment, arbitrate between different behaviors or
skills, determining which skills to execute, and/or adapt behavior or skills to suit a particular

environment.

[0197] A robotic device operating in the learning mode 2102 can also provide information that
adds to and/or changes information within the map 2120. For example, the robotic device can
incorporate sensed information 2104 (e.g., information collected by one or more sensor(s) of
the robotic device) and/or derived information 2106 (e.g., information derived by the robotic
device based on, for example, analyzing sensed information 2104) into the map 2120. The
robotic device can incorporate such information by adding the information to the map 2120
and/or adapting existing information in the map 2120. Additionally, the robotic device
operating in the execution mode 2112 can provide information (e.g., sensed information 2114,

derived information 2116) that adds to and/or changes information within the map 2120.

[0198] As an example, arobotic device undergoing a demonstration (e.g., such as that depicted
in FIGS. 11 and 16) of how to navigate through a doorway can collect information during the
demonstration that feeds into the layer(s) 2122 of the map 2120. The doorway can be a specific

doorway that exists at various locations throughout a building, e.g., as represented in the map
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2122. Characteristics and/or properties of the doorway can be recorded by various sensors on
the robotic device and/or derived by the robotic device based on sensed information. For
example, the robotic device can sense a size of the doorway and determine that the doorway is
atight doorway. The robotic device can add this information regarding the doorway to the map
2120, e.g., using one or more semantic labels, as raw or processed sensor information, as a
derived rule, etc. The robotic device can also use the information to adapt a contextual layer of
the map (e.g., a social or behavioral layer of the map, e.g., such as social layer 630 depicted in
FIG. 6). For example, the robotic device can determine to engage in specific behavior(s) and/or
action(s) based on the doorway being a tight doorway, including, for example, going through
the doorway when the doorway has been opened by a user (or other robotic device(s)) instead
of going through the doorway following and/or alongside a user (or other robotic device(s)),
seeking a specific user familiar with the doorway to assist the robotic device with navigating
through that doorway (e.g., by holding open the doorway and/or guiding the robotic device

through various action(s)), etc.

[0199] In some embodiments, the map 2120 can be centrally maintained for one or more
robotic devices described herein. For example, the map 2120 can be stored on a remote
compute device (e.g., a server) and centrally hosted for a group of robotic devices that operate
together, e.g., in a hospital. The map 2120 can be updated as information (e.g., sensed
information 2104, 2114 and derived information 2106, 2116) is received from the group of
robotic devices as those robotic devices operate in learning mode 2102 and/or execution mode
2112, and be provided to each of the robotic devices as needed to execute actions, behavior,
etc. Asindividual robotic devices within the group learn new information such that one or more
layer(s) 2122 of the map 2120 are adapted, this information can be shared with the other robotic
devices when they encounter a similar environment and/or execute a similar skill (e.g., action,
behavior). In some embodiments, a local copy of the map 2120 can be stored on each robotic
device, which can be updated or synchronized (e.g., at predetermined intervals, during off
hours or downtime) with a centrally maintained copy of the map 2120. By regularly updating
the map (e.g., with newly collected information, such as sensed information 2104, 2114 and
derived information 2106, 2116) and/or sharing the map between robotic devices, each robotic
device can have access to a more comprehensive map that provides it with more accurate

information for interacting with and/or executing skills within its surrounding environment.
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[0200] In some embodiments, the map 2120 can be a mixed initiative map where information
(e.g., environmental constraint(s), rule(s), skill(s), etc.) can be leamed (e.g., during learning
2102 and/or execution 2112) and/or provided by a user (e.g., via user input 2130). For example,
the robotic device can build on the map 2120 by incorporating information directly given by a
user (e.g., a robot supervisor or local user), learned through demonstration and/or execution, or
interactively provided through a combination of demonstration and/or execution and user input
(e.g., requested by a robotic device about an interaction in real-time or retroactively). For
example, a user can indicate to a robotic device that it should move slower through a region on
the map 2120 (e.g., a narrow or busy hallway). In some embodiments, the robotic device can
present a map to the user, and the user can draw the region on the map and indicate that the
robotic should move slower through that region. The robotic device may attempt moving
through the region on the map 2120 for a number of times, and learn that the region should be
avoided at certain times of day (e.g., due to overcrowding). Alternatively or additionally, the
robotic device can encounter a new situation that the robotic device is not familiar with
handling autonomously (e.g., the hallway being sectioned off). In such instances, the robotic
device can communicate with a user (e.g., a robot supervisor and/or local user) to gain more
information about the region and/or determine how to navigate around the region. When
requesting the user’s input, the robotic device can ask broadly regarding the situation and/or
provide a list of examples for a user to label (e.g., to enable the robotic device to autonomously
derive an appropriate behavior). In some embodiments, the robotic device can detect and/or
derive information regarding a region without user input, and propose one or more rules
associated with that region to a user for confirmation. In some embodiments, a user, upon
viewing a proposed rule and/or other information from a robotic device, can modify the rule
and/or other information before accepting it. FIG. 19, described herein, provides a more

detailed description of such a process.

[0201] Robotics devices as described herein can be configured to perform behaviors or skills
that include a navigation component and a manipulation component, such as, for example,
navigating through a door. In particular, robotic devices as described herein can navigate to,
open, and navigate through doors. As discussed above, a robotic device can be taught skills
such as navigating through doors, prior to the robotic device executing the skills (referred to
herein as a “pre-execution phase™). While the following processes are described with respect
to navigating through a door, it can be appreciated that such processes can be applied to other
behaviors or skills that require navigation and/or manipulation. For example, in some
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embodiments, the processes described herein can be applied to pressing one or more elevator
buttons, for example, to open an elevator. In particular, such processes can be used to generate
plans for executing various behavior or skills (e.g., a cache of plans for executing a behavior
or skill) when the robotic device is offline (e.g., in a pre-execution phase), such that the robotic

device can quickly retrieve those plans for executing when the robotic device is operating live.

[0202] FIG. 22 is a flow diagram that depicts different processes through which a robotic
device (e.g., any of the robotic devices described herein including, for example, robotic device
102, 110, 200, 500, etc.) can learn how to navigate through doors and execute navigation
through doors. In some embodiments, the robotic device can be configured to use semantic
data relating to a door and surrounding environment to determine a trajectory or plan for
opening and navigating through a door. The robotic device can be configured to undergo
learning (e.g., at learning mode 2206) prior to executing the navigation (e.g., in a pre-execution
phase). While operating in leaming mode 2206, a robotic device can associate semantic data
to doors and the surrounding environment. For instance, the robotic device can associate
fiducials, door device pose, reference pose, collision primitives, plan groups, target pose, a
combination thereof, as further described below with a doorway or door. The robotic device
can generate and save cached plans as described in FIGS. 23-25 based on the semantic data to
navigate through the doorway. Then while operating in execution mode 2208, the robotic
device can quickly access and execute the cached plans to open and/or navigate through a door.
The robotic device can execute the cached plans as described in FIG. 26. Additionally or
alternatively, a robotic device can implement fast button pushing (e.g., by accessing cached

plans) to navigate through a door. Further details of such processes are described below.

[0203] In the learning mode 2206 (e.g., prior to executing the skill of navigating through a
door and/or in the pre-execution phase), a robotic device can undergo learning and/or teaching
of semantic data associated with a door. For example, the robotic device can undergo learning
of fiducials, reference poses, static obstacles, arm motions, and/or button pushing (e.g., fast
button pushing) as further described below. In some embodiments, the robotic device can

undergo learning and/or teaching using a guided teaching tool as described herein.

[0204] The robotic device can learn information (e.g., semantic data) associated with a door
based on the type of door that the robotic device has to navigate through. For instance, in some
embodiments, a robotic device can open, access, and/or navigate through automatic doors. An

automatic door can be a door that can open upon activation of one or more of a radio-frequency
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identification (RFID) scanner, wave sensor, and/or button. For example, the door may be
opened upon activation of an activation device. FIG. 28 illustrates example variations of
activation devices. For example, 2730a illustrates an example RFID scanner. An example wave
sensor is shown as wave sensor 2730b in FIG. 28. Similarly, an example button is shown in
FIG. 28 as button 2730c¢. Since FIG. 28 illustrates example variations of activation devices, by
extension, FIG. 28 also illustrates example variations of different door types. For each type of
activation device, the robotic device can execute a stored plan that indicates to the robotic
device the type of manipulation required by the robotic device to activate the activation device

(e.g., scan a RFID badge, push a button, etc.) to open the door.

[0205] In some embodiments, to teach a robotic device to activate an activation device, a
marker such as a fiducial tag can be placed near the activation device. FIG. 29 illustrates an
example fiducial tag 2924 that is placed near (e.g., above) an activation device 2930 (e.g.,
structurally and/or functionally similar to RFID scanner 2730a in FIG. 28). Although, FIG. 29
illustrates the fiducial tag 2924 as being placed above the activation device 2930, it should be
readily understood that the fiducial tag 2924 can be placed in any suitable position near the
activation device 2930. For example, in some embodiments, the fiducial tag 2924 can be placed
below the activation device 2930. Additionally or alternatively, the fiducial tag 2924 can be
placed to the right of or to the left of the activation device 2930. In some embodiments, instead
of using a fiducial tag as a marker, the marker can be the activation device itself. In some
embodiments, data for opening different doors (e.g., data for opening multiple doors) can be
stored and accessed by the robotic device as shared manipulation data. In some embodiments,
to use shared manipulation data, the fiducial tag 2924 can be placed in the same location
relative to the activation device 2930 across multiple doors. In other embodiments, to use
shared manipulation data, the fiducial tag 2924 can be placed in different locations relative to
the activation device 2930 across multiple doors. In still other embodiments, to use shared
manipulation, instead of placing a fiducial tag near the activation device 2930, the activation
device 2930 can itself be used as the marker. In some embodiments, the back of a fiducial tag
can include an adhesive (e.g., glue). The fiducial tag 2924 can be attached to the wall by peeling
back on the fiducial tag 2924 and placing it on the wall. In some embodiments, the fiducial tag
2924 can be placed within a predetermined distance from the activation device 2930, e.g., at a
distance of between about O cm (i.e., on the device) and about 30 cm from the activation device
2930. It should be readily understood that the activation device 2930 is shown to be an RFID
scanner in FIG. 29 solely for illustrative purposes. The fiducial marker 2924 can be placed near
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any suitable activation device such as activation devices described in FIG. 28. While examples
herein are provided with respect to opening a door, it can be appreciated that such can be
extended to other types of activation devices and buttons, e.g., for activating and/or controlling

devices other than a door.

[0206] As discussed above, the marker to teach a robotic device to activate and/or trigger an
activation device can be activation device itself. For example, instead of placing a fiducial tag
or any other type of physical marker near the activation device, the robotic device can be
configured to identify the activation device (e.g., based on object information, as described
with reference to FIGS. 3) and register the activation device itself as a marker for teaching the
robotic device to activate an activation device and for execution of the activating the activation
device. The process of obtaining an representation of an environment and identifying one or
more marker(s) within that environment (e.g., the activation device) can be implemented based

on method 700, as described with reference to FIG. 7.

[0207] In addition to example door types, described herein are example information (e.g.,
semantic data, pose data, object data, or manipulation data) that can be used to teach door
manipulation to the robotic device so that the robotic device can open, access, and/or navigate
through an automatic door. The object/pose/manipulation data can be stored on an onboard
memory of the robotic device and/or on a remote storage device (e.g., at a remote compute
device such as compute device 150 in FIG. 1 or server such as server 120 in FIG. 1). In some
embodiments, the data can be stored in a data structure or file (e.g., a corresponding field of a
data structure) associated with a particular door and/or task. In some embodiments, the stored
data and/or files can refer to other data and/or files stored in different libraries, e.g., associated

with different cached plans, keyframes, etc.

[0208] In some embodiments, data for opening different doors (e.g., data for opening multiple
doors) can be stored more efficiently as shared object/pose/manipulation data. For example,
instead of different sets of object/pose/manipulation data being stored for each door within an
environment, one set of object/pose/manipulation data can be stored for a plurality of doors
within the environment when such doors are substantially similar or the same. This can allow
arobotic device to store more data (and therefore be equipped to traverse more doors) onboard
without having to rely on downloading data from a network resource (e.g., a server), which can

slow down the operation of the robotic device and/or be unreliable.
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[0209] Example object/pose/manipulation data associated with a door can include fiducial,
door device pose, reference pose, collision primitive, plan group, target pose, manipulation, a
combination thereof, and/or the like. In some embodiments, a fiducial can be a pose of the
fiducial tag (e.g., fiducial tag 2924 in FIG. 29) associated with an activation device (e.g.,
activation devices 2730a, 2730b, and 2730c in FIG. 28), with respect to a map of the
environment (e.g., map 600 in FIG. 6). For example, if the robotic device is operating in a
hospital environment, a fiducial can be a pose of the fiducial tag with respect to the map of the
hospital. In some embodiments, a door device pose can be a pose of the activation device (e.g.,
activation devices 2730a, 2730b and 2730c in FIG. 28), with respect to a map of the
environment (e.g., map 600 in FIG. 6). FIG. 30 illustrates an example fiducial and a door device
pose, according to some embodiments. For example, FIG. 30 includes an example fiducial tag
3024. The fiducial tag 3024 is positioned near (e.g., above) an activation device 3030. FIG. 30
depicts the fiducial tag 3024 with respect to a central coordinate system or origin of a map
3032. FIG. 30 also depicts the activation device 3030 with respect to the central coordinate

system or origin of a map 3032.

[0210] In some embodiments, a reference pose with respect to the robotic device’s base link
(e.g.. alink associated with a location of a base of the robotic device) can be associated with
an activation device (e.g., activation devices 2730a, 2730b, and 2730c in FIG. 28). FIG. 31
illustrates an example reference pose, according to some embodiments. For example, FIG. 31
includes an example fiducial tag 3124. The fiducial tag 3124 is positioned near (e.g., above) an
activation device 3130. FIG. 31 depicts the activation device 3130 with respect to a base link

3100 of the robotic device.

[0211] In some embodiments, a collision primitive can represent a set of obstacles on the wall
with the activation device (e.g., activation devices 2730a, 2730b, and/or 2730c in FIG. 28).
These sets of obstacles can be large obstacles on the wall. For example, collision primitives
can represent obstacles such as fire extinguishers, devices on the wall such soap dispensing
devices, hand sanitizer dispensing devices, etc., protrusions on the wall such as large balancing
rods (e.g., protrusion 2728 in FIG. 27C), etc., a combination thereof, and/or the like that are on
the wall along with the activation device. Examples of collision primitives can be coordinate
data such as bounding boxes that represent the spatial location and geometric parameters of

various objects.
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[0212] In some embodiments, a plan group or plan cache can be a set of manipulation plans
that are associated with a doorway. A plan group can reference a set of manipulation plans
(e.g., including keyframes), as saved in libraries that are associated with the plans. In some
embodiments, each plan within a plan group can be associated with a base-tag-end effector
configuration (e.g., the relative positioning between the base of a robotic device, the fiducial
tag or object marker, and the end effector or manipulation device of the robotic device), such
that a plan can be selected according to base-tag-eef configuration during teaching to make

teaching easier.

[0213] In some embodiments, a target pose can be a pose of an end effector (e.g., gripper on
the robotic device’s arm) of a robotic device, at the end of a manipulation. For example, the
target pose can be a pose of the end effector on or near the activation device (e.g., pose at the
end of a manipulation that can activate the activation device). The target pose can be stored
relative to the coordinate frame of the fiducial tag (e.g., coordinate frame of 3024 shown in
FIG. 30), coordinate frame of the activation device (e.g., coordinate frame of 3030 shown in
FIG. 30 and/or coordinate frame of 3130 shown in FIG. 31), and/or other suitable coordinate
frames for manipulation. In some embodiments, manipulation data can be set by a doorway
file’s manipulation field. While learning to navigate through a door and executing navigation
through a door is described herein with reference to fiducial tags, it can be appreciated that any
object, marker, symbol, tag, etc. within an environment can be used by the robotic device for

localization.

[0214] As discussed above, FIGS. 23-25 depict flow diagrams that illustrate various avenues
through which a robotic device (e.g., robotic device 100, 200, and/or 500) can generate and
save cached plans, e.g., to navigate through a doorway. For instance, FIGS. 23-25 depict flow
diagrams that illustrate various learning or teaching scenarios that enable a robotic device to
navigate through a doorway. In some embodiments, each of the teaching scenarios can be
mediated via a state machine (e.g., a guided teach door state machine). In some embodiments,
a user can guide the robotic device through the teaching scenarios. For example, the guided
teach door state machine can be launched when the learning mode is initiated. The guided teach
door state machine can be provided a doorway identifier (e.g., an identifier associated with a
door to be navigated) by the user as an input. The guided teaching state machine can provide
instructions and prompts to a user (e.g., on a display of the robotic device or a remote compute

device) that instructs the user through various steps of the teaching process and can allow the
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user to provide data to the guided teaching state machine. It should be readily understood that
although the teaching or learning scenarios disclosed herein are described as being
implemented via a state machine, any suitable architecture may be used to mediate the teaching
scenarios. For instance, any suitable model (e.g., computational model) can be used to mediate

the teaching scenarios.

[0215] FIG. 23 is a flow diagram depicting a shared teaching scenario, according to some
embodiments. The shared teaching scenario can teach the manipulation data to activate the
activation device for a particular base of a robotic device, fiducial tag or marker, door device
pose, and end effector (referred to  herein as  “base-tag-eef”  or
“base-marker-eef” configuration). The resultant manipulations can be applicable across
multiple doorways and sites. In embodiments that include a fiducial tag, the fiducial tag can be
positioned in any suitable position relative to the activation device. The location of the fiducial
tag can be determined relative to the robotic device. FIG. 32 depicts some non-limiting example
fiducial tag locations relative to the robotic device. For example, there can be four fiducial tag
locations relative to the robotic device, e.g., right, left, front right, and front left. In a similar
manner, possible orientations of the end effector relative to the fiducial tag can be determined.
FIG. 33 depicts example orientations of the end effector relative to the fiducial tag 3332. As
seen in FIG. 33, in some embodiments, the fiducial tag 3332 can be placed above the activation
device 3330. There can be multiple orientations of the end effector relative to the fiducial tag
3332, e.g., horizontal orientation, vertical orientation, and perpendicular orientation. These
manipulation data can be shared to cover a plurality of scenarios across multiple doorways and

sites.

[0216] Referring back to FIG. 23, at 2312, the robotic device (e.g., via the guided teach door
state machine) can prompt the user to place the robotic device in position near the activation
device (e.g., 2730a, 2730b, and/or 2730c¢) such that the robotic device can reach the activation
device. For example, the guided teach door state machine can prompt the user to place the
robotic device in position near the activation device such that the robotic device does not hit
the wall or another obstacle/object during the positioning. In some embodiments, the robotic
device can prompt the user to point a sensor, such as a camera on the robotic device, to capture

the location of the fiducial tag (e.g., fiducial tag 2934) relative to the base of the robotic device.

[0217] At 2314, the robotic device can optionally prompt the user to teach fiducials (e.g., pose

of the fiducial tag with respect to the map of the environment), objects (e.g., physical
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characteristics of objects or markers within the environment), and/or reference poses (e.g., pose
of the activation device with respect to the robotic device’s base link). In some embodiments,
the fiducials and the reference pose can be used optionally to teach a starting pose or starting
configuration (e.g., at 2316), such as, for example, a base-tag-eef configuration. At 2316, the
robotic device can optionally prompt the user to teach a starting pose. The starting pose can be
a pose of the end effector (e.g., gripper on the robotic device’s arm) of the robotic device, upon
being positioned near the activation device and prior to starting the manipulation (e.g.,
activating the activation device). For example, the starting pose can be the pose of the end
effector before the end effector begins to activate the activation device. In some embodiments,
the starting pose for the robotic device can be determined based on the fiducials and the
reference pose determined at 2314 when the robotic device has been positioned near the
activation device. In some embodiments, the starting pose can be the initial position of the end
effector relative to the fiducial tag once the robotic device has been positioned near the
activation device (e.g., at 2312). In some embodiments, the starting pose can be a first keyframe
(e.g., pre-linear motion pose) for manipulation. As such, after the robotic device learns the
fiducial, markers, and/or reference poses at 2312, the robotic device can be configured to learn
a set of keyframes associated with manipulation skill, at 2318. In some embodiments, the
robotic device can register the starting pose, the fiducials, and/or the reference pose, after the

starting pose has been determined and/or taught to the robotic device.

[0218] At 2318, the robotic device (e.g., via the guided teach door state machine) can learn key
frames for manipulation (e.g., keyframes for activating the activation device). For example, the
guided teach door state machine can prompt the user to teach the keyframes for manipulation
using similar techniques as depicted and described with reference to FIG. 11. For instance, the
user can demonstrate to the robotic device the manipulation required to trigger the activation
device. The robotic device can obtain sensor data from one or more sensors at multiple
keyframes during the demonstration by the user. In some embodiments, the motion between
keyframes can involve movement of transport element and/or manipulating element of the
robotic device. At 2320, the robotic device can learn the target pose. The target pose can be the
pose of the end effector at the end of the manipulation (e.g., at the end of activating the
activation device). For example, the guided teach door state machine can prompt the user to
teach the target pose by putting the end effector in contact with the activation device. In some
embodiments, the robotic device can register the target pose after the target pose has been
determined and/or taught to the robotic device. In the case that the activation device is a button
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(e.g., button 2730c¢), teaching the robotic device the target pose need not include teaching the
robotic device to push the button. Put differently, the target pose can be the end effector
contacting the button as opposed to pushing the button. The displacement needed to push the
button can be handled by the robotic device during the execution mode. Therefore, shared
teaching scenario can teach the arm motion for the robotic device such that the robotic device
can activate the activation device. The arm motion can involve movement of the arm from the
starting pose through the keyframes to the target pose. In some embodiments, a user can check
if the robotic device can smoothly perform the linear motion from the last keyframe by

manually moving the arm through a linear motion.

[0219] At 2322, after the keyframes are taught, a plan cache can be generated. During
generation of the plan cache, the robotic device can simulate different starting poses (e.g.,
starting pose at 2316). For example, the robotic device can simulate different base location,
arm location, and/or configurations (e.g., base-tag-eef configurations) upon being positioned
near the activation device and prior to starting the manipulation. In some embodiments, the
robotic device can be configured to sample different base-tag-eef configurations based on a
random sampling algorithm. For each starting pose and/or for each base-tag-eef, the robotic
device can generate motion between keyframes such that the robotic device does not produce
collisions and/or does not collide with any obstacle, while activating the activation device.
Therefore, in some embodiments, multiple plans can be generated for the same door for
different starting poses. In some embodiments, each plan can be associated with the
corresponding starting pose. In some embodiments, each plan can be associated with the
corresponding base-tag-eef. In some embodiments, the plan cache generated for a door can be
associated with the door. Once the plan cache has been generated, the robotic device can save
the plan cache on an onboard memory of the robotic device and/or on a remote storage device
(e.g.. another compute device or database as described herein). In some embodiments, after
teaching the shared manipulation, the user can run the manipulation one or more times to ensure
that the robotic device is capable of performing the manipulation given different starting poses
or configurations. For example, the robotic device can be placed at different start locations
(e.g., start base-tag-eef configurations) for different runs to test the robustness of the saved plan

cache.

[0220] FIG. 24 is a flow diagram depicting a guided teaching scenario, according to some

embodiments. As discussed in FIG. 23, shared manipulations can be applicable to multiple
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different doorways and sites. If the robotic device encounters a new doorway, in some
embodiments, the guided teaching process implemented by the robotic device can associate a
previously taught shared manipulation (e.g., shared manipulation taught using the shared

manipulation teaching scenario) with the new doorway.

[0221] As discussed above, when the guided teach door state machine is initiated or
implemented by the robotic device, the user can provide an identifier for the doorway as input.
At 2412, the guided teach door state machine can prompt the user to provide the doorway
identifier. For example, the guided teach door state machine can provide different door types
that the user can select from. The different door types can be associated with different activation

devices, different door sizes, etc., as discussed with reference to FIG. 28.

[0222] At 2414, the robotic device (e.g., via the guided teach door state machine) can
optionally prompt the user to teach the fiducials and the reference poses (e.g., such as in 2314).
The guided teaching scenario does not involve teaching the manipulation itself. Instead, the
guided teaching process can associate a previously taught shared manipulation with a new
doorway. Therefore, since the guided teaching scenario does not involve teaching the
manipulation itself, the placement of the robotic device when teaching the fiducial may not be
important. Put differently, it may not be necessary to position the robotic device near the

activation device (e.g., as in 2312) during the guided teaching process.

[0223] At 2416, the robotic device (e.g., via the guided teach door state machine) can prompt
the user to provide starting configurations for the robotic device. For example, the guided door
state machine can prompt the user to provide the location of the fiducial tag relative to the
robotic device. Similarly, the guided door state machine can prompt the user to provide the
orientation of the end effector relative to the fiducial tag. The location of the fiducial tag relative
to the robotic device and the orientation of the end effector relative to the fiducial tag can be

used to determine the base-tag-eef configuration for the robotic device.

[0224] At 2418, for the determined base-tag-eef configuration, a previously taught shared
manipulation (e.g., a plan cache) can be selected to activate the activation device. For example,
for a given base-tag-eef, a plan cache associated with the base-tag-eef generated and saved

during shared teaching scenario can be selected.

[0225] At 2420, the user can optionally select collision primitives and/or the guided teach door

state machine can optionally prompt the user to teach collision primitives. For example, the
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guided teach door state machine can prompt the user to place the tip of the end effector at the
center of the obstacle. The guided teach door state machine can then prompt the user to enter
the obstacle (e.g., by pressing an enter button on a display) when the user is ready to save the
obstacle as a collision primitive. In some embodiments, the guided teach door state machine
can prompt the user to provide the length, height, and/or other geometric or spatial features of
the obstacle. In some embodiments, the width (or other geometric or spatial features) of the

obstacle can be inferred from the placement of the end effector.

[0226] Additionally or alternatively, the guided teach door state machine can prompt the user
to teach large obstacles, such as obstacles that may be out of the robotic device’s field of view
and/or obstacles that may be in the way of arm motion of the robotic device. The user can be
guided to use one or more sensors of the robotic device to obtain information of the obstacle,
e.g., similar to learning an environmental constraint, as described above. Some examples of
large obstacles can include large metal rods protruding from the wall, soap dispensing device,
hand sanitizer dispensing devices, fire extinguishers, etc. The wall itself need not be taught as
a collision primitive since the wall is assumed to be present during teaching and execution of
the manipulation. In some embodiments, smaller obstacles near the activation device may not
be taught as a collision primitive. For example, door button for the physically challenged (e.g.,
handicap door button), exit button, etc. may not be taught as a collision primate. This is because

these smaller obstacles are handled during the execution mode as further described below.

[0227] At2424, aplan cache can be generated. For example, a previously generated plan cache
during shared manipulation can be associated with the new doorway identifier. The robotic
device can generate motion between keyframes based on the plan cache (e.g., plan cache
associated with the new doorway identifier). If the robotic device encounters collisions (e.g.,
at 2426), one or more plans within the plan cache can be regenerated (e.g., modified) to avoid
collisions. For example, one or more plans within the plan cache can be regenerated (e.g.,
modified) based on the collision primitives. If the robotic device does not encounter collisions,
the plan cache can be stored (e.g., at 2430) on an onboard memory of the robotic device and/or
on a remote storage device. In some embodiments, the plan cache can be associated with the
new door/ new doorway and/or the new doorway identifier. If the robotic device continues to
encounter collision, the method can transition to site-specific teaching scenario as discussed in
FIG. 25. Put differently, a check or validation can be performed to ensure that the selected plan

cache does not collide with obstacles. If collisions are detected (e.g., either in a live execution
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or in simulating the movements of a plan within the cache), one or more plans within the plan
cache can be regenerated based on the taught collision primitives. If regeneration fails, the
guided teach door state machine can transition to site-specific teaching scenario. In some
embodiments, if the regeneration fails, a user can be prompted to open the new door. In such
scenarios, one or more sensors can obtain data as the user is opening the door and can use the

data to generate a plan if the robotic device were to encounter the door at a later time.

[0228] FIG. 25 is aflow diagram depicting a site-specific teaching scenario, according to some
embodiments. If a shared manipulation has not been taught for a particular base-tag-eef
configuration, the robotic device (e.g., via the guided teach door state machine) can use the
shared teaching process described in FIG. 23 to teach the shared manipulation. If a shared
manipulation for the particular base-tag-eef configuration already exists but the doorway is
new, the robotic device (e.g., via the guided teach door state machine) can select the guided
teaching process described in FIG. 24. However, if applying the guided teaching scenario fails,
the robotic device (e.g., via the guided teach door state machine) can transition to site-specific

teaching scenario.

[0229] The site-specific teaching scenario can be used when the selected manipulation using
existing plans or plan caches is found to not be applicable to the new doorway (e.g., the set of
plans collide with the taught collision primitives). In this case, the robotic device can learn the
manipulation data specific to the new doorway. In some embodiments, the manipulation data
specific to the new doorway can be leamed by the robotic device via the same process as
described for teaching or learning a shared manipulation with reference to FIG. 23. For
example, at 2512, the robotic device can prompt the user to teach collision primitives. At 2514,
the robotic device can optionally prompt the user to teach the starting pose or configuration for
the robotic device and the robotic device can learn that starting pose or configuration. At 2516,
the robotic device can optionally prompt the user to teach keyframes of manipulation. At 2518,
the robotic device can prompt the user to teach the target pose. At 2520, the robotic device can
generate a plan cache and save that on an onboard memory of the robotic device and/or on a

remote storage device.

[0230] In some embodiments, a teaching tool (e.g., a software module implemented by the
robotic device) can be used to implement the shared teaching scenario, guided teaching
scenario, and the site-specific teaching scenario. The teaching tool can provide guidance to a

robotic device for sensory input (e.g., joints, cameras, etc.). The teaching tool can be used to
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provide guidance in motion (e.g., physically teaching a robotic device a motion). In some
embodiments, the teaching tool can provide teaching of an environment and how to represent
the environment (e.g., including obstacle generation). The teaching tool described herein can
include interaction learmning templates, e.g., different templates for different types of doors
where a robotic device selects a door type and can then use additional teaching to actively
collect data in the moment to parameterize a template to an unique environment and/or door.
Guided teaching tool can allow for fast execution and/or motion, e.g., with a robotic device
being socially aware (e.g., human-in-the-loop active guidance e.g. using user input),
sampling/caching of past motions or plans for faster and/or more socially appropriate execution
of tasks (e.g., providing an extension of an interactive learning template, as described above),

and sampling/caching that is generated by user input.

[0231] For example, during a pre-execution phase, a robotic device can be configured to collect
samples of different starting points for performing a task (e.g., according to different
distributions/sampling methods) and determine (e.g., compute or generate) a plan for executing
the task given each starting point. The robotic device can store these plans (e.g., in a cache)
and then when the robotic device needs to perform the task in the future, the robotic device can
draw on its pre-stored plans to select one for performing the task and/or select one to adapt for
performing the task. Because the robotic device had already pre-planned the execution of the
task, the robotic device can more quickly select and/or adapt a specific plan for executing the

task in a live scenario.

[0232] In some embodiments, a robotic device can undergo teaching or learning described
herein (e.g., shared, guided, and/or site-specific) with templates. A few strategies can cover a
variety of doors, such as, for example, (1) activation device (e.g., activation devices in FIG.
28) on right, left, front-right, or front-left and/or (2) pre-linear motion end effector (eef)
orientation being vertical or horizontal. When an activation device is at a first position (e.g., on
front right), a single keyframe (e.g., pre-linear motion pose) may be needed. When an activation
device is at a different position (e.g., on front left), a second keyframe may be needed to shape
the motion such that a large volume is not swept by the arm of the robotic device during
execution. In some embodiments, the teaching described herein can include performing offline
(e.g., not during a live execution) non-guided teaching process to generate a set of suitable
plans and performing online the selection of a plan based on information sensed by the robotic

device and/or user input, and using live plan generation (e.g., as described with reference to
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FIG. 10 and accompanying figures) if none of pre-taught plans are able to perform the skill or

behavior.

[0233] In some embodiments, a robotic device can be configured to generate a plan cache. For
example, a robotic device can sample around taught eef poses and joint positions, e.g., using
different distribution types such as, for example, uniform, Gaussian, etc. For each sampling,
the robotic device can generate a plan, e.g., according to methods described above with
reference to FIG. 12. The robotic device can validate the plan by simulating its execution and
evaluating whether (1) there are any collisions between robotic components and/or static
objects and (2) there are any significant changes in joint movement speeds (e.g., as a result of
significant joint changes). The robotic device can include planning with guided taught
environment and bounding boxes that represent different static objects within the environment.
The robotic device can store a plurality of viable plans relative to a localized position of the

robotic device to an object. The robotic device can generate forward and reverse cache plans.

[0234] In some embodiments, the robotic device can implement plan adjustment based on one
or more fiducials tags or markers. The robotic device can scan an environment as described
herein and associate one or more fiducial tags or markers within the environment with one or
more objects. Alternatively or additionally, the robotic device can be provided information of
one or more fiducial tags or markers that associates those markers with one or more objects,

e.g., such as a library of marker information.

[0235] In some embodiments, the teaching described herein can be used to teach static
obstacles. When opening a door, static objects can cause door failure. For example, door
opening failure can occur due to collisions with wall/objects on the wall. The live data
representation that is captured by the robotic device may not be sufficient because walls/objects
can be present outside of the view of the sensory capture devices of the robotic device, e.g.,
because they are behind the door and/or they are far from the activation device. As such, it can
be important for the robotic device to account for these obstacles in planning to avoid such
collisions. In some embodiments, the robotic device can be taught a tag and can be physically
taught a bounding box around static obstacles. In some embodiments, the robotic device can
build and/or load an obstacle model of a static local environment to use during planning. The
obstacle model of the static local environment can be loaded quickly (e.g., have a small size)
and can minimize robot scanning of the local environment. The obstacle model can be fast to

plan and include bounding boxes, e.g., to reduce a size of the obstacle model. The obstacle
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model can reduce teaching effort and reduce or minimize data gathering by a robotic device

per door.

[0236] Some approaches for building and/or loading an obstacle model can include: robotic
device scanning to build a larger map of an environment, robotic device saving map during a
teaching session for operating a door, robotic device extrudes map upwards to get wall
obstacles, robotic device saves a map of the environment and extrudes map, and robotic device
locates wall from tag and has a small map (e.g., of the nearby environment) and semantic data
or objects within the environment (e.g., bounding boxes for objects that show boundaries of
objects within environment). An example approach for building an obstacle model is depicted
in FIGS. 27A-27D. In the approach using a wall from a fiducial tag with a small live map (e.g.,
alive video feed of the robotic device’s surroundings) and such semantic data, a robotic device
can generate main wall obstacle 2722 from a fiducial, e.g., the coordinate associated with the
location of the fiducial tag 2724 (or other visual marker) in a map coordinate frame such as the
six degrees of freedom (6DOF) location of the fiducial tag (e.g., X, Y, Z, roll, pitch, yaw) (see
FIG. 27A). This can be performed live. The robotic device can then use a small region of point
cloud 2726 around the fiducial tag 2724 to get a map of objects near the activation devicee.g.,
by live scanning the small region near the activation device (see FIG. 27B). This can be
performed online. In some embodiments, the robotic device may have previously saved
geometric data and/or user provided data regarding a larger surrounding environment (e.g., an
environment not in the live scan). This previously saved data can indicate if there are obstacles
of concern far from the activation device. The robotic device can include bounding boxes such
as 2728 or other markings to represent those objects (see FIG. 27C). This can be performed
offline. The robotic device 2700 can then load a saved model 2722 of static object(s) within a
nearby environment (e.g., including geometric data representing bounding boxes associated
with the objects within the environment) (see FIG. 27D). This can be performed live. By
scanning a smaller region and pulling previously stored data on the larger surrounding
environment in this manner, the robotic device can reduce time required to determine an

execution plan.

[0237] In some embodiments, the teaching or learning described herein can be used to teach
or learn arm motions. In some embodiments, a robotic device can cache plans and receive
guidance to select a plan to execute to open a door. When a robotic device attempts to open a

door, the robotic device may need to use an arm (e.g., manipulating element) to interact with
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either a button, a scanner, or another activation device. The robotic device can therefore execute

a skill such as an arm motion.

[0238] In some embodiments, the robotic device can be configured to execute skills such as
an arm motion that are human legible (e.g., associated with expected human motion and not
wild or unpredictable) and/or safe to execute in a human environment. For example, the robotic
device can be provided criteria that defines an acceptable range or types of motion, and can
adjust generated plans or plan caches based on such criteria. It can be important that the arm
motions of the robotic device be taught efficiently and consistently since there are many doors
in a building and/or environment (e.g., a hospital) that a robotic device may need to go through.
As aresult, in terms of teaching keyframes, a user teaching a robotic device the skill of opening
a door must have knowledge of standards of human legible motions for a robotic arm and the
workspace of the robotic arm. However, there are limitations associated with finding a user to
teach with the required knowledge. For example, training a person to be good at teaching arm
motions may require a significant amount of training and practicing time. Even with training,
it can be hard to ensure that the quality of taught arm motions are consistent from person to
person. Additionally, maintaining a set of keyframes and arm motions for each door can be

expensive.

[0239] Since many doors may have similar setups, it can be valuable to take advantage of those
similarities. In an embodiment, a robotic device can be operatively coupled to (e.g., in
communication with) and/or store a database that includes human legible keyframes and arm
plans. The robotic device can employ a validation method that validates keyframes and arm
plans with respect to the workspace and the follow-up motions, such as, for example, a linear
search. The robotic device can employ a querying method that retrieves arm plans using their
corresponding 3D poses. With the proposed components, the quality and/or consistency of the
arm motions can be ensured by having one or a few experts (e.g., trained individuals) construct
the database to make sure the arm motions meet human legible standards, and by validating
each of the keyframes with respect to a set of desirable kinematic properties (e.g., singularity,
reachability or metrics obtained from forward simulations). The robotic device can query the
same database during execution of the arm motion for a plurality of doors, e.g., to enable

reusability of keyframes and/or arm plans.

[0240] The database can be constructed in two phases. In the first phase, human experts can

teach keyframe/arm plans that roughly cover the workspace of the robotic arm. For example,
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in the first phase, the robotic device can sample 3D poses in the workspace of the arm to
indicate to the human experts poses the arm needs to reach. The human expert can teach the
keyframe/arm plans associated with the indication. The robotic device can validate the
keyframe/arm plan using the validation method. Based on the validation result, the robotic
device can discard the keyframe/arm plan or save the keyframe/arm plan to a motion library,
save the corresponding 3D pose to a k-dimensional (KD) tree for quick 3D positional query,

or save the corresponding validation score for real time evaluation.

[0241] In the second phase, the density of the first phase database can be increased by using
the keyframes/arm plans as seeds and transfer the seeding keyframes/arm plans to fill in the
holes in the workspace that may have resulted in the first phase. The second phase can include:
sample 3D poses (e.g., uniformly, Gaussian, etc.) in the workspace of the arm. With the first
phase database, a check can be performed to confirm if there are already keyframes/arm plans
taught that are close to the sampled 3D pose. If no keyframes/arm plans are close, from the first
phase database, the robotic device can retrieve keyframes/arm plans within some acceptable
vicinity from the sampled 3D pose. Acceptability can depend on, for example, a size of the
object that the robotic device is interacting with. For example, with an object that is
approximately 3 cm, the robotic device can sample and/or select plans that are within the size
of the object. The robotic device can then select a seed (e.g., the best keyframe/arm plan) from
these keyframes/arm plans based on their validation scores (e.g., based on a distance between
a plan’s base pose (e.g., 3 DOF: x, y, theta) and the perceived base pose). The robotic device
can transfer the seeding keyframe/arm plan to fit the sampled 3D pose. The robotic device can
validate the transferred keyframe/arm plan. The transferred keyframe/arm plan can be added

to the database.

[0242] In some embodiments, for keyframe/arm plan validation, certain arm motions can be
performed to trigger the activation device after the arm is at certain keyframes. In the validation
method, the follow-up motion can be forward simulated and metrics related to the smoothness
of the follow-up motion can be evaluated. In some embodiments, the linear Cartesian controller
can be simulated by computing the Jacobian matrix and updating the arm joint angles
iteratively after each time step. The smoothness of this linear motion can be evaluated by
computing the maximum joint velocities throughout the entire simulation, since that usually

indicates that the arm is close to a singularity configuration. The reachability of the
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keyframe/arm plan can be checked by checking whether or not the arm is making progress

towards the target in the simulation process.

[0243] In some embodiments, certain arm motions can be performed to trigger the activation
device after the arm is at certain specific keyframes. The additional arm motion can be
performed with live planning after cached motion is used to perform the arm motion. This can
allow the robotic device to account for slight imperfections if any in the sampling and cache
selection process by using the exact reference pose location for the final interaction movement
(e.g., final movement to trigger the activation device). In some embodiments, this process can
be sped up by performing the live planning during execution but prior to the arm moving. This

can ensure that there is a valid live plan prior to moving the arm.

[0244] In some embodiments, systems, devices, and methods described herein can be used to
run new doors onsite in an efficient and quick manner, such that an open door behavior has a
high success rate. Such embodiments may be designed to require less or minimal knowledge
of a manipulation stack. Door opening success can be determined by evaluating whether the

robotic device can smoothly execute a final linear motion given error in a base position.

[0245] In some embodiments, a robotic device can implement fast button pushing (e.g., button
pushing that is executed in a relatively short period of time). In order to minimize obstruction
to humans in the environment (e.g., hospital staff ) and increase the overall speed of executing
tasks, a robotic device may need to be able to open scan/button automatic doors quickly. In
some embodiments, a single plan for manipulation and/or cache and index plans for various
fiducial tag poses relative to the robot can be used to increase speed. As a safety measure, an
impedance controller for the arm can also be used. These approaches can produce a reduction

in overall manipulation time.

[0246] Under the single plan approach, performing the scan/push behavior involves executing
three plans in succession: moving from a navigation pose to a prepare pose, moving from the

prepare pose to the interact pose (e.g., a predefined or “x” cm perpendicular to the fiducial tag),

and optionally moving linearly from the interact pose until the activation device is triggered.

[0247] In some embodiments, planning is interleaved between the different phases. This means
that the arm accelerates and decelerates as it transitions between plans. Sometimes, there can
be additional delays due to sending and processing multiple plans. One approach to increase

speed can be to perform a single plan that removes the acceleration and deceleration portions.
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Planning holistically in this manner can result in a planning time speed reduction. In some
embodiments, planning of a trajectory can be done offline. Therefore, even if there is a speed

reduction, it is not experienced online.

[0248] Under the plan caching approach, time savings can be obtained by removing online
planning (e.g., having offline planning). In some embodiments, online planning can be
performed for a portion of the scan/push behavior to account for imperfect navigation. For
example, a robotic device may not land in the exact location it was trained for a behavior. The
plan therefore can be adjusted according to the pose of the fiducial tag or other reference marker
(e.g., door device pose). The fact that the manipulation target (e.g., activation device) does not
require precise accuracy, however, can be exploited by moving at least a portion of the planning
offline. Different poses can be sampled, the adjustments for those samples can be performed,
and these plans can be indexed by the pose offline. With a sufficient amount of sampling, a
desirable manipulation online can be achieved by selecting and executing the plan with the
nearest pose to the perceived one. These plans can be validated to be collision-free using a
static out-of-view obstacle model and live map. If the cached plan is not collision-free or the
perceived pose is too far from the nearest pose in the database, live online planning can be

performed instead.

[0249] Systems, methods, and devices described herein can implement a single plan for

manipulation and plan caching as described below.

[0250] For the single plan approach, plans saved from the keyframe sequence stop at each
keyframe can be used, and multiple saved plans moving from different poses (e.g., navigation
to prepare pose, and prepare to interact pose) and online computed linear motion can be
executed (e.g., prepare to interact plan can be adjusted based on tag). Additionally, a “plan
through™ option to generate plans that pass through and do not stop at keyframes can be used,

and saving and execution of plans can use existing infrastructure.

[0251] For plan caching, individual plans can be saved in a motion library. Additionally, a
mechanism to generate plans from a seed plan and reference pose can be implemented, e.g., by
sampling poses within some region from an input pose. A motion library function can be used
to associate sets of plans and reference poses into a plan group, e.g., such as in a metadata file.

A motion library function can query a plan from reference pose.

31



WO 2022/170279 PCT/US2022/015710

[0252] In some embodiments, for each doorway, a robotic device can, when offline, generate
plans associated with a given base position error and, when online, compute base error via tag
detection and select plan(s) in cache with closest error. This can be integrated into a module
for going through the door that is part of the plan for executing opening and navigating through
the door.

[0253] For the offline generation of plans associated with a given base position error, a module
for generating and storing a cache including a plurality of plans for executing a task (e.g., a
plan cache generator) can be implemented. The module can receive as inputs information such
as, for example, a number of plans to generate, an identifier for a tag associated with the plans,
sequence of keyframes for a zero error case, and/or list of keyframes that need to be
transformed given a certain base position error. The module can combine the inputs with other
information including, for example, semantic data (e.g., static obstacles, etc.), to generate a

plan.

[0254] In some embodiments, a cache library can be planned for use by a teaching interface.
In some embodiments, a module for obtaining information regarding one or more states of the
robotic device with a transform element (e.g., a body planner handle request with transform)
can be called by plan cache generator to generate transformed plans. In some embodiments,
the use of the transform can be generalized to be a subset of one or more keyframes in plan
instead of being applied to all keyframes in a plan. For example, a doorway plan can be
performed in three segments, and the last two of which can be transformed while the first is
not transformed. The robotic device (or a user) can select which keyframes should be
transformed to run full manipulation as a single plan, e.g., don’t need to transform navigation
to prepare motion. In some embodiments, space considerations can be taken into account, e.g.,

approximately 400kb per doorway plan (e.g., 200kb per direction), 2 doorways per door, etc.).

[0255] For online computing of a base error via tag detection and selection of plan(s) in cache
with closest error (e.g., execution of fast plan), the following can be implemented: Using a
software module to detect base error, selecting closest pose and returning the associated plan,
and checking the plan for collisions. If collisions do not exist, the selected plan can be executed.

If not, live planning fallback can be performed.

[0256] In the execution mode, the robotic device can traverse doors semi-autonomously. FIG.

26 is a flow diagram depicting execution of navigation through the door, according to some
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embodiments. At 2612, the robotic device can arrive at the waypoint that can be defined by the
fiducial and the reference pose. At 2614, the robotic device can perceive the fiducial tag (e.g.,
marker) near the activation device, e.g., using sensors such as cameras. For example, the
robotic device can scan the environment and identify the marker and/or fiducial tag associated
with the activation device for opening the door (e.g., according to method 700). At 2616, if the
door type is known, the robotic device can optically load the plan cache and the collision
primitives. For example, if the door type is known, the robotic device can access the plan cache
for the door type. At 2618, the robotic device can determine a base arrival error from the
perceived tag pose (e.g., fiducial). For example, the robotic device can determine a difference
between a current pose (e.g., a current fiducial and/or current reference pose) of the robotic
device once it arrives near the activation device and a base pose saved during teaching that is
associated with a pre-linear search motion keyframe (e.g., first keyframe that was taught to the
robotic device to trigger the activation device). At 2620, the robotic device can select a plan
from the plan cache (e.g., plans generated in FIGS. 23-25) using the base arrival error. For
example, the robotic device can determine its current pose and load a plan that corresponds to
the base-tag-eef configuration for the current pose. If the door type is known, the robotic device
can select a shared manipulation plan. If the door type is not known, the robotic device can
undergo guided teaching to associate a previously generated shared manipulation plan with the
new door type. If the guided teaching continues to result in collisions, the robotic device can
undergo site-specific teaching. In some embodiments, in response to the collision, the robotic
device can terminate execution of the plan and move the end effector to a predefined safe
position. At2622, the robotic device can execute the manipulation. Executing the manipulation
can include triggering the activation device such that the door opens. If the door opens (e.g., at
2624), then the robotic device can navigate through the door (e.g., at 2626). In some
embodiments, prior to navigating through the door, the manipulating element can be positioned
such that it is within a predefine safe position and/or radius as further described below. If the
door does not open, rescan the environment and plan its trajectory as described with reference
to FIG. 12. In some embodiments, if the door does not open, the base and the end effector can

be re-positioned to achieve a different starting pose with a different base-tag-eef configuration.

[0257] As mentioned above, the robotic device can traverse semi-autonomously through doors.
In some embodiments, a state machine (e.g. a module) can house the logic for a robotic device’s
door traversal behaviors. A state machine is a non-limiting example, however, and it should be
readily understood that any suitable computational model can be executed by the robotic device
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to enable the robotic device to navigate or traverse through a door or engage in other skills or
behavior. The robotic device’s behavior when traversing a door can vary depending on the
recorded door type. Some example set of door types include no door: open doorway
connecting two rooms, auto_motion: door that opens when motion is detected, auto_button:
door that opens when a button is pressed, auto_scanner: door that opens when badge is scanned,
auto_wave: door that opens with a wave at a wave sensor, manual push bar: a manually
opened door that opens with a push bar, manual handle push: a manually opened door that
requires pulling a handle, and manual handle pull: a manually opened door that requires

pushing a handle.

[0258] With the no door and auto_motion door types, a robotic device can travel directly to
the door’s post waypoint. With other types of doors that require manipulation (e.g.,
auto_button, auto_scanner, and auto_wave door types), if manipulation is enabled, then the
robotic device can execute a sub-state machine (e.g., a sub-module) whereby the robotic device
automatically manipulates an activation device to open the door. If manipulation is disabled,
then the robotic device can execute a sub-state machine where the robotic device requests help
from a user. The robotic device’s behavior under each of the above sub-state machines is

described in more detail below.

[0259] FIG. 36 depicts an example flow of executing the sub-state machine (e.g., a model) for
going through the door with user help. When executing the sub-state machine with user help,
the robotic device arrives at the door pre-waypoint (at 3604) and can request assistance (e.g.,
from a user) at 3606 to open the door. The robotic device monitors the open/close state of the
door with a door state detector, waiting for the door to be opened. In this waiting phase, the
robotic device can periodically request the door to be opened. When the door is detected as
open at 3608, the robotic device can navigate through the door to arrive at the door’s post
waypoint at 3610. If the door is detected as closed anytime during the move to the post

waypoint, the robotic device can return to the pre waypoint and repeat the process.

[0260] In some embodiments, a user can override the output of the door state detector with a
controller or user input device, e.g., as depicted in FIG. 35. For example, after a robotic device
has arrived at the door pre waypoint, the operator can press a first button (e.g., X) to tell robot
the door is open, a second button (e.g., O) to tell robot the door is closed, or a third button (e.g.,
Square) to reset to autonomous door state detection. After pressing X or O, the user can press

Square to reset to autonomous door state detection, e.g., for the next door that the robotic device
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encounters. While these three inputs are provided as examples, it can be appreciated that any
suitable type of input can be used and is not limited to buttons. For example, audio inputs can

be provided to the robotic device in addition to or as an alternative to button inputs.

[0261] FIG. 34 depicts an example flow of executing the sub-state machine (e.g., a model) for
going through the door autonomously. When executing the state machine for automatically or
autonomously opening and navigating through a door, a robotic device can first arrive at the
interact waypoint at 3404. This waypoint can be different from the door’s pre waypoint. Unlike
the pre waypoint, the robotic device can activate the activation device from the interact
waypoint. The robotic device then scans and identifies the fiducial tag placed near the door
device to acquire the tag’s pose at 3406. Once the robotic device has determined the tag pose,
it can move the arm so as to activate the device and open the door. This motion can be broken
into two stages: (1) motion to pre search pose at 3408 and (2) linear search motion at 3410. In
the first stage (e.g., at 3408), the robotic device moves the arm such that the end effector (e.g.,
gripper) is near the activation device. In the second stage (e.g., at 3410), the robotic device
moves the end effector (e.g., gripper) in a linear motion until either the robotic device detects
that the activation device was activated, the robotic device detects a large force on the arm, or
the motion times out. The arm is then retracted back to the navigation pose at 3412, after which
the robotic device traverses through the door at 3416 if the door state detector detects that the
door is open at 3414. If the door is detected as closed anytime during the move to the post
waypoint, the robotic device can return to the interact waypoint and repeat the process. In some
embodiments, a user (e.g., a remote user viewing a live video feed, or an onsite user) can
override the output of the door state detector with a controller, as described above with

reference to FIG. 35.

[0262] In some embodiments, during the linear motion of the arm of the robotic device, the
robotic device can run a door device activation detector, e.g., to stop the motion once the door
device has been activated. At any time during the linear motion, the user (e.g., a remote user
viewing a live video feed, or an onsite user) can manually stop the motion, e.g., by pressing the
X button of the controller depicted in FIG. 35. This is provided as a way for the user to mitigate
false negatives in the door device activation detector. Pressing the X button during linear
motion can have the effect of overriding the door state detector to the open state. If X was
pressed to stop the linear motion, then another button (e.g., Square in the controller depicted in

FIG. 35) can be pressed after the robotic device has traveled through the doorway but before it
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gets to the post door waypoint and/or another door such that the robotic device does not recall

the prior override value at a subsequent door.

[0263] In some embodiments, while monitoring the execution of the door traversal behaviors,
a user can cause the robotic device to abide by the established social etiquette rules and remain
mindful of the time constraints of task execution and safety. In some embodiments, while
monitoring the execution of a state machine (e.g., module) for going through a door with user
help, as described above, the user can cause the robotic device to: yield to people trying to go
through the door, override open door state detection if robotic device takes too long to notice
door as open (e.g., after a predetermined period of time from the door opening and the robotic
device failing to detect that the door is open), and/or manually drive robotic device through
door if autonomous navigation takes too long to traverse (e.g., after a predetermined period of

time from a certain event).

[0264] In some embodiments, while monitoring the execution of a state machine for going
through a door autonomously, the user can cause the robotic device to: yield to people trying
to go through the door, watch for any unsafe arm motions and respond accordingly (e.g., by
performing arm motion execution monitoring), press a button on a controller (e.g., X on the
controller depicted in FIG. 35) if arm continues to push into the activation device/wall a few
seconds after activation of activation device and/or misses the activation device and is pushing
against the wall, override open door state detection if robotic device takes too long to notice
door as open, manually drive robotic device through door if autonomous navigation takes too
long to traverse and/or if robotic device has unsuccessfully executed door open motion too
many times, and watch out for the door closing on the robotic device as the robotic device

navigates through the door, e.g., to avoid damage to the robotic device.

[0265] During execution of a door opening and navigation task, a robotic device according to
embodiments described herein can experience failure in certain situations. In such instances of
failure, the robotic device can be configured to employ one or more recovery tactics. In an
embodiment, a robotic device can be configured to alert a remote user. For example, if the
robotic device encounters a navigation failure, then the robotic device can send an alert to a
user that notifies them of the navigation failure. If the robotic device is unable to obtain fiducial
information and therefore cannot determine a reference pose, the robotic device can send an
alert to a user that notifies them of a perception failure. If the robotic device is unable to return

to a safe navigation pose or navtuck pose, then the robotic device can send an alert to a user
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that notifies them of a navigation pose failure. In some embodiments, the user can provide an

input or feedback to the robotic device, e.g., to assist the robotic device in performing the task.

[0266] To navigate through the door, it can be important to efficiently and accurately detect
whether or not a door is open in front of a robotic device. Environmental variables that can
impact this detection include: different door shapes, lighting conditions, and people/objects

near a door.

[0267] In some embodiments, sensors near a door can be employed, such as, for example
proximity switch, such as magnetic switch, mechanical switch, and/or optical sensors, such as
beam-break sensors. In some embodiments, a robotic device can detect a door and/or monitor
a state of the door using combinations of semantic data that are taught, e.g., location of door
and/or location of objects around the door. The robotic device can merge semantic data with
sensor inputs and build a model of whether a particular door is open. In some embodiments,
the robotic device can continually evaluate and monitor whether a door is moving. In some
embodiments, a remote user can override the execution of a robotic device with human-in-the-
loop guidance (e.g., informing the robotic device of a condition such as, for example, the door

being open even if the robotic device believes the door to be closed).

[0268] In some embodiments, a robotic device can employ camera-based detection, including
detecting the door frame and track the corners, and/or computing the absolute image difference
of the cropped images. In some embodiments, a robotic device can employ laser-scan based
detection, such as detect whether or not points are seen from the other side, and/or cropping
the points for doors and compute similarities. Laser-based detection can be more robust than
using a camera. For example, laser-based detection can be robust to lighting conditions.
Computation cost of laser-based detection can be low and therefore processing of data can be
fast. In some embodiments, laser data points can be used for reasons such as because the shape
of the door can be classified on a two-dimensional (2D) plane, and/or because laser data is less

prone to lighting condition changes.

[0269] In some embodiments, laser-based detection can include cropping the laser points for
the door using localization, evaluating a combined metric (e.g., by determining the number
points that can be seen on the other side of the door, and/or by comparing the current scan with
the scan of the door when the door is open), determining a threshold for the combined metric

that can be representative of the door status (e.g., open or closed). In some embodiments, the
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robotic device can detect the door by marking the bounding box of the door on the map,
cropping out of the laser points that are in the bounding box, converting the laser points inside
the bounding box to a binary image, and training a classifier to classify the binary image as
door open/close. In some embodiments, a module can be used to convert laser points into binary

images and the binary image can be stored as an array of a class.

[0270] In some embodiments, a classifier, such as, for example, a Support Vector Machine
(SVM), can be used to train the models, e.g., load and save models and classify grid image
data. The input to the model can be the flatten binary image. The output of the model can be a
door state, e.g., open, half open, half close, close. In some embodiments, a module can be used
to run the door detection. The module can be activated / deactivated, e.g., by user inputs. Once
activated, the module can provide the door states and laser data points (e.g., processed and/or

cropped). In some embodiments, the door detection data can be filtered.

[0271] In some embodiments, a module can be used interactively to collect laser data given a
name (identifier) of a target door. The laser data collected can depend on whether a bounding
box has already been taught and whether a robotic device can see a door. The collected data
can be saved as a binary image, e.g., in the format of JSON. In some embodiments, Histogram
of Oriented Gradient (HOG) features can be used to improve door state detection. Suitable
examples of HOG features are described at https://scikit-
image.org/docs/dev/auto_examples/features_detection/plot_hog.html, as incorporated by
reference herein. In some embodiments, the robotic device can base its classification of whether

a door is open or closed on Gaussian Mixed Models of laser scans.

[0272] In detecting door state, one or two walls can be partially visible and detectable, even
with blocking by humans and/or small objects. In some embodiments, learning is not required
and a robotic device can rely on geometric data associated with one or more objects within the
nearby environment. In some embodiments, a doorway bounding box and cropping may not be

required, e.g., when using random sample consensus (RANSAC).

[0273] In some embodiments, a robotic device can use lidar data to determine when to begin
navigating through a door. Such a determination can be made across a variety of door-robotic
device configurations, including configurations in which the door may not be directly in view
of the robotic device. For example, a semantic labeling approach can be implemented to inform

a classifier how to transform (e.g., label) input data before being processed by a Gaussian
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Mixture Model (GMM)- based classifier. In some embodiments, the semantic label can be
provided by a human teacher. FIG. 37 depicts four doorway configurations based on the
presence of walls, the robotic device’s location, and whether the door is in the robotic device’s
field of view from an interact waypoint or starting pose (e.g., waypoint or starting pose at which

robotic device begins interacting with the activation device).

[0274] In some embodiments, wall types can be classified into five different classes: right wall,
left wall, blocking right wall, blocking left wall, no wall. In some embodiments, the wall type
can inform the classifier on how to rotate the data (e.g., input data such as lidar data). For
instance, the data can be rotated such that the door is at a consistent orientation in the data.
Accordingly, even with localization and arrival error the door can be rotated to be in a

consistent orientation.

[0275] In some embodiments, whether the doorway is in the robotic device’s field of view can
be computed based on an angle difference between current pose of the robotic base and the
door’s pre waypoint (e.g., waypoint learned through teaching by guidance described above). In
some embodiments, the door pre-waypoint can be configured to directly face the door. The
door pre-waypoint can be provided when the robotic device is trained on the door. If the angle
difference is large, the door is determined to not be in the field of view of the robotic device.
If the angle difference is small, the door is determined to be in the field of view of the robotic

device.

[0276] In some embodiments, the field of view computation can be used to inform whether the
base classifier’s output is reliable. If the door is determined to not be in the field of view of the
robotic device, the classifier’s output may be untrustworthy since the data that the classifier is
processing is not actually viewing the door. FIG. 38 depicts an example door in the field of

view of the robotic device and an example door outside the field of view of the robotic device.

[0277] In some embodiments, the door may not be in the field of view of the robotic device
from the interact waypoint or starting pose for a manipulation to open the door (e.g., as shown
in FIG. 38). In such cases, the robotic device can determine the state of the door based at least
in part on the state of the manipulation process. After arriving at the interact waypoint, the
robotic device can assume that the door is closed until the robotic device executes the
manipulation process successfully to trigger the activation device. After successful execution

of the manipulation, the robotic device can assume that the door state is open until the door is
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in its field of view. Once the door is in the field of view of the robotic device, the classifier can

classify the door state based on sensor input (e.g., lidar data).

[0278] In some embodiments, a door detector can have multiple outputs, e.g., Open, Closed,
and Undetermined. In some embodiments, the undetermined output can represent a low
confidence and/or no confidence in the current state of the door. In some embodiments, before
processing the laser data, the classifier can determine whether the robotic device is past the
door. For example, the classifier can use the robotic device’s current pose and the door’s pre-
waypoint and door bounding box that may be provided at training time. If the robotic device is
past the door, the output can be latched and/or classified to the open state. Using the robotic
device’s current pose and the door’s pre-waypoint, the classifier can determine whether the
door is in the robotic device’s field of view. If the door is not in the robotic device’s field of
view, the output can be latched and/or classified to undetermined state. If the door is in the
robotic device’s field of view, then the robotic device (e.g., via the state machine) transitions

to processing the live lidar data.

[0279] In some embodiments, using the wall type, a line can be fit to the laser data using
RANSAC. This can inform the classifier how to rotate the laser data such that the door is at a
consistent orientation within the data (e.g., the door is aligned along the y-axis). In some
embodiments, data not within a bounding box of the door can be discarded from further
processing. If after discarding too few points of data remain, the output can be latched and/or

classified to undetermined state.

[0280] In some embodiments, a Gaussian mixture model can be fit to the x coordinates of the
remaining points. The variance and weight of the component with mean closest to the expected
location of the door can be analyzed to compute the open/closed state. The door can be
classified as closed if there are enough points in the component (weight) and there is low

variance to this component.

[0281] In some embodiments, a robotic device can employ sensors to determine when/if the
robotic device has successfully scanned a card or hit a button (e.g., activated an activation
device). In some embodiments, a robotic device may not have an activation device in its live
view of a scene when it is triggering the activation device (e.g., pushing a button or scanning a
badge). Accordingly, additional sensors (e.g., force, audio) can be employed to confirm

whether a robotic device has activated/triggered the activation device.
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[0282] In some embodiments, in scenarios in which the activation device is a button, a robotic
device can detect a button push. The robotic device can implement a push detector model. The
push detector model can be designed to replace a joystick input from a user (e.g., pressing X
on the controller depicted in FIG. 35 to stop linear search). The push detector model can be
designed in near real-time, e.g., to avoid over-pushing. In embodiments described herein, near
real-time can be less than about a microsecond, about a millisecond, about a second, about a
few seconds, or about tens of seconds, including all subranges and values in-between. The push
detector model can be configured to identify one or more feature sets that are required and to

analyze sensitivity and specificity.

[0283] Depending on changes in the forces sensed by the robotic device, the robotic device can
determine whether a button push has occurred and/or is successful. For example, a robotic
device can determine whether a push is unsuccessful based on the spikes in the detected forces.
In some embodiments, small spikes with wide variance and large end effector error (e.g., end
effector distance from button or target) can be indicative of arm movement, and narrow spikes
with some end effector error can be indicative of a partial push. Both types of spikes can
indicate that a push is unsuccessful. Altematively or additionally, a robotic device can
determine whether a push is successful based on the spikes in the detected forces. In some
embodiments, narrow spikes with large derivatives and low end effector error can be indicative
of a successful push. The robotic device can determine the end effector error based on its
starting position (e.g., where its base is located relative to the fiducial) and the stored plans in
the cache. For each plan (or a subset of plans), the robotic device can determine what it believes
to be the error of the end effector, e.g., the distance between the final location of the end effector
(or the location of the end effector associated with pushing the button) and a reference point of
the button. With a small amount of error and force sensing, the robotic device can determine
whether the button push is successful, despite not being directly aligned with a reference point

(e.g., center point) of the button.

[0284] In some embodiments, the robotic device can use a machine learning classifier for push
detection. The classifier can be graded on sensitivity (e.g., ability of the classifier to correctly
identify button push or true positive rate) and/or specificity (e.g. ability of classifier to correctly

identify non-push or true negative rate).
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High Linear search proceeds until a successful push or failure to hit target

Low Sensitivity Hole in the wall (or other wall damage) or arm error due to over-
. pressing :

...........................................................................................................................................................................................................................

High Linear search terminates upon push

[0285] In some embodiments, a robotic device can use recurrent neural networks (RNNs) for
push detection. In some embodiments, a robotic device can use long short term memory
networks (LSTMs) for push detection. In some embodiments, a robotic device can use a

moving window and linear regression for push detection.

[0286] In some embodiments, a robotic device can use a moving window and a multiple
dimensional SVM classifier to determine whether pushes are successful or unsuccessful.
Classification of data can be in linear search motion state. The timeout can be after a
predetermined amount of time (e.g., a predetermined X number of seconds). A threshold
maximum force can be set. The ground truth of whether a push is successful or unsuccessful
can be based on a joystick command (e.g., via a controller such as in FIG. 35) from a user or
based on hand labelling based on head camera image. The features can include a combination

of end-effector error, force magnitude, and force derivative.

[0287] In some embodiments, thresholds, timeouts, overlap end effector pose and errors can
be added to data for improving models used by the robotic devices. In some embodiments, a
robotic device provided with such data may be capable of performing classification, e.g., with
a threshold. In some embodiments, a robotic device can employ learning-based methods (e.g.,
HMM based detection) instead of hand engineering window time for window and SVM

approach for push detection.

[0288] In some embodiments, a robotic device can use a video stream to identify error in end
effector position (e.g., how far did end effector end up from the button) and/or correct the error

and use force data at a backup to determine a push. In some embodiments, human guidance
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(e.g., remote and/or on site operator) can be used to correct for error in detection when a model

has incorrectly detected whether badge/button pushing has been successful.

[0289] In some embodiments, for a force model detection, the force data can be normalized
before classification. In some embodiments, additional or alternative feature spaces can be
explored, e.g., velocity (e.g., speed) of an end effector and/or a window of forces instead of a

single frame.

[0290] In some embodiments, in scenarios in which the activation device is a scanner, a robotic
device can be configured to detect whether it has successfully scanned a card. In some
embodiments, the robotic device can build/generate an audio model. For example, the robotic
device can build a machine learning model that can be trained with audio data gathered from
the various sites that can identify a scanner beep. Audio data can be collected, for example,
using microphones on a robotic device. In some embodiments, the robotic device can
build/generate a force model. For example, the robotic device can utilize force model data
previously collected by the robotic device (e.g., during training / exploration/execution, etc.)
as the base and compare accuracy using different models and different approach methods for
badge scanning. In some embodiments, these models can be built/generated in a remote device
(e.g., server 120 and/or compute device 150 in FIG. 1). In some embodiments, a combined
approach can be used in which the results of the audio model and the force models can be

combined and/or compared as dual verification of a badge activation.

[0291] In some embodiments, a robotic device can employ a scanner audio detection
convolutional neural network (CNN) approach. The robotic device can be configured, for an
initial set of audio features in a set of training clips, to extract the mel-frequency cepstral
coefficients (MFCC) from each of the training clips. The CNN can be structured in a narrow
but deep fashion so that as many features per clip can be extracted from the clips. For example,
a network with 3 layers can be used. Alternatively or additionally, a multi-layer perceptron
(MLP) or SVM with a similar approach can be used. The CNN can be trained using a training
data set, e.g., based on sound clips collected from different sources (e.g., site of robotic device,
such as in a hospital, or online sound clips, etc.). The training data set can include sounds that
correspond to badge scanning and/or other common sounds in a site where the robotic device

is being used.
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[0292] In some embodiments, a robotic device can employ a combined approach (e.g., audio
and force) as described above. For example, the robotic device can output a confidence level
from both an audio model and a force model. The robotic device can combine the confidence
level by using weights, e.g., 60% force + 40% audio including the door laser scan. In some
embodiments, the robotic device can weigh the outputs from the different models based on
environmental conditions or constraints (e.g., weighing force greater when there is a significant

amount of ambient noise).

[0293] In some embodiments, the robotic devices, systems, and methods described herein can
navigate through a dynamic perceptual environment, solve complex manipulation planning

problems with multiple degrees of freedom, and/or implement a human-in-the-loop approach.

[0294] As mentioned above, a robotic device may generate a plan to plan action trajectories
for the robotic device to achieve manipulation goals. However, in a dynamic perceptual
environment, the robotic device can make limited assumptions about the initial state of the
environment with respect to its actuators. For instance, consider a robotic device (such as any
of the robotic devices described herein) with a manipulating element (e.g., arm) mounted on a
moveable base that includes transport elements. Any time a manipulation action is to be
planned for the robotic device, a few static assumptions about the environment may be made.
A frame of reference of the planning problem may be continually changing because the motion
of the mobile transport elements may continually change how the manipulating element is

positioned within the environment.

[0295] Additionally, the manipulating element described herein can implement complex
actions (e.g., since the manipulating element described herein has seven degrees of freedom).
Accordingly, constructing an ego-centric understanding of the perceptual environment to solve
the planning problem may be complex. In some embodiments, execution of fast plan/fast button
pushing (as described above) and/or teaching scenarios (as described above) can be

implemented to solve the complex planning problem.

[0296] In some embodiments, human-guidance can be leveraged for key pieces of information
so as to successfully operate a high degree of freedom robotic device in a dynamic perceptual
environment. In some embodiments, leveraging human-guidance can reduce computational
time and improve accuracy. Door detection described above provides an exemplary example

of leveraging human-guidance. The set of door types (e.g., four door types described with
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reference to FIG. 37) and the configurations (e.g., a single door that swings out, double doors
that both swing out, etc.) that a robotic device may be expected to encounter can be used as
semantic data. The sematic data can have two key features (1) a human can encounter the door
and can correctly label its type and/or configuration, and (2) a classifier can be built based at
least in part on this labeling to detect whether the door is open or closed. As described above,
in some embodiments, a given door type can inform transformation that can be made on lidar

data prior to classification with a Gaussian Mixture Model.

[0297] In some embodiments, a multi-tiered approach that relies on dynamically computed
safety bubbles centered around the robotic device can be implemented so as to successfully
operate the robotic device in a dynamic perceptual environment. In some embodiments, the
dynamically computed safety bubbles can be computed using statistical modeling. In some
embodiments, dynamically computed safety bubbles can be computed through a combination
of human-guidance and teaching by guidance. In some embodiments, this method can utilize
dynamically changing robotic footprint and human-guidance to capture and train the safety

boundary around the robotic device.

[0298] In some embodiments, a safety layer described herein can include the ability for people
(e.g., obstacles) to intentionally bump and interact with the robotic device during operation in
a dynamic environment. For instance, the method can include a combination of a compliance
controller, a set of sensor monitors, and safety behaviors that assume that people can get into
the robotic device’s space. Accordingly, described herein is a multi-tiered safety architecture

built specifically for human-robot interaction.

[0299] In some embodiments, the safe manipulation processes described herein can enable
manipulating element motions for amobile manipulation platform (e.g., manipulation elements
that can be coupled to transport elements) operating in human-occupied dynamic
environments. In particular, the robotic device may need to safely operate under a number of
unideal conditions, such as unexpected obstacles entering the manipulating element’s
workspace and/or unexpected collisions with external objects and/or people. In some
embodiments, an approach to ensure safe operations for the robotic device even under unideal
conditions can include: (1) Safety bubble monitoring, (2) remote monitoring, (3) compliant

controller, and (4) pose/force bounds monitoring.
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[0300] During safety bubble monitoring, the robotic device’s motion (e.g., the manipulating
element’s motion and/or transport element’s motion) can be paused or slowed down when an
unexpected object/person enters the robotic device’s ’s workspace. For instance, in some
embodiments, the manipulating element’s motion can be slowed without being entirely paused

when an unexpected object enters the manipulator’s workspace.

[0301] During remote monitoring, a remote user/operator can view and provide inputs (e.g.,
via a user interface, terminal tool, controller, etc.) for particularly safety critical stages of
manipulation. In some embodiments, the compliant controller can detect if the manipulating
element (e.g., arm of the robotic device) can comply with external forces while still tracking

the goal trajectory for the robotic device.

[0302] During force bounds monitoring, the robotic device’s motion (e.g., manipulating
element’s motion) can be paused, for example, when robotic device motion exceeds a
threshold for tracking the expected goal trajectory and/or when the robotic device (e.g.,
manipulating element) encounters external forces outside the acceptable bounds of the
compliant controller. In some embodiments, the total displacement of the manipulating element
and/or the force encountered by the manipulating element can be monitored. If the total
displacement and/or the force is outside acceptable bounds of the compliant controller, the

manipulating element’s motion can be paused.

[0303] In some embodiments, safety bubble monitoring can determine whether unexpected
objects are within the robotic device’s defined safety perimeter. Safety bubble monitoring can
produce/generate PAUSE, RESUME, and SLOW signals when an unexpected object/person

enters or leaves the safety parameter, respectively.

[0304] In some embodiments, safety bubble monitoring can account for expected static
obstacles, unexpected static obstacles, and dynamic obstacles entering/leaving the safety
perimeter (e.g., as depicted in FIG. 41). As discussed above, the operating conditions of the
mobile robotic device can be a dynamic environment such that the manipulating element’s
workspace changes constantly. In some embodiments, different sets of objects/people can
nominally be within the safety perimeter of the robotic device but can still be deemed safe for
manipulation. Additionally, unlike environments which can be outfitted with external sensors,
the robotic devices described herein may operate in environments without external sensors by

using onboard sensors to estimate whether an object/person is within the safety perimeter.
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[0305] In some embodiments, two two-dimensional lidar sensors that cover a 360 degree view
of the robotic device’s surroundings can be used as an input to the safety bubble monitoring.
In some embodiments, an array of range sensors can be used as an input to the safety bubble

monitoring.

[0306] In some embodiments, the robotic device can slow down but may not completely stop
within the safety bubble. In the multi-tiered safety approach, the compliant controller can allow
for forces during a slower movement. Accordingly, a slowed motion can allow a person to

touch and/or interact with the robotic device.

[0307] In some embodiments, a probabilistic modeling approach can be taken to estimate the
likelihood that an unexpected object/person is within the safety perimeter. For example, within
perimeter — pause, outside perimeter — resume. In some embodiments, a hidden Markov
model can be implemented to compute pause/resume. FIG. 39 depicts a hidden Markov model
with hidden state x being the pause/resume signal, z being the observed range values, and s
being whether the expected ranges are within the safety range thresholds. In some
embodiments, it can be assumed that estimating pause/resume independently at each time step

can yield good results. According, define

z = current range values
2" = expected range values
Zsafe = safety range tresholds

[0308] Independence between each range measurement of the lidar (z') can be assumed, such

that N

p(z) = ][ p(z"
=0

[0309] To determine pause/resume, compute

r = argmaxp(x|z, s)
xZ

[0310] Using Bayes” rule,

p(z|z, s) o< p(zlz, s) - p(x]s)

[0311] which given x L s, simplifies to
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p(x|z, s) x p(z|z, s) - p(x)
[0312] Thus, to compute pause/resume, the range distributions p(z|x, s) are to be modeled.

[0313] In some embodiments, a common probabilistic beam model for range finders can be
modified to model the range distributions. The probabilistic beam model can have 4

components:

1. Expected range with local noise
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3. Measurement failure
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[0314] With the full distribution being
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[0315] where 0 < a,f8,7,6 < landa +8 +y +6 = 1.

[0316] This model can be modified to incorporate the safety thresholds by splitting the

contributions of pgp.rracross the pause, resume conditions as follows

= True
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[0317] It should be readily understood that the probability modeling approach described above
is anon-limiting example of a Markov model to compute pause/resume. Any suitable modeling

approach can be implemented to compute pause/resume.

[0318] In some embodiments, the expected range values can be used to account for any
expected obstacles that might nominally lie within the specified safety perimeter. A variety of
methods can be used to produce the expected range values. One approach can include using
the range values at the start of the manipulation. However, such an approach can ignore
potential safety hazards that are present at the start of the manipulation (e.g. person within

perimeter at start).
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[0319] To properly account for such scenarios, a human-in-the-loop can be incorporated where
a remote user/operator can determine if the robotic device’s surroundings are safe to start the
manipulation. When the remote operator signals that it is safe to start the manipulation, the

lidar scan can be captured as the expected range values.

[0320] In some embodiments, the safety threshold can be generated using multiple expected
range values over time. For example, the multiple range values can be collected and used to
generate multiple statistical models of safety over time (or merged into a single model with
time as a variable) as an example approach for generating/gaining the initial safety bubble

threshold.

[0321] Each of these remote operator interactions can serve as training data for a learning
model (e.g., learning by demonstration, learning by execution, learning by exploration, learning
using user input, and/or learning by cache generation) that upon receiving enough training data
becomes able to self-supervise its manipulation surroundings with similar accuracy as a human

Supervisor.

[0322] In some embodiments, a combination of data collected over time (e.g., unsupervised
data) and interactions with remote operator/user can be used to generate a safety bubble
threshold. The interactions can be sparse interactions, thereby eliminating the need for excess

human input.

[0323] In some embodiments, the safety thresholds can be used to define the distance within
which unexpected objects/people are considered too close to the robotic device (e.g., within a
predetermined threshold distance from the robotic device) and can therefore signal a pause.
These thresholds can be used to define an arbitrary shape around the robotic device and can be
generated once at the start or dynamically as the robotic device moves. In some embodiments,
the approach can include defining a radius around the robotic device, In some embodiments,

this can end up being overly conservative with unnecessary pausing of the motion.

[0324] Since safety implications of the moving manipulating element are of particular concemn,
the approach can include generating the safety range thresholds according to an approximation
of the manipulating element’s (e.g., arm’s) projected shadow. FIG. 40 depicts schematic
depictions of safety range thresholds as described herein. Each link of the manipulating element
can be approximated as a line (e.g., lines 4002, 4004 in FIG. 40) and projected onto the floor

plane. Then to generate the set of safety thresholds, a convex hull of the robotic device’s base
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and rounded rectangles (e.g., rounded rectangles 4012, 4014 in FIG. 40) of the approximated
lines of the links can together define a safety range threshold (e.g., 4020 in FIG. 40).
Depending on the position or configuration that the links of a robotic arm are in, the safety

threshold can update, as shown FIG. 40.

[0325] The compliant controller can limit the forces that the moving manipulating element can
apply to objects and/or people that intersect with the manipulator’s desired trajectory. As the
compliant controller is used to produce the commands to the arm, it can act as a passive safety

system in case the safety bubble and/or the remote monitoring components fail.

[0326] In some embodiments, the compliant controller can use the concepts from impedance
and admittance control theory to produce a controller which can comply with external forces
while still tracking a trajectory. The goal can be to provide a level of safety by allowing people
and/or objects to contact the manipulating element during motion which can then comply with
minimal resistance. For instance, in some embodiments, the compliant controller can be
intentionally utilized to allow people to interact with the robotic device. This can be enabled
by choosing to slow down the manipulating element without completely stopping it during the

interaction in the safety bubble.

[0327] For the controller it can be assumed that the manipulating element is rigidly mounted

which allows the controller to model the manipulating element in the form:

o
.
.
-
Trens
2
Frvwg,

[0328] With e being the torques resulting from external forces. For the control, cartesian

motion of the effector can be considered. This is given by the equations:

[0329] The compliant controller can receive a series of joint positions and velocities from a
motion planner which are denoted by %: and i respectively. Using the above transforms, the

desired joints can be transformed to cartesian coordinates:
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[0330] From the desired position and velocity, a desired compliance equation can be defined

in the cartesian coordinate system to be:

Y i Y
S s {5*.} e X‘}Q

[0331] In some embodiments, the compliant controller may not be able to explicitly measure

the value of £ v, but instead the compliant controller can measure a gravity compensated

wrench which is given by:

[0332] Where &4 is the measured wrench, and ¥¢is the applied wrench due to the control
motion. Under ideal conditions, the value of Fiis equal to the value of ¥ when st is 0.

Applying the measured back into the original equation for ¥ gives:

o
-,

[0333] Following the desired cartesian acceleration will mean that the manipulator can act as
a spring of given stiffness and damping which can allow external forces to move the arm from
the desired path or trajectory whilst maintaining stability of motion. The integral gain can be
made small as it is added to compensate for inaccuracies in the cancellation of the gravitational
forces causing inaccuracies in the position algorithm. However, since the position and
derivative gains are small the phase margin can naturally be small which means the integral

gains can remain small.

[0334] The desired cartesian motion can define the behavior of the manipulator at a given
point. However, it can be desirable for the manipulator to maintain a desired shape as defined
by the desired joint positions and velocities in the trajectory. For this the compliance controller

can define the additional desired acceleration for the joints to be:

N s

[0335] Ui = Sxglifs ~ § 5 Ry
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[0336] This may not be an exact equation as :xis meant to act generic scaling factor as a

& e
§

replacement for +* !, which can be tuned to define the sensitivity of the null space to
external forces. This is acceptable as the goal can be about maintaining the shape under ideal

conditions.

[0337] To find the command for the system, a quadratic program can be used. The typical form

of a quadratic program can be:

[0339] The term - is small, as it represents the null space motion and isn’t intended to detract
greatly from the primary control objective. Using the transform form the first portion can be

written as

[0340] Collecting terms and dropping the combined terms which are constant per loop cycle,

the control quadratic program can be found to be:

\\\\\

[0341] Solving the quadratic program can give a resulting acceleration " The resulting

acceleration can then be applied to the command velocity with:

[0342] The above described model for the manipulating element is a non-limiting example. It
should be readily understood that any suitable approach can be used to model the

manipulating element.
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[0343] FIG. 41 depicts an example of adjusting movement speed of the robotic device
according to an example safe manipulation process or algorithm, according to embodiments.
As depicted in FIG. 41, depending on where a user is situated within a safety bubble
surrounding a robotic device (4100, 4102, 4104), the robotic device can be configured to
slow its manipulation speed (e.g., Pause and/or Stop), e.g., to reduce the risk of causing safety
issues. In some embodiments, the robotic device can monitor whether a user has entered the
safety bubble. Then, depending on whether the robotic device is executing a small
displacement manipulation (4102) or a large displacement manipulation (4104), the robotic
device may adjust its movement speed, e.g., slow down its movements, to account for the
presence of the user. With larger displacement manipulations (4104), the robotic device can

slow down more (e.g., come to a stop) than with smaller displacement manipulations.

[0344] While various inventive embodiments have been described and illustrated herein, those
of ordinary skill in the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive
teachings is/are used. Those skilled in the art will recognize, or be able to ascertain using no
more than routine experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto; inventive embodiments may be practiced otherwise than as specifically
described and claimed. Inventive embodiments of the present disclosure are directed to each
individual feature, system, article, material, kit, and/or method described herein. In addition,
any combination of two or more such features, systems, articles, materials, kits, and/or
methods, if such features, systems, articles, materials, kits, and/or methods are not mutually

inconsistent, is included within the inventive scope of the present disclosure.

[0345] Also, various inventive concepts may be embodied as one or more methods, of which
an example has been provided. The acts performed as part of the method may be ordered in

any suitable way. Accordingly, embodiments may be constructed in which acts are performed
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in an order different than illustrated, which may include performing some acts simultaneously,

even though shown as sequential acts in illustrative embodiments.

[0346] Some embodiments and/or methods described herein can be performed by a different
software (executed on hardware), hardware, or a combination thereof. Hardware modules may
include, for example, a general-purpose processor, a field programmable gate array (FPGA),
and/or an application specific integrated circuit (ASIC). Software modules (executed on
hardware) can be expressed in a variety of software languages (e.g., computer code), including
C, C++, Java™, Ruby, Visual Basic™, and/or other object-oriented, procedural, or other
programming language and development tools. Examples of computer code include, but are
not limited to, micro-code or micro-instructions, machine instructions, such as produced by a
compiler, code used to produce a web service, and files containing higher-level instructions
that are executed by a computer using an interpreter. For example, embodiments may be
implemented using imperative programming languages (e.g., C, Fortran, etc.), functional
programming languages (Haskell, Erlang, etc.), logical programming languages (e.g., Prolog),
object-oriented programming languages (e.g., Java, C++, etc.) or other suitable programming
languages and/or development tools. Additional examples of computer code include, but are

not limited to, control signals, encrypted code, and compressed code.

[0347] It will be understood that, although the terms first, second, third, etc. may be used herein
to describe various elements, these elements should not be limited by these terms. These terms
are only used to distinguish one element from another element. Thus, a first element discussed
herein could be termed a second element without departing from the teachings of the present

disclosure.

[0348] The terminology used herein is for the purpose of describing particular embodiments
only and is not intended to be limiting. As used herein, the singular forms “a”, “an”, and “the”
are intended to include the plural forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises™ and/or “‘comprising” or “includes™
and/or “including” when used in this specification, specify the presence of stated features,
regions, integers, steps, operations, elements, and/or components, but do not preclude the
presence or addition of one or more other features, regions, integers, steps, operations,

elements, components, and/or groups thereof.

105



WO 2022/170279 PCT/US2022/015710

In re the Claims:

A robotic device, comprising:

a base supported on a transport element;

a manipulating element coupled to the base and including an end effector;
a set of sensors; and

a processor operatively coupled to the base, the manipulating element, and the set of

sensors, the processor configured to:

device;

device,

in response to receiving a first user input indicating a starting pose for opening
a door, register the starting pose of the base and the end effector relative to an activation
device for opening the door;

obtain, using the set of sensors and during a demonstration of a manipulation
required to trigger the activation device to open the door, sensor data at a plurality of
keyframes of the demonstration;

in response to receiving a second user input indicating a target pose for
triggering the activation device, register the target pose of the end effector relative to
the activation device;

generate a plan for triggering the activation device based at least in part on the
starting pose, the sensor data collected at the plurality of keyframes, and the target pose;

identify a plurality of additional starting poses for opening the door; and

generate a plurality of additional plans for triggering the activation device based
at least in part on the plurality of additional starting poses, the sensor data collected at

the plurality of keyframes, and the target pose.

The robotic device of claim 1, wherein the processor is further configured to:
scan, using at least one sensor of the set of sensors, an environment near the robotic
and

identify based on the scan of the environment a marker associated with the activation

the processor being configured to identify the starting pose based at least in part on a

position of the marker relative to the base.

3.

The robotic device of claim 1, further comprising a memory,
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the processor being operatively coupled to the memory and further being configured to
store the plan and the plurality of additional plans for triggering the activation device as a plan

cache in the memory.

4, The robotic device of claim 3, wherein the door is a type of door of a plurality of types

of doors, and the processor is further configured to associate the plan cache with the type of

door.
5. The robotic device of claim 4, wherein the door is a first door, and the processor is
further configured to:

detect, using at least one sensor of the set of sensors, a second door that is the same type
of door as the first door;

select a plan from the plan cache to execute to open the second door.

6. The robotic device of claim 3, wherein the door is a first door, and the activation device
is a first activation device, the processor further being configured to:

detect, using at least one sensor of the set of sensors, a second door and a second
activation device associated therewith;

obtain information of at least one obstacle in an environment near the second door;

determine whether executing at least one plan from the plan cache would cause a
collision between the manipulating element and the at least one obstacle; and

in response to determining that executing the at least one plan from the plan cache
would cause a collision, generate at least one modified plan for triggering the second activation

device.

7. The robotic device of claim 6, wherein the processor is configured to obtain information
of the at least one obstacle by retrieving information of objects near at least one of the second

door or the second activation device from a map of the environment stored in the memory.

8. The robotic device of claim 6, wherein the processor is further configured to:
in response to determining that executing the at least one plan from the plan cache
would not cause the robotic device to collide with the at least one obstacle, determine whether

executing the at least one plan would successfully trigger the second activation device; and
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in response to determining that the at least one plan would successfully trigger the

second activation device, associate the at least one plan with the second activation device.

9. The robotic device of claim 8, wherein the processor is further configured to:
in response to determining that the at least one plan would not successfully trigger the
second activation device, generate at least one modified plan for triggering the second

activation device.

10. The robotic device of claim 8, wherein the processor is further configured to:
in response to determining that the at least one plan would not successfully trigger the
second activation device, present a message to a user to prompt the user to open the second

door.

11. The robotic device of claim 1, wherein the processor is configured to identify the
plurality of additional starting poses by randomly sampling around the starting pose based on

a statistical distribution.

12. The robotic device of claim 1, wherein the processor is further configured to:

in response to receiving a third user input indicating that an obstacle is located near the
door, present a message to a user to prompt the user to teach the collision primitive; and

obtain, using at least one sensor of the set of sensors, spatial and geometric information
of the obstacle,

the processor configured to generate the plan and the plurality of additional plans

further based on the spatial and geometric information of the obstacle.

13. A method, comprising;

in response to receiving at a robotic device a first user input indicating a starting pose
of the robotic device for opening a door, registering the starting pose of a base and an end
effector of the robotic device relative to an activation device for opening the door;

obtaining, using a set of sensors of the robotic device and during a demonstration of a
manipulation by the robotic device to trigger the activation device to open the door, sensor data

at a plurality of keyframes of the demonstration;
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in response to receiving at the robotic device a second user input indicating a target
pose for triggering the activation device, registering the target pose of the end effector relative
to the activation device;

generating a plan for triggering the activation device based at least in part on the starting
pose, the sensor data collected at the plurality of keyframes, and the target pose;

identifying a plurality of additional starting poses for opening the door; and

generating a plurality of additional plans for triggering the activation device based at
least in part on the plurality of additional starting poses, the sensor data collected at the plurality

of keyframes, and the target pose.

14, The method of claim 13, wherein the activation device is a scanner, and triggering the

activation device includes scanning a badge at the scanner.

15. The method of claim 13, wherein the activation device is a button, and triggering the

activation device includes pushing the button.

16. A robotic device, comprising:
a base supported on a transport element;
a manipulating element coupled to the base and including an end effector;
a set of sensors; and
a processor operatively coupled to the base, the manipulating element, and the set of
sensors, the processor configured to:
scan, using at least one sensor of the set of sensors, an environment near the
robotic device;
identify based on the scan of the environment a marker associated with an
activation device for opening a door;
access a plan cache including a plurality of plans for triggering the activation
device;
determine a current pose of the base and the end effector relative to the marker;
select a plan from the plurality of plans for triggering the activation device based
on the current pose of the base and the end effector; and

execute at least a portion of the plan.
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17. The robotic device of claim 16, wherein the processor is further configured to:
after executing the plan, determine whether the door has opened;
in response to determining that the door has opened, navigate using the transport

element through the door.

18. The robotic device of claim 17, wherein the plan is a first plan, and the processor is
further configured to:

in response to determining that the door has not opened, select a second plan from the
plurality of plans for triggering the activation device, the second plan being different from the
first plan; and

execute the second plan.

19. The robotic device of claim 17, wherein the plan is a first plan, and the processor is
further configured to:

in response to determining that the door has not opened, move the base and the end
effector into a different pose relative to the activation device;

select a second plan from the plurality of plans for triggering the activation device; and

execute the second plan.

20. The robotic device of claim 17, wherein the processor is further configured to:
in response to determining that the door has opened, positioning the manipulating

element into a predefined safe position prior to navigating through the door.

21. The robotic device of claim 16, wherein the processor is further configured to:

detect a collision with an obstacle during the execution of at least the portion of the
plan; and

in response to detecting the collision, terminate the execution of the plan and moving

the end effector back into a predefined safe position.
22. The robotic device of claim 16, wherein the processor is further configured to determine

atype of the activation device based on the marker,

the plan cache being associated with the type of the activation device.
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23. The robotic device of claim 16, wherein the processor is configured to:

in response to receiving a user input after executing the plan that indicates that the door
has not opened, select a second plan from the plan cache for triggering the activation device;
and

execute the second plan.

24, The robotic device of claim 16, wherein the processor is further configured to:
define a safety perimeter associated with the robotic device;
determine a likelihood that an object has entered the safety perimeter; and
based on the likelihood:
pause movement of the manipulating element;
slow a speed of movement of the manipulating element; or

resume movement of the manipulating element.

25. The robotic device of claim 16, wherein the processor is configured to select the plan
by selecting the plan from the plurality of plans that is associated with a starting pose that is

closest to the current pose of the base and the end effector.

26. A method, comprising;

scanning, using a set of sensors of a robotic device, an environment near the robotic
device;

identifying based on the scan of the environment a marker associated with an activation
device for opening a door;

accessing a plan cache including a plurality of plans for triggering the activation device;

determining a current pose of a base and an end effector of the robotic device relative
to the marker;

selecting a plan from the plurality of plans for triggering the activation device based on
the current pose of the base and the end effector; and

executing at least a portion of the plan.

111



PCT/US2022/015710

WO 2022/170279

1/44

0stT

0CT H3AH3S

(S)32$1A3Q 3LNdNOD

i

0TT 301A3A 211080d

-

/

T "SI

~ )

If SOT XHOMLIN vl —_—

\ )

¢0T 30IA30 2110904

AN/
/

(e
(@]
i



PCT/US2022/015710

WO 2022/170279

2/44

¢ 'Ol

80¢ (S)IDVAHIALNI O/l

— — — — c—

90¢ SN4A INJLSAS

_
_ 144 | ¥¥¢ IDIAIA| | ¢ IDIAIA

< - _Amvm_u_>m_o O\_“ olanv AV1dSId

S0C 40SS3004d SOIHAVHS

0¥ 3IDV4H3ILNI H3SN

70¢ 40SS3004d

0€C IOVHOILS

> 0S¢ (S)LN3INTT1I ONILVINDINVIN

0¢C AHON3IIN

> 027 (S)4OSN3S

¢0C 1LINN T0HY1LNOD

00¢ 301A3a 2110904




PCT/US2022/015710

WO 2022/170279

3/44

€ Ol

7S€ (S)LNIVYLSNOD TVLNINNOYIANT

€ SIAVHAIT ONINYVIT INIHOVIA

| SNd

0¥€ NOILVINYO4NI 123140

vE€ (S)1AA0N TIIS

€€ NOILVINHOANI 31VIS

0€€ IOVHOLS

SO€ H0OSS300dd SOIHAVHD

09€ FOV4HILNI HHOMLIN

80¢ (S)3IDVAHILNI O/

90¢

INJLSAS

62€ SOLLATYNY _
— — SONDbwdlVvIvd _ |

8¢¢€ NOILNDO3X3

£Z€ NOILVYINID JHOVO

9¢¢€ NOILVHLSNOINIQ
INOYdd ONINYVI

SZE€ ONINYVIT IAILOVHILNI

7C€ ONINYVIT

¢C€ ONISNIS JAILDV

0CE AHOW3IN

P

70€ 4OSS3I00Hd

¢0€ LINN T0¥LNOD




WO 2022/170279 PCT/US2022/015710
4/44

FIG. 4

454
455

453
7
:
(
452

450\\%
I
I
I
L



WO 2022/170279 PCT/US2022/015710
5/44

500
\ 570

550

- 540 | -
| _.| L = 570
e o 588

L.
586
Pt P
) (

560



PCT/US2022/015710

WO 2022/170279

6/44

9 'Ol

959 _

| NOILYINYOANI I
| apwvyl _

sanAjeuy _
_ 3 duppded] eyeq _

— e e e e —

uolewJlou| 93e1s
¥09

,\ ,\ %
s ﬁmS Amz_smv ﬁ v19 Amv__m\sv &W&K JaAeq uonedinen
S
Q\%&\%& ZT9 (s)400|4 019
B e

mNm Eson_u Qs Amruwa_ou _Emﬂwwm._u:m“m

NN@ Amveoom 079

ZE9 1Xa1U0) [e120s x m alke _m_uOmv
0¢9

H_czbbcou <
09

9%9 ¥9
(s)e8ueyd (s)rauswano

%9 (s)19lqo

laheq s1weuAq
09

m
u

7«
=

\

o
o
Yo}



WO 2022/170279 PCT/US2022/015710
7/44

~l
o

—— =9 Obtain Representation of Environment ... 702

Identify Marker(s) - V)

[Present Marker(s) in Representation ofl

Environment s 706
L —_

Store Location of Marker(s) e 710

FIG. 7



WO 2022/170279

8/44

PCT/US2022/015710

|-Prompt User for Selection of Marker(s) Lw 712

—]

[ Receive Selection of Marker(s)

L“\m-“714

—]

716 r-\_f( Learning Mode ) ( Execution Mode )m\_' 718

FIG. 8



PCT/US2022/015710

WO 2022/170279

9/44

6 Ol

806

TIPPTEY 1 1Y P7

016
co_umgwcww wsumu m_\v m nduj Jasn / uonealdaq eI

(¢

olleso|dx3 ey

906
IA uollINJaxJ eIp uoneJsisuowsq m_>

C

06
9pPOIA Sujuiea

)




WO 2022/170279 PCT/US2022/015710

10/44
is
O o
= —
oQ
s o :
s = O]
o L
x
w

C



WO 2022/170279
11/44

Movement of Robotic Device
(Manipulating Element, Transport Elem

v

Receive Signal to Capture Keyframe

Y

Capture Keyframe

1128

Motion
Complete?

NO

YES

v o

Relevant Feature(s)

Prompt User for Selection of L

PCT/US2022/015710
1120
ent)
1122
1124
-
1130

Yy

Record and/or Store
Sensory Information

1132

1134
Receive Selection of Relevant -
Feature(s) 1138
1136 =
P Store Model and Information
Ger.werate Model Based on Associated with Model (e.g.,
Selection of Relevant Feature(s) selected marker(s),

i 1140

( . Additional ~

emonstration?
X ~
\' ~

YES

keyframe(s))

vo—»( )

FIG. 11




PCT/US2022/015710

WO 2022/170279

12/44

¢1 'Old

S3A

_
RN

uollewJoju|
AJosuag a101g
Jo/pue pioday

<

\\\

749"

—

N

9/T1

Aioyoales] 03 Suipioday
SJUBWBAOIA Juawa|dwi|

=1

CLTT SIA

PN
T

< ¢Moyasled) Ewuudvlo N —

N

8911

7 éuoipelaiy ON
N\ IN4ss999Nns V

M |spoiN U,ol_

__

uoI3eINSIJUO) JUIof AUIWLIR1aQ
_|\%\ )

91T
(sjurea3suo) |eusawuodIAUg
40} 3uno2oy AjjeuondQ)
wJojsued] paindwo)
3uisn (s)sweujAsy wuojsued )

09171

(s)aox4e N

_ (s)4orsweued *
AIpoN |

el

0LTT

JUuswuoldinug

To uonejuasaltday ul Aloyoeled| Ewmwi._

\.\\

9911

4

(S3ureqisuo) |eluswuodIAUg 40) JUNO2DY AjjeuondQ)
(s)sweujAay usamiag Auorasles] ueld

\\\\

12°1%"

!

N

P-1 P2401S puUue palds|as JO Uollisod

usomlag wuojsued]j 21ndwo)
-~ A B

8STIT ON Uuol1l1sOd sAO|A

e %1

A é¢ueadsal pue ®>O_>_\| SIA— -

N 7

117"

I_

Uo0I1133|2S |2POIAl DAISI3Y

\&i\

(419"

r |2POIAl 40 UoI1303|9S 1dwoud _
— —1

\\\

0sTT




PCT/US2022/015710

WO 2022/170279

13/44

—_—— e L

Burjspon |
pue uiuies] |

| sanAjeuy
| pue duppeds]
eleq wJiopad

_ juawiuodiaug Jo
_ uonejuasalday
| _®3ueyd/piing

-_— _—— —_ —_—d —_— _——
=1 =% Py |
LOET _ S0<l _
e e e e o e— e e e o e e e— —
_
JUsWuoldIAUg ueds —>
\ A
pOET

$UOI1INJ3Xd
1dnuaiaiu

OTeT

(4oi1neyag UBWSNOA
‘uone|ndiue|n)
uoI10y 91n2ax3

\

80€T

90€T 7~

(3nduj Jesn yum Ajjeuondo)
uolleJ}iqdy wJaopiad

!




WO 2022/170279 PCT/US2022/015710
14/44

1312

User input
needed?

NO

YES 1314

R W=

| Request User Input |

1315

Receive User
Input

FIG. 14



WO 2022/170279 PCT/US2022/015710
15/44

1504 1506

o’

( Learn Skill ) C.earn EnV|ror.1mentaD
Constraint

FIG. 15



PCT/US2022/015710

WO 2022/170279

16/44

91 'Old

uoljeJisuowaq
UM Pa31eId0ssy UOoIlewIoju| 24018

[BPOINI IS
pazi|e|oads 81015/21eI2UBD

ig1a|dwo
ON 219 @)

uoljeJisuouwsg

uollewJoju|
Alosuas 2101§
Jo/pue pioday

-

awedjAay aunide)

3 /.wysomoﬁ

V2T o — — — — » IIIII
EEINEN 1

aJnide) 01 |eudiS aA1923Y |

93IA2( 21100Y JO JU=aW3A0N

0¢91 %

uol3NdaXx3
_ pauue|d uo paseg (s)de1s wuoyisd

~ )

V191

|2PPOIA |IPIS mc_mD IS 10 UuolilndaXxy ue|d

\.\\

c191

(1spOIAl ||1MS 21IBURD)
|SPOIAI ||1)S JO UOI1I3[8S

\\\

0191

uoljeJisuowa( Jasn Joj 1dwold |

o
8T9T




WO 2022/170279 PCT/US2022/015710
17/44

[ Prompt User for Selection of L\"ﬁ
1650

Constraint Type and/or Object(s)

Receive Selection of

Constraint Type and/or Object(s) 1652

Capture Information Assouated with e 1656
Constraint
Store Informatlc?n for Use with e 1658
Relevant Skill Model(s)
l' ____________ |
| Modify Constraint b 1659



WO 2022/170279 PCT/US2022/015710

18/44
{“1}02
— Scan Environment

1804

™ ™ TSelection of Skill Model |

| _ _(Existing Skill Model) __ _|
1806

r——. - rel -y I

Plan Execution of Skill

Collect Information on Environment
and/or Execution of Skill

1812
™™ ™ Generate Skill Model ~ |
| _ _(Modified Skill Model) _ _|
| VES Further sca.nnlng
or execution?
NO 1816
g

Store Information and/or Skill Model(s)

(Update Map) FIG 18




WO 2022/170279 PCT/US2022/015710
19/44

1902

s

Analyze Stored Information
(Map, Model(s), User Input(s),
Other Data)

l 1904
d

Derive Behavior and/or Rule(s)

Propose Derived I
Behavior and/or Rule(s) |



WO 2022/170279

PCT/US2022/015710
20/44

2002

o

Receive User Input(s)

l 2004
d

Associate User Input(s) with Skill(s)
and/or Environmental Constraint(s)

2006
Modify Skill(s) and/or
_Environmental Constraint(s) _|
2008



WO 2022/170279 PCT/US2022/015710
21/44

Learning Mode
2102
l A
Sensed

Information
2104

v

Derived
Information
2106

l

Map
2120

User Input
2130

Layer(s)
2122

AW

Derived
Information
2116

+

Sensed
Information
2114

T
Execution Mode
2112

FIG. 21




WO 2022/170279 PCT/US2022/015710
22/44

Navigating through a Door
2202

Learning Mode Execution Mode
2206 2208




WO 2022/170279

PCT/US2022/015710
23/44

Prompt User to Place Robotic Device
I . e 312
Near Activation Device

Y

Prompt User to Teach Fiducial and/or
o) 314
Reference Pose (e.g., Marker(s})

'

[ Prompt User to Teach Starting Pose L\w«2316

'

Prompt User to Teach Keyframes of
Manipulation 2318

!

Prompt User to Teach Target Pose e 2320

!

Generate and Save Plan Cache 2. 322

FIG. 23



WO 2022/170279 PCT/US2022/015710
24/44

Prompt User to Identify Door Type w2412

v

Prompt User to Teach Fiducial and/or

P2 14
| Reference Pose (e.g., Marker(s))
Prompt User to Provide Configuration(s) 2416
(e.g., Starting Configuration)
. . e 2 41 8
Select a Shared Manipulation

| Select Collision Primitives a.n(.i/or L“\nww2420
| Prompt User to Teach Collision |
L Primitives |

e 2424

Store Plan Cache

FIG. 24



WO 2022/170279 PCT/US2022/015710
25/44

Prompt User to Teach Collision
Primitives

. v

Prompt User to Teach Starting Pose #2514
L —

v

[ Prompt User to Teach Keyframes of lw2516

Manipulation
L —_—

v

Prompt User to Teach Target Pose  p~~v2518

v

Generate and Save Plan Cache e 2520

o 2512

FIG. 25



WO 2022/170279

26/44

PCT/US2022/015710

Arrive at the Waypoint 2612
Perceive Fiducial Tag a—" Y % i |
Load Plan Cache and/or Collision | 5616
Primitives
L * —
Determine a Base Arrival Error 2618
Select Plan from Plan Cache e 620
Execute Manipulation s 262 2
o 624
NO YES
Door Open?

Navigate Through Door

e 2626

FIG. 26



WO 2022/170279

27/44

PCT/US2022/015710

SUBSTITUTE SHEET (RULE 26)

FiG. 27A



WO 2022/170279

28/44

PCT/US2022/015710

SUBSTITUTE SHEET (RULE 26)

FiG. 278



WO 2022/170279 PCT/US2022/015710
29/44

N \

FiG. 27C

SUBSTITUTE SHEET (RULE 26)



WO 2022/170279 PCT/US2022/015710
30/44

FIG. 27D

SUBSTITUTE SHEET (RULE 26)



WO 2022/170279 PCT/US2022/015710
31/44

Bution
2730¢

Wave Sensor
27300
FlG. 28

RFID Scanner
27308

SUBSTITUTE SHEET (RULE 26)



WO 2022/170279 PCT/US2022/015710
32/44

2024

2930

FIG. 29

SUBSTITUTE SHEET (RULE 26)



WO 2022/170279 PCT/US2022/015710
33/44

SUBSTITUTE SHEET (RULE 26)



WO 2022/170279 PCT/US2022/015710
34/44

FIG. 31

SUBSTITUTE SHEET (RULE 26)



WO 2022/170279 PCT/US2022/015710
35/44

Front Left Front Right

Left ] | Right

FiG. 32

SUBSTITUTE SHEET (RULE 26)



PCT/US2022/015710

WO 2022/170279

36/44

gnoipuadiod

£e Did

leoilaA

IBIUOZIIOH

SUBSTITUTE SHEET (RULE 26)



WO 2022/170279

37/44

SUBSTITUTE SHEET (RULE 26)

PCT/US2022/015710

Arrivé‘ét Post Waypoint
3416

3410

FIG. 34



WO 2022/170279 PCT/US2022/015710
38/44

©
@
[%2]
e,
O

FIG. 35




WO 2022/170279 PCT/US2022/015710
39/44

FIG. 36

SUBSTITUTE SHEET (RULE 26)



PCT/US2022/015710

WO 2022/170279

40/44

Le Ol

HRM OU
lem 4| L
e b
HEM
\ Hal Bupoolg
Hem

"B Bupoolg

lem Yol ) .
rem Jubu
MSIA O DI U} JO00 adAl 1ean siduex3 uonembBuuon ABamioog

SUBSTITUTE SHEET (RULE 26)



WO 2022/170279 PCT/US2022/015710
41/44

:

'

ot

W
P

- d

o d
- d
g d
E d
o d
& d
§ d
§ d
& s

& H

3 i

d

§

§ ;

§

N %
. )
Soenndd

R T N A \%
S gis

Door Qutside Field of View

FIG. 38

i
H
H .
% et
ety

o
.
. \\\‘:\m“®

Door In Field of View

SUBSTITUTE SHEET (RULE 26)



WO 2022/170279 PCT/US2022/015710
42/44

FIG. 39




PCT/US2022/015710

WO 2022/170279

43/44

0¥ 'Old

iy

%y,

S
S

Y

W
SN

[48[0)%

0cov

1oy



PCT/US2022/015710

WO 2022/170279

44/44

Ly Oid

13]j041U0D Jsjjoauon uendwod ABH0JIU0D
UoRISCd | UOISOd
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, / e OO
lllllllllllllllllll g S PUN R = ETe o
7 7
yOIY ZotY ooty |
e e e e % poads X1
32404 32104
33edSHIOAR U soedsydopg vl /uswsoedsyy  Juswesoedsi] 2oRdSHIOM Ul
10N U0SISd HOSER asiet (RS aidoagd opN

JOYUUOKN
ajgqng Alajes

JOYUOIA SpUnog
3204/2504

JOHUOW
2iqung Alajes

JOHUOW
3jqong Aajes

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2022/015710

A. CLASSIFICATION OF SUBJECT MATTER
INV. B25J9/16

ADD .

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

B. FIELDS SEARCHED

B25J GO5B

Minimum documentation searched (classification system followed by classification symbols)

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

EPO-Internal

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category” | Citation of document, with indication, where appropriate, of the relevant passages Relevant o claim No.

demonstrations",

IEEE,

24 September 2017 (2017-09-24),
3196-3201, XP033266303,

DOI: 10.1109/IR0S.2017.8206152
[retrieved on 2017-12-13]

the whole document

2017 IEEE/RSJ INTERNATIONAL CONFERENCE ON
INTELLIGENT ROBOTS AND SYSTEMS (IROS),

X WELSCHEHOLD TIM ET AL: "Learning mobile 1-26
manipulation actions from human

pages

-/—

|__K| Further documents are listed in the continuation of Box C.

‘z‘ See patent family annex.

* Special categories of cited documents :

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

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

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

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

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

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

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

"Y" document of particular relevance;; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

20 May 2022

Date of mailing of the international search report

31/05/2022

Name and mailing address of the ISA/
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,
Fax: (+31-70) 340-3016

Authorized officer

Wimbéck, Thomas

Form PGTASA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2022/015710

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant fo claim No.

X MIGUEL ARDUENGO ET AL: "Robust and
Adaptive Door Operation with a Mobile
Manipulator Robot",

ARXIV.ORG, CORNELL UNIVERSITY LIBRARY, 201
OLIN LIBRARY CORNELL UNIVERSITY ITHACA, NY
14853,

25 February 2019 (2019-02-25),
XP081493898,

the whole document

A \"ERIC PAIRET ET AL: "Learning and
Generalisation of Primitives Skills
Towards Robust Dual-arm Manipulation",
ARXIV.ORG, CORNELL UNIVERSITY LIBRARY, 201
OLIN LIBRARY CORNELL UNIVERSITY ITHACA, NY
14853,

2 April 2019 (2019-04-02), XP081164035,
the whole document

A LIU YIZHOU ET AL: "Learning Articulated
Constraints From a One—-Shot Demonstration
for Robot Manipulation Planning”,

IEEE ACCESS,

vol. 7, 18 November 2019% (2019-11-18),
pages 172584-172596, XP011758938,

DOI: 10.1109/ACCESS.2019.2953894
[retrieved on 2019-12-06]

the whole document

A WO 2020/047120 Al (DILIGENT ROBOTICS INC
[US]; CHU VIVIAN YAW WEN [US] ET AL.)

5 March 2020 (2020-03-05)

the whole document

1-26

Form PGTASA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2022/015710
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2020047120 Al 05-03-2020 EP 3843952 Al 07-07-2021
JP 2021534988 A 16-12-2021
WO 2020047120 Al 05-03-2020

Form PGTASA/210 (patent tamily anniex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - description
	Page 83 - description
	Page 84 - description
	Page 85 - description
	Page 86 - description
	Page 87 - description
	Page 88 - description
	Page 89 - description
	Page 90 - description
	Page 91 - description
	Page 92 - description
	Page 93 - description
	Page 94 - description
	Page 95 - description
	Page 96 - description
	Page 97 - description
	Page 98 - description
	Page 99 - description
	Page 100 - description
	Page 101 - description
	Page 102 - description
	Page 103 - description
	Page 104 - description
	Page 105 - description
	Page 106 - description
	Page 107 - description
	Page 108 - claims
	Page 109 - claims
	Page 110 - claims
	Page 111 - claims
	Page 112 - claims
	Page 113 - claims
	Page 114 - drawings
	Page 115 - drawings
	Page 116 - drawings
	Page 117 - drawings
	Page 118 - drawings
	Page 119 - drawings
	Page 120 - drawings
	Page 121 - drawings
	Page 122 - drawings
	Page 123 - drawings
	Page 124 - drawings
	Page 125 - drawings
	Page 126 - drawings
	Page 127 - drawings
	Page 128 - drawings
	Page 129 - drawings
	Page 130 - drawings
	Page 131 - drawings
	Page 132 - drawings
	Page 133 - drawings
	Page 134 - drawings
	Page 135 - drawings
	Page 136 - drawings
	Page 137 - drawings
	Page 138 - drawings
	Page 139 - drawings
	Page 140 - drawings
	Page 141 - drawings
	Page 142 - drawings
	Page 143 - drawings
	Page 144 - drawings
	Page 145 - drawings
	Page 146 - drawings
	Page 147 - drawings
	Page 148 - drawings
	Page 149 - drawings
	Page 150 - drawings
	Page 151 - drawings
	Page 152 - drawings
	Page 153 - drawings
	Page 154 - drawings
	Page 155 - drawings
	Page 156 - drawings
	Page 157 - drawings
	Page 158 - wo-search-report
	Page 159 - wo-search-report
	Page 160 - wo-search-report

