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(57) ABSTRACT

Apparatus and methods for a modular robotic device with
artificial intelligence that is receptive to training controls. In
one implementation, modular robotic device architecture
may be used to provide all or most high cost components in an
autonomy module that is separate from the robotic body. The
autonomy module may comprise controller, power, actuators
that may be connected to controllable elements of the robotic
body. The controller may position limbs of the toy in a target
position. A user may utilize haptic training approach in order
to enable the robotic toy to perform target action(s). Modular
configuration of the disclosure enables users to replace one
toy body (e.g., the bear) with another (e.g., a giraffe) while
using hardware provided by the autonomy module. Modular
architecture may enable users to purchase a single AM foruse
with multiple robotic bodies, thereby reducing the overall
cost of ownership.
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TRAINABLE MODULAR ROBOTIC
APPARATUS AND METHODS
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COPYRIGHT

[0002] A portion of the disclosure of this patent document
contains material that is subject to copyright protection. The
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copyright owner has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as it appears in the Patent and Trademark Office patent
files or records, but otherwise reserves all copyright rights
whatsoever.

BACKGROUND

[0003] 1.Field

[0004] The present disclosure relates to trainable modular
robotic devices.

[0005] 2. Description of the Related Art

[0006] Existing robotic devices may comprise a robotic
platform (e.g., a body, a remote control (RC) car, a rover,
and/or other platforms) and one or more actuators embodied
within the robotic platform, and an electronics module con-
figured to control operation of the robotic device. The elec-
tronics module may be a printed circuit board with onboard
integrated circuits (processors, flash memory, random access
memory (RAM), and/or other), connectors for power, sensor,
actuator interface and/or data input/output.

[0007] One example of a robotic device is the Rover App-
Controlled Wireless Spy Tank by Brookstone® which is a
popular mobile rover comprising a controller, a movement
motor, a microphone, camera(s), wireless interface, battery,
and other components embedded within the rover body. A
user, desiring a different rover body functionality and/or body
shape may be required to purchase a completely new rover
(e.g., the Rover 2.0 App-Controlled Wireless Spy Tank).
Embedding costly components (e.g., electronics, sensors,
actuators, radios, and/or other components) within the robot’s
body may deter users from obtaining additional robotic bod-
ies and reduce the reuse of costly components in another
robot.

[0008] Thus, there is a salient need for improved robotic
apparatus wherein high-cost components may be packaged in
a module that may be interfaced to multiple robotic bodies.
Ideally such improved apparatus and methods would also
incorporate a highly modular and interchangeable architec-
ture.

SUMMARY

[0009] The present disclosure satisfies the foregoing needs
by disclosing, inter alia, robotic apparatus and methods.

[0010] In one aspect, a learning controller apparatus for
operating a robotic body is disclosed. In one embodiment, the
controller includes: a processor configured to operate an
adaptive learning process in order to execute a task, the adap-
tive process characterized by a plurality of trials; an interface
configured to provide at least one actuation output to the body,
the at least one actuation output comprising first and second
portions configured to effectuate movement of the a first and
a second controllable elements of the body, respectively; and
a first actuator and a second actuator each in operable com-
munication with the processor, the first and the second actua-
tors configured to provide the first and the second portions of
the actuation output, respectively.

[0011] In one implementation, the learning process is con-
figured to determine, during a trial of the plurality of trials, the
actuation output, the actuation output having a first trajectory
associated therewith; and the learning process is further con-
figured to determine, during a subsequent trial of the plurality
of trials, another actuation output having a second trajectory
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associated therewith, the second trajectory being closer to a
target trajectory of the task than the first trajectory.

[0012] Inanotherimplementation, the first controllable ele-
ment is configured to effectuate movement of the body in a
first degree of freedom (DOF); the first controllable element
is configured to effectuate movement of the body in a second
DOF independent from the first DOF; and the first and the
second portions of the actuation output are configured based
onone or more instructions from the processor. In one variant,
the operation of the adaptive learning process by the proces-
sor is configured based on one or more computer-executable
instructions; and the processor is configured to upload the one
or more computer-executable instructions to a computer read-
able medium disposed external to the enclosure.

[0013] Inanother variant, the first element movement in the
first DOF and the second element movement in the second
DOF cooperate to effectuate execution of the task by the
robotic apparatus; the learning process comprises a haptic
learning process characterized by at least a teaching input
provided by a trainer, and the teaching input is configured
based on an adjustment of the first trajectory via a physical
contact of the trainer with a robot.

[0014] In yet another variant, the adjustment is configured
based at least on an observation of a discrepancy between the
first trajectory and the target trajectory during the trial; and
the adjustment of the actual trajectory is configured to cause
a modification of the learning process so as to determine a
second control input configured to transition the first trajec-
tory towards the target trajectory during another trial subse-
quent to the trial.

[0015] In afurther variant, the modification of the learning
process is characterized by determination of one or more
values by the processor, the controller is configured to pro-
vide another actuation output to another robotic body, the
another actuation output configured to effectuate movement
of the another body in the first degree of freedom; and the
another actuation output configured based on the value.
[0016] In another implementation, the detachable enclo-
sure is configured to house a camera adapted to provide
sensory input to the processor, the sensory input being used
for determining the actuation input in accordance with the
target task, and the instruction is configured based on at least
the sensory input.

[0017] Ina further implementation, the processor is config-
ured to receive an audio input, the audio input being used for
determining the actuation input in accordance with the target
task, and the instruction is configured based on at least the
audio input. The detachable enclosure is configured in one
variant to house a sound receiving module configured to
effectuate provision of the audio sensory input to the proces-
sor, and the audio sensory input is configured based atleast on
a command of a trainer.

[0018] In another implementation, the detachable enclo-
sure is configured to house one or more inertial sensors con-
figured to provide information related to a movement charac-
teristic of the body to the processor; and the instruction is
configured based at least on the information.

[0019] In another aspect, a robotic apparatus operable to
conduct one or more assigned tasks is disclosed. In one
embodiment, the apparatus is produced according to the
method including: providing a control module capable of
producing one or more inputs; mating the control module to
an otherwise inoperable robotic body having one or more
degrees of freedom; and causing the control module to com-
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municate the one or more inputs with the robotic body to
enable it to conduct the one or more assigned tasks using at
least one of the one or more degrees of freedom.

[0020] In one implementation, the control module com-
prises a learning apparatus capable of being trained to per-
form the one or more assigned tasks via at least feedback; and
the method further comprises training the robotic apparatus to
perform the one or more assigned tasks via at least feedback.
[0021] In another implementation, the control module
comprises one or more motive sources, and the one or more
inputs comprise one or more mechanical force inputs.
[0022] In a further aspect, an interface for use between
components of a robotic apparatus is disclosed. In one
embodiment, the interface includes a first interface portion
having a shape; and a second interface portion particularly
adapted to interface only with other interface portions having
the shape. Mating of the first and second portions renders the
robotic apparatus animate via at least a mechanical force
transferred over the interface.

[0023] In one implementation, one of the first and second
interface portions comprises a substantially male feature, and
the other of'the first and second portions comprises a substan-
tially female feature, the male and female feature configured
to rigidly but separably attach to one another.

[0024] In another implementation, the interface comprises
both at least one mechanical interface capable of transferring
the force, and at least one electrical interface capable of
transferring electrical signals or power across the interface;
and the shape comprises the substantially male feature.
[0025] Further features and various advantages will be
apparent from the accompanying drawings and the following
detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1 1is a graphical illustration depicting a robotic
toy comprising an autonomy module in accordance with one
implementation.

[0027] FIG. 2A is a graphical illustration depicting an acti-
vation module configured to interface with a robotic toy
stuffed bear body, in accordance with one implementation.
[0028] FIG. 2B is a graphical illustration depicting an
autonomy module configured to interface with a robotic toy
plane body, in accordance with one implementation.

[0029] FIG. 2C is a graphical illustration depicting an
autonomy module configured to interface with a robotic toy
plane body and/or robotic toy stuffed bear body, in accor-
dance with one implementation.

[0030] FIG. 3A is a graphical illustration depicting a
robotic toy stuffed bear body comprising the autonomy mod-
ule of FIG. 2A, in accordance with one implementation.
[0031] FIG. 3B is a graphical illustration depicting a
robotic toy plane body comprising the autonomy module of
FIG. 2B, in accordance with one implementation.

[0032] FIG. 4A is a functional block diagram illustrating a
one-sided autonomy module in accordance with one imple-
mentation.

[0033] FIG. 4B is a functional block diagram illustrating a
multi-sided autonomy module in accordance with one imple-
mentation.

[0034] FIG. 5A is graphical illustration depicting an
autonomy module comprising a visual interface, in accor-
dance with one implementation.
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[0035] FIG. 5B is graphical illustration depicting an
autonomy module comprising a pneumatic actuating and
sensing module, in accordance with one implementation.
[0036] FIG. 6 is a functional block diagram illustrating
tendon attachment of a robotic manipulator arm for use with
an autonomy module e.g., of FIG. 4A, in accordance with one
implementation.

[0037] FIG. 7 is a functional block diagram illustrating
components of an autonomy module for use with the trainable
modular robotic apparatus e.g., of the system described infra
at FIG. 9, in accordance with one implementation.

[0038] FIG. 8A is a functional block diagram illustrating a
general configuration of coupling interface between an
autonomy module and a robotic body, in accordance with one
implementation.

[0039] FIG. 8B is a functional block diagram illustrating a
coupling interface configured to provide rotational motion
from an autonomy module to a robotic body, in accordance
with one implementation.

[0040] FIG. 8C is a functional block diagram illustrating a
coupling interface configured to provide translational motion
from an autonomy module to a robotic body, in accordance
with one implementation.

[0041] FIG. 8D is a functional block diagram illustrating a
slider coupling interface configured to a pivoting motion from
an autonomy module to a robotic body, in accordance with
one implementation.

[0042] FIG. 8E is a functional block diagram illustrating a
coupling interface configured to provide translational and/or
rotational motion from an autonomy module to a robotic
body, in accordance with one implementation.

[0043] FIG. 9 is a functional block diagram illustrating a
computerized system comprising the trainable modular
robotic apparatuses of the present disclosure, in accordance
with one implementation.

[0044] FIG.10is afunctional block diagram illustrating the
interfacing of a trainable modular robotic apparatus to an
interface device for use with e.g., the system of FIG. 9, in
accordance with one implementation.

[0045] FIG. 11 is a graphical illustration depicting multiple
trajectories for use in the haptic training of a robot, in accor-
dance with one or more implementations.

[0046] FIG.12isa logical flow diagram depicting a gener-
alized method for expanding the functionality of a robotic
device consistent with various implementations described
herein.

[0047] FIG.13islogical flow diagram illustrating a method
of’haptic training of a robotic device comprising an autonomy
module, in accordance with one or more implementations.
[0048] All Figures disclosed herein are © Copyright 2014
Brain Corporation. All rights reserved.

DETAILED DESCRIPTION

[0049] Implementations of the present disclosure will now
be described in detail with reference to the drawings, which
are provided as illustrative examples so as to enable those
skilled in the art to practice the principles and architectures
described herein. Notably, the figures and examples below are
not meant to limit the scope of the present disclosure to a
single embodiment or implementation, but other embodi-
ments and implementations are possible by way of inter-
change of or combination with some or all of the described or
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illustrated elements. Wherever convenient, the same refer-
ence numbers will be used throughout the drawings to refer to
same or like parts.

[0050] Where certain elements of these implementations
can be partially or fully implemented using known compo-
nents, only those portions of such known components that are
necessary for an understanding of the present disclosure will
be described, and detailed descriptions of other portions of
such known components will be omitted so as not to obscure
the principles and architectures described herein.

[0051] In the present specification, an embodiment or
implementation showing a singular component should not be
considered limiting; rather, the disclosure is intended to
encompass other embodiments or implementations including
a plurality of the same component, and vice-versa, unless
explicitly stated otherwise herein.

[0052] Further, the present disclosure encompasses present
and future known equivalents to the components referred to
herein by way of illustration.

[0053] As used herein, the term “bus” is meant generally to
denote all types of interconnection or communication archi-
tecture that are used to access the synaptic and neuron
memory. The “bus” could be optical, wireless, infrared or
another type of communication medium. The exact topology
of'the bus could be for example a standard “bus”, hierarchical
bus, network-on-chip, address-event-representation (AER)
connection, or other type of communication topology used
for accessing e.g., different memories in a pulse-based sys-
tem.

[0054] As used herein, the terms “computer”, “computing
device”, and “computerized device”, include, but are not lim-
ited to, personal computers (PCs) and minicomputers,
whether desktop, laptop, or otherwise, mainframe computers,
workstations, servers, personal digital assistants (PDAs),
handheld computers, embedded computers, programmable
logic devices, personal communicators, tablet computers,
portable navigation aids, cellular telephones, smart phones,
personal integrated communication or entertainment devices,
or any other devices capable of executing a set of instructions
and processing an incoming data signal.

[0055] Asusedherein, the term “program”, “computer pro-
gram” or “software” is meant to include any sequence of
human or machine cognizable steps which perform a func-
tion. Such program may be rendered in virtually any pro-
gramming language or environment including, for example,
C/C++, C#, Fortran, COBOL, MATLAB™, PASCAL,
Python, assembly language, markup languages (e.g., HTML,
SGML, XML, VoXML), and the like, as well as object-ori-
ented environments such as the Common Object Request
Broker Architecture (CORBA), Java™ (including J2ME,
Java Beans, and/or other), Binary Runtime Environment
(e.g., BREW), and the like.

[0056] As used herein, the term “memory” includes any
type of integrated circuit or other storage device adapted for
storing digital data including, without limitation: ROM.
PROM, EEPROM, DRAM, Mobile DRAM, SDRAM,
DDR/2 SDRAM, EDO/FPMS, RLDRAM, SRAM, “flash”
memory (e.g., NAND/NOR), memristor memory, and
PSRAM.

[0057] As used herein, the terms “microprocessor” and
“digital processor” are meant generally to include all types of
digital processing devices including, without limitation: digi-
tal signal processors (DSPs), reduced instruction set comput-
ers (RISC), general-purpose (CISC) processors, microcon-
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trollers, microprocessors, gate arrays (e.g., field
programmable gate arrays (FPGAs)), PLDs, reconfigurable
computer fabrics (RCFs), array processors, secure micropro-
cessors, and application-specific integrated circuits (ASICs).
Such digital processors may be contained on a single unitary
IC die, or distributed across multiple components.

[0058] As used herein, the term “network interface” refers
to any signal, data, or software interface with a component,
network or process including, without limitation: those of the
IEEE Std. 1394 (e.g., FW400, FW800, and/or other), USB
(e.g., USB2), Ethernet (e.g., 10/100, 10/100/1000 (Gigabit
Ethernet), Thunderbolt™, 10-Gig-E, and/or other), Wi-Fi
(802.11), WiMAX (802.16), PAN (e.g., 802.15), cellular
(e.g., 3G, LTE/LTE-A/TD-LTE, GSM, and/or other) or IrDA
families.

[0059] As used herein, the term “Wi-Fi” refers to, without
limitation: any of the variants of IEEE-Std. 802.11 or related
standards including 802.11a/b/g/n/s/v.

[0060] Asused herein, the term “wireless” means any wire-
less signal, data, communication, or other interface including
without limitation Wi-Fi, Bluetooth, 3G (3GPP/3GPP2),
HSDPA/HSUPA, TDMA, CDMA (e.g., IS-95A, WCDMA,
and/or other), FHSS, DSSS, GSM, PAN/802.15, WiMAX
(802.16), 802.20, narrowband/FDMA, OFDM, PCS/DCS,
LTE/LTE-A/TD-LTE, analog cellular, CDPD, satellite sys-
tems, millimeter wave or microwave systems, acoustic, and
infrared (i.e., IrDA).

Overview

[0061] Existing robotic device systems often have limited
modularity, in part because most cost-bearing components
are tightly integrated with the body of the robot. Barebones
control boards, while offering flexibility in structure, may
require significant engineering skill on the part of the user in
order to install and integrate the board within a robot.

[0062] It will be apparent in light of the present disclosure,
that the aforementioned problem may be addressed by a
modular robotic device architecture configured to separate all
ormost high cost components into one or more module(s) that
is separate from the rest of the robotic body. By way of
illustration, a robotic toy stuffed animal (e.g., a teddy bear)
autonomy module (configured to control head and limb
actuators, sensors, and a communication interface, and/or
other components) may be configured to interface with the
body of the robotic toy stuffed bear. In one embodiment, the
autonomy module may comprise linear actuators with sen-
sory feedback that may be connected to tendons within the
bear limbs. In one or more implementations, the tendons may
comprise one or more of a rope, a string, elastic, a rubber cord,
a movable plastic connector, a spring, a metal and/or plastic
wire, and/or other connective structure. During training and/
or operation, the controller may position limbs of the toy in a
target position. A user may utilize a haptic training approach
(e.g., as described for example, in U.S. patent application Ser.
No. 14/102,410, entitled “APPARATUS AND METHODS
FOR HAPTIC TRAINING OF ROBOTS”, filed on Dec. 10,
2013, incorporated supra) in order to enable the robotic toy to
perform one or more target action(s). During training, the user
may apply corrections to the state of the robotic body (e.g.,
limb position) using physical contact (also referred to as the
haptic action). The controller within the autonomy module
may utilize the sensory feedback in order to determine user
interference and/or infer a teaching signal associated there-
with. Modular configuration of the disclosure enables users to
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replace one toy body (e.g., the bear) with another (e.g., a
giraffe) while using the same hardware provided by the
autonomy module.

[0063] Consolidation of high cost components (e.g., one or
more processing modules, power conditioning and supply
modules, motors with mechanical outputs, sensors, commu-
nication modules, and/or other components) within the
autonomy module alleviates the need to provide high cost
components within a body of a robot thereby enabling robot
manufacturers to reduce the cost of robotic bodies. Users may
elect to purchase a single autonomy module (also referred to
throughout as an AM) with e.g., two or more inanimate
robotic bodies, vehicles, and/or other bodies thereby reducing
overall cost of ownership and/or improving user experience.
Each AM may interface with existing electro-mechanical
appliances thus enabling user to extract additional value from
their purchase of an AM.

DETAILED DESCRIPTION OF THE
EXEMPLARY IMPLEMENTATIONS

[0064] Exemplary implementations of the various facets of
the disclosure are now described in detail. It will be appreci-
ated that while described substantially in the context of modu-
lar robotic devices, the present disclosure is in no way so
limited, the foregoing merely being but one possible
approach. The principles and architectures described herein
are contemplated for use with any number of different artifi-
cial intelligence, robotic or automated control systems.
[0065] FIG. 1 illustrates a robotic toy comprising an
autonomy module (AM) configured in accordance with one
implementation. The toy 100 of FIG. 1 comprises a body 110
and the AM 140. As shown, the body 110 comprises the
inanimate figurine of a giraffe, although it is appreciated that
implementations may widely vary (e.g., other animals, an
action figure (e.g., Mickey Mouse®), and/or other.) The figu-
rine 110 may comprise one or more limbs (e.g., 116, 118)
attached to a body 112. The individual limbs (e.g., 116) may
be controlled via tendons embodied there within. Head 108 of
the figurine 110 may be controlled via a tendon embodied
within the neck 114. In some implementations, the robotic
body may comprise one or more swappable limbs, and/or
other body parts. The head 108 may comprise one or more
cameras (not shown) configured to provide sensory input into
the autonomy module 140. The sensory input may be used to
e.g., implement stereo vision, object recognition (e.g., face of
the user), control the head 108 to track an object (e.g., the
user’s face), and/or other applications.

[0066] The autonomy module (AM) 140 provides sensory,
motor, and learning functionality associated with performing
one or more tasks by the robotic toy 100 (e.g., dance, bend,
turn, and/or other). The AM may comprise one or more actua-
tors configured to operate the tendons of the figurine 110. The
AM may further comprise a processing module configured to
execute an adaptive control application (also referred to as
controller) in order to manipulate the actuator interfaces 142,
144. In some implementations, the actuators of the AM 140
may provide mechanical activation signal, e.g., rotational
and/or translational motion via the interfaces 142, 144 to the
controllable elements of the body 110. In one or more imple-
mentations, the actuators of the AM 140 may comprise one or
more solenoids and actuator operation may comprise appli-
cation of electromagnetic energy. The controller may be pro-
grammable and/or teachable, for example through standard
machine learning algorithms, such as supervised learning,
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unsupervised learning, and reinforcement learning. The con-
troller may be trained by the manufacturer of the robot and/or
by the end user of the robot. In some implementations, the
AM may house all motor, sensory, power, and processing
components needed to operate one or more robotic bodies.
[0067] The figurine base 120 may be adapted to interface
tendons to actuators within the AM 140, as shown by broken
line 122 in FIG. 1. The adaptive control application may
enable the apparatus 100 to perform the one or more tasks. In
some implementations, the AM may comprise sensors (wired
and/or wireless), power module (e.g., an internal battery),
communication module, storage and/or other modules. The
actuators of the AM module 140 may feature sensory feed-
back mechanisms (effectuated using, e.g., interfaces 142,
144) configured to enable the controller to determine the state
of tendons within the figurine. In one or more implementa-
tions, the feedback may comprised one or more of actuator
position, velocity, force, torque, jerk, and/or other.

[0068] In some implementations, the AM 140 may com-
prise one or more sound wave and/or electromagnetic wave
(e.g., radio frequency (RF)) sensing modules (not shown). An
audio interface may be utilized in order to receive user gen-
erated auditory input during training and/or operation. The
AM 140 may comprise one or more inertial motion sensors
(e.g., 1, 2, 3 axis gyroscopes, accelerometers (e.g., micro-
electrical mechanical systems (MEMS)), ultrasonic proxim-
ity sensors and/or other sensors that may be useful for deter-
mining the motion of the robot’s body.

[0069] Inimplementations targeted at cost-conscious con-
sumers, the robotic toy body (e.g., the figurine 110) may be
available without sensors, actuators, processing, and/or
power modules. In some implementations, wherein addi-
tional costs may be acceptable to users, the robotic body may
be outfitted with additional sensors and/or motor actuators
that may interface to the AM via one or more connectors (e.g.,
as shown and described in greater detail hereinafter).

[0070] Inoneormoreimplementations, an autonomy mod-
ule (e.g., AM 140 in FIG. 1) may be implemented using a
reconfigurable architecture where a given AM may be utilized
with two or more types of robotic bodies. One such exemplary
implementation is shown and described below with respect to
FIGS. 2A-3B.

[0071] FIG. 2A illustrates an implementation of an
autonomy module (AM) configured to interface with a
robotic toy stuffed animal body. The AM 200 may comprise
one or more actuator ports 212, 214, 216 embodied within
enclosure 202. The enclosure 202 may house processing,
power (e.g., an internal battery), sensor, communication, stor-
age, and/or modules (e.g. as described above with respect to
FIG. 1). One or more actuator ports (e.g., the ports 214, 216)
may be adapted to interface to an external control element
(e.g., a tendon in the toy body), via one or more mechanical
and/or electromechanical interfaces 204, 206, 208, 210. It
will be appreciated by those skilled in the arts that number
and/or location of the interfaces is determined in accordance
with a specific configuration of a body being used with the
AM that may change from one body to another.

[0072] FIG. 3A illustrates the AM 200 of FIG. 2A disposed
within a robotic toy stuffed bear body, in accordance with one
implementation. The toy 300 comprises a body having a head
and four limbs. Individual limbs (e.g., 304, 314) and/or the
head 322 may be attached to connective structures (tendons)
e.g., 316, 306 in FIG. 3A. The tendons 306, 316 may be
retracted and/or loosened (typically, with a complementary
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counterpart tendon) in order to induce motion of the limbs.
While the aforementioned tendons 306, 316 are envisioned as
being flexible, it is appreciated that semi-rigid, and rigid
structures may be used with equal success. An autonomy
module may be installed within the body cavity. In some
implementations, the AM 302 may comprise the AM 200
described above with respect to FIG. 2A. The AM 302 may
comprise interfaces 308, 318 adapted to couple to actuators
(not shown) within the AM to the tendons (e.g., 306, 316).
One or more of the AM actuators may comprise feedback
actuators enabling the AM controller to receive feedback
about the state of a respective limb. In some implementations,
the feedback actuators may enable the AM controller to deter-
mine an external influence (e.g., a force shown by arrow 320)
applied by a user to a limb in order to facilitate learning.
[0073] The body 300 and head 322 may comprise one or
more cameras and/or optical interfaces (not shown) config-
ured to provide sensory input to the autonomy module 302.
The sensory input may be used to e.g., implement stereo
vision, object recognition (e.g., face of the user), control the
head 322 to track an object (e.g., user’s face), and/or other
applications.

[0074] Variousimplementations may enable different types
of bodies with the same AM module (for example, body 110
of FIG. 1 may operate with the same AM as body 340 of F1G.
3B, and/or other). In some instances, the AM module may be
characterized by a plurality of controllable degrees of free-
dom that it can support. As used herein, the “degree(s) of
freedom” (DOF) refers to a number of independent param-
eters that define the configuration of the body.

[0075] By way of an illustration, a position of a rigid body
in space may be defined by three components of translation
and three components of rotation, corresponding to a total of
six independent degrees of freedom. In another such example,
the spinning blade of an electric food processor may be char-
acterized by a single degree of freedom (e.g., rotation around
avertical axis) even though different mechanical attachments
may be coupled to the motor of the food processor.

[0076] In one or more implementations, individual ones of
the plurality of robotic bodies that may interface to a given
AM module (e.g., the module 260 of FIG. 2C) may be char-
acterized by a characteristic individual number of DOF, DOF
configuration (e.g., one body by a position in a number of
dimensions (1, 2, 3, and/or other), and another body by limb
position, and/or other characteristic DOF), characteristic
kinematic chain (that differs from one body to another), and/
or other. As used herein, a “kinematic chain” generally refers
to an assembly of rigid bodies connected by joints that are
independently controlled. A kinematic chain may also refer to
the mathematical model for such a mechanical system.
[0077] FIG. 2B illustrates an autonomy module configured
to interface with a robotic toy plane body, in accordance with
one implementation. The AM 240 may comprise the module
120 or the module 200, described above with respect to FIGS.
1, 2A. The autonomy module 240 may comprise one or more
actuator ports 246, 250 embodied within enclosure 242. The
enclosure 242 may house processing, power, sensor, commu-
nication, storage, and/or modules (such as those previously
described). One or more actuator ports (e.g., the port 250 in
FIG. 2B) may be adapted to interface to an external control
element (e.g., a rudder control cable), via one or more
mechanical and/or electromechanical interfaces 244, 248.
[0078] FIG. 3B illustrates the AM 240 of FIG. 2B disposed
within a robotic toy plane body, in accordance with one
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implementation. The toy plane 340 may comprise one or
more controllable surfaces (e.g., elevator 356, aileron 358,
and/or other) and a propeller 354. Individual control surfaces
(e.g., 356, 358) may be coupled to the AM via one or more
cables (e.g.,346 in FIG. 3B). In one or more implementations,
the cables 346 may carry mechanical signals (e.g., push/pull/
rotate) and/or electrical signals (up/down) to the respective
control surface(s). The propeller 354 may be coupled to the
AM via a shaft 344. In some implementations, the AM 342
may comprise the AM 240 described above with respect to
FIG. 2B. One or more of the AM actuators may comprise
feedback actuators enabling the AM controller to receive
feedback about state of a respective control surface and/or the
propeller 354. In some implementations, the feedback actua-
tors may enable the controller of the AM 342 to determine an
external influence applied by a user to a controllable element
of the plane in order to facilitate learning.

[0079] Insome implementations, the AM described herein
may be utilized in order to upgrade (retrofit) a remote con-
trolled (RC) aerial vehicle (e.g., a plane, a blimp) wherein the
original RC receiver may be augmented and/or replaced with
the learning AM thereby turning the RC plane into an autono-
mous trainable aerial vehicle.

[0080] In another embodiment, FIG. 2C illustrates an
autonomy module configured to interface with a robotic toy
plane body (e.g., the robotic toy plane body 340 of FIG. 3B)
and/or robotic animal body (e.g., the giraffe figurine 110 of
FIG. 1), inaccordance with one implementation. The AM 260
of FIG. 2C may comprise one or more actuator ports 274
embodied within enclosure 272. The enclosure 272 may
house processing, power, sensor, communication, storage,
and/or modules (such as those previously described). One or
more actuator ports (e.g., the port 274 in FIG. 2C) may be
adapted to interface to an external control element (e.g., a
rudder control cable), via one or more mechanical and/or
electromechanical interfaces 262, 264, 266, 268. By way of
an illustration of interfacing to the plane body 340 of FIG. 3B,
the interface 264 may be interfaced to rudder control elements
346, the interfaces 262, 266 may be interfaced to the aileron
358; and the interface 268 may be interfaced to the motor
control 344. In one or more implementations, where the
robotic body (e.g., a motorized rover) may consume energy in
excess of the AM power module (e.g., the internal battery)
capability, the robotic body may also comprise a power mod-
ule (e.g., an external battery, a solar cell, a fuel cell, and/or
other).

[0081] Autonomy module (e.g., AM 140, AM 200, AM
240, AM 260 may be configured to provide a mechanical
output to one or more robotic bodies (e.g., giraffe figurine
110, stuffed bear 300, toy plane 340). In one or more imple-
mentations, the mechanical output may be characterized by
one or more of a rotational momentum, a linear velocity, an
angular velocity, a pressure, a linear force, a torque, and/or
other parameter. The coupling mechanism between an AM
and the body may comprise a mechanical, electrical, and/or
electromechanical interface optimized for transmission of
relevant parameters. In some variants, the coupling may be
proprietary or otherwise specific to application; in other vari-
ants, the coupling may be generic. In some implementations,
the portions of the coupling interface between the AM and the
body may be configured to be mechanically adjusted relative
one another (e.g., via a slide-rotate, extend/contract, and/or
other motion) in order to provide sufficient target coupling.
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[0082] Insome implementations, a user, and/or a manufac-
turer modify (and/or altogether remove) the AM enclosure in
order to attain target performance of the robot. By way of an
illustration, the user may elect to remove the enclosure 272 of
FIG. 2C when placing the AM 260 inside the toy plane body
340 in order to, for example, reduce the overall plane weight.
However, the electromechanical interface between the AM
actuators and body controllable elements (e.g., the motor 354
and control planes 358, 356) may remain unchanged in order
to ensure target coupling between the AM and the body.

[0083] Robotic bodies may comprise an identification
means configured to convey information related to one or
more of: the body type (e.g., toy figure, plane, and/or other),
kinematic configuration (e.g., number of movable joints of a
manipulator, number and/or location of actuator attachments,
and/or other), body model (e.g., giraffe, bear, lion, and/or
other) and/or other information to the AM. In some imple-
mentations, the identification means may comprise a
mechanical or electromechanical module (e.g., a plug, a
socket with a predefined number of electrical connections
(e.g., pins)). By way of illustration, the identification means
may comprise a coupling mechanism, configured to couple in
one of a plurality positions corresponding to a plurality of
body types. The AM portion of the coupling may comprise an
electronic read out means configured to communicate the
body type information to the processing module (as described
in greater detail hereinafter). In one or more implementations,
the identification means may comprise an electrical module
(e.g., radio frequency identification (RFID) tag, a silicon
serial number memory chip (e.g., DS2401 by Maxim Inte-
grated™) in data communication with the AM. In some
implementations, upon determining that a present body (e.g.,
a toy plane) attached to the AM does not match the AM
control process (e.g., due to a different kinematic configura-
tion of the present body relative to a kinematic configuration
of the control process) the AM may initiate download of a
control process (e.g., computational brain image) matching
the current body. The control process update may commence
automatically without user intervention, may prompt a user
for confirmation, and/or may prompt the user to perform
manual update.

[0084] FIGS. 4A-5B illustrate various embodiments of
autonomy module implementations useful with modular
learning robotic devices. The autonomy module 400 of FIG.
4A comprises one or more actuators embodied within enclo-
sure 402. The enclosure 402 may house processing, power,
sensor, communication, storage, and/or modules (such as
those previously described). Actuators of the AM 400 may be
accessible via one or more actuator ports 418 denoted by solid
circles in FIG. 4A. One or more of the ports 418 may be
adapted to interface to an external control element (e.g., a
tendon in a toy body), via one or more mechanical and/or
electromechanical interfaces 412. In one or more implemen-
tations, the interface 412 may comprise a gear wheel, a cou-
pling (e.g., a snap fit, tooth coupling (e.g., Hirth joint)), a
shaft, a spline, a tube, a screw, an axle, a connector, a cable,
and/or other coupling. The AM 400 may comprise one or
more coupling elements 416 denoted by open circles in FIG.
4A. In one or more implementations, the coupling elements
416 may be configured to transmit and/or receive electrical,
magnetic, electromagnetic, pressure, and/or other signals to
and from elements of a robotic body. By way of an illustra-
tion, the coupling element 416 may be configured to provide
DC power to an actuator and/or a sensor, and/or sense air
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pressure due to a squeezing of the robotic body by user. The
AM configuration of FIG. 4A is characterized by a single
active side (e.g., the top horizontal surface 404 in FIG. 4A).
The AM 400 may be utilized with thumb puppets (e.g., giraffe
110 shown in FIG. 1) wherein controls disposed on a single
side may be sufficient for operating the toy.

[0085] FIG. 4B illustrating a multi-active sided autonomy
module in accordance with one implementation. The AM 420
configuration of FIG. 4B is characterized by control and/or
sensing elements being disposed on two or more sides of the
AM enclosure 422 (e.g., the top horizontal surface 436, ver-
tical surfaces 430, 438 in FIG. 4B). The AM 420 may be
utilized with robotic bodies wherein controllable elements
may be disposed along two or more surfaces in 3-dimensions
(e.g., the stuffed animal bear 300, the toy plane 340 of FIGS.
3A-3B, respectively, and/or other configurations).

[0086] The autonomy module 420 of FIG. 4B may com-
prise one or more actuators embodied within enclosure 422.
The enclosure 422 may house processing, power, sensor,
communication, storage, and/or modules (such as those pre-
viously described). Actuators of the AM 420 may be acces-
sible via one or more actuator ports 428 denoted by solid
circles in FIG. 4B. One or more actuator ports may be adapted
to interface to an external control element (e.g., atendonin a
toy body), via one or more mechanical and/or electrome-
chanical interfaces 426, 424. In one or more implementations,
the interfaces 426, 424 may comprise a gear wheel, a coupling
(e.g., a snap fit, tooth coupling (e.g., Hirth joint)), a shaft, a
spline, a tube, a screw, an axle, a connector, a cable, and/or
other element. The AM module may be configured to provide
a mechanical output to one or more robotic bodies. In one or
more implementations, the mechanical output may be char-
acterized by one or more of rotational momentum, a linear
velocity, an angular velocity, a pressure, a linear force, a
torque, and/or other parameter.

[0087] The AM 402 may comprise one or more coupling
elements 432 denoted by open circles in FIG. 4B. In one or
more implementations, the coupling elements 432 may be
configured to transmit and/or receive electrical, magnetic,
electromagnetic, pressure, and/or other signals to and from
elements of a robotic body e.g., as described above with
respect to FIG. 4A.

[0088] FIG.5A illustrates an autonomy module comprising
a visual interface in accordance with one implementation.
The autonomy module 500 of FIG. 5A comprises one or more
actuators 504 embodied within enclosure 502. The enclosure
502 may house processing, power, sensor, communication,
storage, and/or modules (such as those previously described).
The AM 500 may comprise one or more light sensing mod-
ules 516, 512. In some implementations, the module 512 may
comprise Charge Coupled Device (CCD) sensors, comple-
mentary metal oxide semiconductor (CMOS) sensors, pho-
todiodes, color sensors, infrared (IR) and/or ultraviolet (UV)
sensor, or other electromagnetic sensor. The module 512 may
comprise a lens configured to focus electromagnetic waves
(e.g., visible, IR, UV) onto the sensing element of the module
512. In some implementations, the AM 500 may comprise
one or more sound wave and/or electromagnetic wave (e.g.,
radio frequency (RF)) sensing modules (not shown). An
audio interface may be utilized in order to receive user audi-
tory input during training and/or operation.

[0089] The one or more modules 512, 516 may provide
sensory input. The sensory input may be used to e.g., imple-
ment stereo vision, perform object recognition (e.g., face of
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the user), control the robot’s body in order to, for example,
track an object (e.g., user’s face), and/or other applications.

[0090] In some implementation, the sensing module (e.g.,
516) may be coupled to an optical interface 506 (e.g., a
waveguide, one or more mirrors, a lens, a light-pipe, a peri-
scope, and/or other means). The interface 506 may conduct
ambient light 522 (with respect to the enclosure 502) in a
direction shown by arrow 524 to the sensing module 516. The
AM 500 may comprise one or more light emitting modules
e.g., 518. In some implementations, the module 512 may
comprise a light emitting diode (LED), a laser, and/or other
light source. Output of the module 518 may be communicated
via optical waveguide 508 (as shown by arrow 510) to a target
location 520 (e.g., eye) within the robotic body. In one or
more implementations, the light emitting and receiving sen-
sors may be combined into a single module that may share
one or more components e.g., the lens and/or the input/output
waveguide. In some implementations, the optical waveguide
functionality may be implemented using one or more reflec-
tive surfaces (e.g., optical mirrors), transparent or translucent
media, and/or other means. The AM 500 may be employed
with a toy robot comprising eyes, and/or light indicators. Use
of a camera module 512, 516 may enable visual sensory
functionality in the robot. The AM may acquire and form a
hierarchy of sensory (e.g. visual or multi-sensory) features
based on the observed spatio-temporal patterns in its sensory
input, with or without external supervision. Sensory process-
ing may be implemented using e.g., spiking neuron networks
described, for example, in U.S. patent application Ser. No.
13/623,820, entitled “APPARATUS AND METHODS FOR
ENCODING OF SENSORY DATA USING ARTIFICIAL
SPIKING NEURONS, filed Sep. 20, 2012, Ser. No. 13/540,
429, entitled “SENSORY PROCESSING APPARATUS
AND METHODS, filed Jul. 2, 2012, Ser. No. 13/548,071,
entitled “SPIKING NEURON NETWORK SENSORY PRO-
CESSING APPARATUS AND METHODS?”, filed Jul. 12,
2012, and Ser. No. 13/660,982, entitled “APPARATUS AND
METHODS FOR ACTIVITY-BASED PLASTICITY IN A
SPIKING NEURON NETWORK?”, filed Oct. 25, 2012, each
of the foregoing being incorporated herein by reference in its
entirety.

[0091] The AM 500 may utilize a predictive capacity for the
sensory and/or sensory-motor features. Predictive-based
vision, attention, and feature selection based on relevance
may provide context used to determine motor activation and/
or task execution and planning. Some implementations of
sensory context for training and predicting motor actions are
described in U.S. patent application Ser. No. 13/842,530,
entitled “ADAPTIVE PREDICTOR APPARATUS AND
METHODS”, filed Mar. 15, 2013, Ser. No. 13/918,338,
entitled “ROBOTIC TRAINING APPARATUS AND
METHODS”, filed Jun. 14, 2013, Ser. No. 13/918,298,
entitled “HIERARCHICAL ROBOTIC CONTROLLER
APPARATUS AND METHODS?, filed Jun. 14, 2013, Ser.
No. 13/918,620 entitled “PREDICTIVE ROBOTIC CON-
TROLLER APPARATUS AND METHODS?”, filed, Jun. 14,
2013, Ser. No. 13/953,595 entitled “APPARATUS AND
METHODS FOR TRAINING AND CONTROL OF
ROBOTIC DEVICES?”, filed Jul. 29, 2013, each of the fore-
going being incorporated herein by reference in its entirety.

[0092] In some implementations, the AM 500 may com-
prise one or more inertial motion sensors (e.g., 1, 2, 3 axis
gyroscopes, accelerometers (e.g., MEMS), ultrasonic prox-
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imity sensors and/or other sensors that may be useful for
determining motion of the robot’s body.

[0093] FIG. 5B illustrates an autonomy module comprising
pneumatic actuating and sensing module, in accordance with
one implementation. The autonomy module 530 of FIG. 5B
comprises one or more actuators 534 embodied within enclo-
sure 532. The enclosure 532 may house processing, power,
sensor, communication, storage, and/or modules (such as
those previously described). The AM 530 may comprise one
or more pressure sensing modules 536, 538. In some imple-
mentations, individual pressure sensing modules 536, 538
may comprise a membrane, a piezoresistive (e.g., a micro-
actuated micro-suspension (MAMS)), a capacitive, optical,
and/or other sensing technology. The pressure sensing mod-
ules 536, 538 may be coupled to an air source (e.g., a pump,
a compressed gas container, a gas generator, and/or other gas
source) thereby providing a flow of gas at the module aper-
ture. In some implementations, the pressure sensing modules
536, 538 may be coupled to an air duct 544, 588 that may
transmit gas flow from/to the pressure sensing modules 536,
538. In some robotic toy implementations, the air ducts 544,
588 may be coupled to a robotic body comprising e.g., an
inflatable shell. The airflow 540 may be utilized to inflate the
shell to a target shape. In one or more implementations of
robot training, a user may provide feedback to a learning
controller of the AM 530 by applying pressure (e.g., squeez-
ing) the air duct (e.g., as shown by arrows 546) and/or por-
tions of the robotic body.

[0094] Various methodologies may be employed in order to
broaden functionality of the robotic bodies for a given AM.
FIG. 6 illustrates a tendon attachment configuration of a
robotic manipulator arm for use with autonomy module, in
accordance with some implementations. I AM ASSUMING
THE TENDON MUST BE RIGID, OTHERWISE THIS
WILL NOT BE ABLE TO “EXTEND” AS YOU CANNOT
“PUSH” ROPE. I ALSO HIGHLY RECOMMEND A FIG-
URE WITH A PAIR OF OPPOSED TENDONS. The arm 600
of FIG. 6 comprises two segments 604, 608 coupled via a
joint 606. The segment 604 may be attached to base 602 via a
fixed or movable coupling. The segment 608 may comprise
one or more tendon attachment structures 614, 624 in FIG. 6.
In some implementations, the tendon may comprise a rigid
structure (e.g., a rod, a shaft). In some implementations, the
tendon (e.g., 612) may comprise a flexible structure (e.g., a
rope, a string) and the joint 606 may comprise a spring-loaded
structure configured to provide a restoring force to the ele-
ment 608. The structures 614, 624 may be characterized by a
distance 616, 626, respectively, from the joint 606. As shown,
the solid line 612 denotes a first tendon attachment to the
structure 614, and the broken line 626 depicts a second tendon
attachment to the structure 624. The other end of the tendon is
coupled to an actuator 610 of the AM module. For a given
displacement of the actuator 610, the first tendon attachment
may produce greater range of motion of the element 608
compared to the second tendon attachment. Conversely, the
second tendon attachment may produce greater accuracy of
motion control of the element 608, compared to the first
tendon attachment. In other words, FIG. 6 illustrates one
approach to obtaining multiple motion patterns for a given
robotic body-AM combination without necessitating modifi-
cation of the AM. In one or more implementations, the tendon
used with the apparatus 600 may comprise a rigid structure
that does not appreciably extend or contract (i.e., so as to
enable the actuator to move the arm). In paired tendon con-
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figurations (i.e., where a pair of tendons are contracted and
slacked), the tendon may be constructed from flexible mate-
rials such as e.g., a rope, a string, an elastic, a rubber cord, a
movable plastic connector, a spring, a metal and/or plastic
wire, and/or other. For example, a spring (not shown) embod-
ied within the AM may be used to control tension of a non-
elastic tendon (e.g., line or cable) of the robot.

[0095] The arm 600 may comprise a sensing module 630.
In some implementations, the element 630 may comprise a
video camera configured to provide visual input to a proces-
sor of autonomy module. The arm 600 may be controlled to
position the module 630 to implement e.g., face tracking. In
one or more implementations, the sensing module 630 may
comprise a radio frequency (RF) antenna configured to track
an object.

[0096] Inone or more implementations, another arm, char-
acterized by a kinematic chain that may differ from the con-
figuration of the arm 600 (e.g., comprising multiple articu-
lated joints) may interface to the actuator 610. Additional
actuators may be utilized with the arm in order to control
additional DOF.

[0097] FIG. 7 is a functional block diagram detailing com-
ponents of an autonomy module for use with the trainable
modular robotic apparatus, in accordance with one imple-
mentation. The robotic apparatus 700 includes a robotic brain
712 for control of the device. The robotic brain may be imple-
mented within a computer program embodied as instructions
stored in non-transitory computer readable media, and con-
figured for execution by a processor. In other embodiments,
the robotic brain may be implemented as dedicated hardware,
programmable logic (e.g., field programmable gate arrays
(FPGAs), and/or other logic), application specific integrated
circuits (ASIC), and/or other. Additional memory 714 and
processing capacity 716 is available for other hardware/firm-
ware/software needs of the robotic device. The processing
module may interface to the sensory module in order to per-
form sensory processing e.g., object detection, face tracking,
stereo vision, and/or other tasks.

[0098] In some implementations, the robotic brain 712
interfaces with the mechanical components 718, sensory
components 720, electrical components 722, power compo-
nents 724, and network interface 726 via one or more driver
interfaces and software abstraction layers. In one or more
implementations, the power components 724 may comprise
one or more of a direct current, an alternating current source,
Da mechanical coupling, energy accumulator (ethical capaci-
tor) and/or mechanical (e.g., a flywheel, a wind-up module),
wireless charger, radioisotope thermoelectric generator, ther-
mocouple, piezo-generator, a dynamo generator, a fuel cell,
an internal or external combustion engine, a pneumatic, a
hydraulic, and/or other energy source. In some implementa-
tions, the power components 724 may be built into the AM. In
one or more implementations, the power components 724
may comprise a module that may be removed and/or replaced
without necessitating disconnecting of the actuator interfaces
(e.g., 142, 144 in FIG. 1) from the body of the robot.

[0099] Additional processing and memory capacity may be
used to support these processes. However, it will be appreci-
ated that these components may be fully controlled by the
robotic brain. The memory and processing capacity may also
aid in management for the autonomy module (e.g. loading
executable code (e.g., a computational brain image), replac-
ing the code, executing operations during startup, and/or
other operations). As used herein, a “computational brain
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image” may comprise executable code (e.g., binary image
files), object code, bytecode, an array of weights for an arti-
ficial neuron network (ANN), and/or other computer formats.

[0100] Consistent with the present disclosure, the various
components of the device may be remotely disposed from one
another, and/or aggregated. For example, robotic brain soft-
ware may be executed on a server apparatus, and control the
mechanical components of an autonomy module via a net-
work or a radio connection. Further, multiple mechanical,
sensory, or electrical units may be controlled by a single
robotic brain via network/radio connectivity.

[0101] The mechanical components 718 may include vir-
tually any type of component capable of motion (e.g., to move
the robotic apparatus 700, and/or other) or configured to
perform a desired function or task. These may include, with-
out limitation: motors, servos, pumps, hydraulics, pneumat-
ics, stepper motors, rotational plates, micro-electro-mechani-
cal devices (MEMS), electro-active polymers, and/or other
motive components. The components interface with the
robotic brain and enable physical interaction and manipula-
tion of the device.

[0102] The sensory components 720 allow the robotic
device to accept stimulus from external entities. These may
include, without limitation: video, audio, haptic, capacitive,
radio, accelerometer, ultrasonic, infrared, thermal, radar,
lidar, sonar, and/or other sensing components.

[0103] The electrical components 722 include virtually any
electrical component for interaction and manipulation of the
outside world. These may include, without limitation: light/
radiation generating components (e.g. light emitting diodes
(LEDs), infrared (IR) sources, incandescent light sources,
and/or other), audio components, monitors/displays,
switches, heating elements, cooling elements, ultrasound
transducers, lasers, and/or other. Such components enable a
wide array of potential applications in industry, personal hob-
byist, building management, medicine, military/intelligence,
and other fields (as discussed below).

[0104] The network interface includes one or more connec-
tions configured to interact with external computerized
devices to allow for, inter alia, management and/or control of
the robotic device. The connections may include any of the
wireless or wireline interfaces discussed above, and further
may include customized or proprietary connections for spe-
cific applications.

[0105] The power system 724 is configured to support vari-
ous use scenarios of the device. For example, for a mobile
robot, a wireless power solution (e.g. battery, solar cell,
inductive (contactless) power source, rectification, and/or
other) may be appropriate. However, for fixed location appli-
cations which consume significant power (e.g., to move
heavy loads, and/or other), a wall power supply may be a
better fit. In addition, in some implementations, the power
system and or power consumption may be configured with the
training of the robotic apparatus 700. Thus, the robot may
improve its efficiency (e.g., to consider power consumption
efficiency) through learned management techniques specifi-
cally tailored to the tasks performed by the robotic apparatus.

[0106] FIG. 8A illustrates the mechanical coupling of an
autonomy module to a robotic body using an electro-me-
chanical interface. In one exemplary embodiment, the inter-
face includes a proprietary interface for use with the trainable
modular robotic apparatus. In other embodiments, the inter-
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face is based on existing connector technologies and/or com-
munication protocols (e.g., USB, Firewire, Ethernet CAT6,
and/or other.)

[0107] The apparatus 800 of FIG. 8A comprises the
autonomy module (AM) 830 coupled to a robotic body 820.
The coupling is effectuated via a coupling mechanism 826,
822. Common examples of coupling mechanisms include,
without limitation, physical connector assemblies (based on
e.g., snap, friction, male/female, and/or other), magnetic con-
nector assemblies, and/or other.

[0108] The coupling 826, 822 may provide one or more
electrical signals (e.g., current, voltage, and/or other),
mechanical inputs (e.g., rotational momentum, linear veloc-
ity, angular velocity, pressure, force, torque, and/or other),
electromagnetic signals (e.g., light, radiation, and/or other),
mass transfer (e.g., pneumatic gas flow, hydraulic liquid flow,
and/or other) from one module (e.g., 820) of the apparatus
800 to another module (830) or vice versa, as denoted by
arrows 824. For example, the AM 830 may receive feedback
from the body 820 via the interface 822, 826. Thereafter, the
processing module of the AM (e.g., 716 in FIG. 7) utilizes the
feedback 824 to determine movements and/or state of the
robotic body by e.g., sensing actuator position, torque, cur-
rent, and/or other.

[0109] Inone exemplary embodiment, the AM 830 may be
configured to provide a mechanical output 824 to robotic
body 820. In one or more implementations, the mechanical
output 824 may be characterized by one or more of a rota-
tional momentum, a linear velocity, an angular velocity, a
pressure, a linear force, a torque, and/or other parameter. The
coupling mechanism between the AM and the body (e.g., 822,
826) may comprise a proprietary mechanical, electrical, and/
or electromechanical interface optimized for transmission of
relevant parameters. In some implementations, the interface
portion 822 and/or 826 may be configured to be mechanically
adjusted relative the complementary interface portion (e.g.,
via a slide-rotate motion, extend/contract, and/or other) in
order to provide secure coupling.

[0110] By way of a non-limiting example, FIGS. 8B-8E
illustrate interface configurations in accordance with some
implementations.

[0111] FIG. 8B illustrates a coupling interface configured
to provide rotational motion from an autonomy module to a
robotic body of, e.g., configuration illustrated in FIG. 8A, in
accordance with one implementation. The interface 840 may
comprise an element 848 configured to be rotated by an
actuator of an AM module (e.g., 830 of FIG. 8A) around a
longitudinal axis of the element 848 in a direction shown by
arrow 846. The element 848 may comprise a coupling mecha-
nism (e.g., akey 842) configured to couple the element 848 to
an element of the robotic body (e.g., 820 in FIG. 8A). Cou-
pling 842 may be adapted to match load, torque, and/or other
characteristics of the motion being transferred from the actua-
tor to the body.

[0112] FIG. 8C illustrates a coupling interface configured
to provide translational motion from an autonomy module to
arobotic body of, e.g., configuration illustrated in FIG. 8A, in
accordance with one implementation. The interface 850 may
comprise an element 858 configured to be displaced by an
actuator of an AM module (e.g., 830 of FIG. 8A) along a
longitudinal axis of the element 858 in a direction shown by
arrow 856. The element 858 may comprise a coupling mecha-
nism (e.g., a key, a slot, a friction, a spring coupling, and/or
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other) configured to couple the element 858 to an element of
the robotic body (e.g., 820 in FIG. 8A).

[0113] FIG. 8D illustrates a slider coupling interface con-
figured to a pivoting motion from an autonomy module to a
robotic body of, e.g., configuration illustrated in FIG. 8A, in
accordance with one implementation. The interface 860 may
comprise an element 868 configured to be displaced by an
actuator of an AM module (e.g., 830 of FIG. 8A) along a
direction shown by arrow 866. The element 868 may com-
prise a coupling mechanism (e.g., a keyed element, a friction,
a spring coupling, and/or other) configured to couple the
element 868 to an element of the robotic body (e.g., 820 in
FIG. 8A).

[0114] FIG. 8E is a functional block diagram illustrating a
coupling interface configured to provide translational and/or
rotational motion from an autonomy module to a robotic
body, of, e.g., configuration illustrated in FIG. 8 A, in accor-
dance with one implementation. The interface 870 may com-
prise an element 878 configured to be rotated by an actuator of
an AM module (e.g., 830 of FIG. 8A) around a longitudinal
axis of the element 878 in a direction shown by arrow 876.
The element 878 may comprise a coupling mechanism 872,
comprising a thread and/or one or more groves. The mecha-
nism 872 may be utilized to convert the rotational motion 876
of the element 878 to translational motion 874 of, e.g., a
tendon of the robotic body (e.g., 820 in FIG. 8A). The cou-
pling mechanism 872 may comprise an adaptor that may be
coupled to the element 878 in order to, e.g., match load,
torque, and/or other characteristics of the motion being trans-
ferred from the actuator to the body.

[0115] It will be recognized by those skilled in the arts that
coupling configurations shown and described above with
respect to FIGS. 8B-8E serve to illustrate principles of the
disclosure and various other coupling mechanisms may be
utilized. It will also be recognized that specific configuration
of coupling mechanism (e.g., 842 in FIG. 8B) may be adapted
to match nature of motion being transferred (e.g., linear vs
axial), load, torque, and/or other characteristics.

[0116] FIG. 9 is a functional block diagram illustrating a
computerized system configured to operate a trainable modu-
lar robotic apparatus of the disclosure, in accordance with one
implementation. The system 900 may comprise a computer-
ized depository 906 configured to provide trained robotic
brain images to controllers within one or more AM (e.g.,
910_1, 910_2). The robotic brain images may comprise
executable code (e.g., binary image files), bytecode, an array
of weights for an artificial neuron network (ANN), and/or
other computer formats. In some implementations, the
depository 906 may comprise a cloud server depository 906.
In FIG. 9, remote AM devices (e.g., 910_1) may connect to
the depository 906 via aremote link 914 in order to save, load,
update, their controller configuration (brain). In some imple-
mentations, remote AM devices (e.g., 910_2) may connect to
the depository 906 via a local computerized interface device
904 via a local link 908 in order to facilitate learning configu-
ration and software maintenance of the user device 910. In
one or more implementations, the local link 908 may com-
prise a network (Ethernet), wireless link (e.g. Wi-Fi, Blue-
tooth, infrared, radio), serial bus link (USB, Firewire, and/or
other), and/or other. The local computerized interface device
904 may communicate with the cloud server depository 906
via link 912. In one or more implementations, links 912
and/or 914 may comprise an internet connection, and/or other
network connection effectuated via any of the applicable
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wired and/or wireless technologies (e.g., Ethernet, Wi-Fi,
LTE, CDMA, GSM, and/other).

[0117] Insomeimplementations, two (or more)trained AM
may exchange brain images with one another, e.g., as shown
by arrow 918 in FIG. 9. A user may train controller of the
robot using, e.g., haptic learning method described herein.
The user may elect to provide (share) trained controller con-
figuration (brain image) to one or more other AM. The brain
image provision transaction may comprise one or more of the
following: free, for a fee, in kind exchange, trade, and/or
other. The robotic brain images may comprise executable
code (e.g., binary image files), bytecode, an array of weights
for an artificial neuron network (ANN), and/or other com-
puter formats.

[0118] By way of a non-limiting example, personnel of a
hobby store may pre-train a given robot (e.g., the bear 300 of
FIG. 3A) to possess a certain behavior (e.g., dance). The
trained controller configuration may be loaded to other con-
trollers by the store personnel. Bear toys sold by the store and
comprising the pre-trained AM may provide clients with a
pre-trained functionality not available to clients of other
stores thereby providing the hobby store with a competitive
advantage and potentially increasing sales of bear toys. In
some implementations, the trained controller configuration
may be provided to buyers on a computer readable medium,
offered for download via an app store, and/or using other
methods.

[0119] In one or more applications that may require com-
putational power in excess of that that may be provided by a
processing module of the AM 910_2 the local computerized
interface device 904 may be used to perform computations
associated with training and/or operation of the robotic body
coupled to the AM 910_2. The local computerized interface
device 904 may comprise a variety of computing devices
including, for example, a desktop PC, a laptop, a notebook, a
tablet, a phablet, a smartphone (e.g., an iPhone®), a printed
circuit board and/or a system on a chip (SOC) comprising one
or more of general processor unit (GPU), field programmable
gate array (FPGA), multi-core central processing unit (CPU),
an application specific integrated circuit (ASIC), and/or other
computational hardware (e.g., a bitcoin mining card Bit-
Force®).

[0120] FIG. 10 illustrates a trainable modular robotic appa-
ratus interfacing to alocal user computerized device, in accor-
dance with one implementation. The robotic apparatus 1000
of FIG. 10 comprises a controller module that is embedded
within the autonomy module 1002. As shown, the AM 1002
interfaces to a local network interface apparatus 1010. The
local network interface apparatus 1010 provides network
connectivity for the AM 1002 to a remote data depository
(e.g., a cloud server via the Internet) via a local link 1004. In
one or more implementations, the apparatus 1010 may com-
prise a computing device such as: a tablet, a phablet, a laptop,
a smartphone, a computer, a network hub, a wireless access
point, and/or other. The link 1004 may comprise a wireless
Bluetooth link, a Wi-Fi link, and/or other connectivity. In
some implementations, the link 1004 may comprise a wired
connection (e.g., Ethernet, serial bus, and/or other.)

[0121] In one exemplary embodiment, the configuration
shown in FIG. 10 may be particularly useful in order to reduce
complexity, size, and/or cost of an autonomy module that
provides long range network connectivity (e.g., cellular
modem, Ethernet port, and/or Wi-Fi). Using the existing local
network interface 1010 (e.g., via a smartphone, and/or a wire-
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less access point (AP)), the robotic device 1000 may be
capable of connecting to a remote data depository (such as
was previously described).

[0122] Robotic devices comprising an autonomy module of
the present disclosure may be trained using online robot train-
ing methodologies described herein, so as to perform a target
task in accordance with a target trajectory.

[0123] Training may be implemented using a variety of
approaches including those described in U.S. patent applica-
tion Ser. No. 14/040,520 entitled “APPARATUS AND
METHODS FOR TRAINING OF ROBOTIC CONTROL
ARBITRATION”, filed Sep. 27 2013. Ser. No. 14/088,258
entitled “APPARATUS AND METHODS FOR TRAINING
OF NOVELTY DETECTION IN ROBOTIC CONTROL-
LERS”, filed Nov. 22, 2013, Ser. No. 14/070,114 entitled
“APPARATUS AND METHODS FOR ONLINE TRAIN-
ING OF ROBOTS”, filed Nov. 1, 2013, Ser. No. 14/070,239
entitled “REDUCED DEGREE OF FREEDOM ROBOTIC
CONTROLLER APPARATUS AND METHODS”, filed
Nov. 1, 2013, Ser. No. 14/070,269 entitled “APPARATUS
AND METHODS FOR OPERATING ROBOTIC DEVICES
USING SELECTIVE STATE SPACE TRAINING”, filed
Nov. 1, 2013, and Ser. No. 14/102,410 entitled “APPARA-
TUS AND METHODS FOR HAPTIC TRAINING OF
ROBOTS”, filed Dec. 10, 2013, each of the foregoing being
incorporated herein by reference in their entireties.

[0124] FIG. 11 illustrates an exemplary trajectory configu-
ration useful with online haptic training of a learning control-
ler within an autonomy module (such as was previously
described). A robotic device 1110 may include a rover body
comprising an autonomy module coupled thereto and/or an
end-effector, e.g., an arm). As shown, the rover 1110 is trained
to approach the target 1140 and avoid obstacles 1132, 1134.
The target approach/avoidance task of the device 1110 may
be characterized by a target trajectory 1130. Training may be
performed by a training entity over multiple trials (e.g., 1124,
1126 in FIG. 11). Robot operation during a given trial may be
based on one or more control commands generated by a
controller of the robot (e.g., under supervision of a human) in
accordance with sensory context. In one or more implemen-
tations the context may comprise information about the posi-
tion and/or movement of the robot 1110, obstacles 1132,
1134, and/or the target 1140. The controller of the robot may
comprise a predictor module e.g., described in U.S. patent
application Ser. No. 13/842,530, entitled “ADAPTIVE PRE-
DICTOR APPARATUS AND METHODS”, filed Mar. 15
2013, incorporated supra.

[0125] The training entity may comprise a human user and/
or a computerized agent. During a given trial, the training
entity may observe an actual trajectory of the robot e.g., the
trajectory 1142 during the trial 1124 in FIG. 11. As shown in
FIG. 11, the actual trajectory (shown by the solid line 1142) of
the robot at a location 1144 may diverge from the target
trajectory (shown by the broken line 1130) by of an amount
indicated by an arrow 1148. Based on detecting the discrep-
ancy 1148 between the target trajectory 1130 and the actual
trajectory 1142, the training entity may provide a teaching
input to the robotic device 1110 at the location 1144. The
training input may comprise a haptic action, characterized by
a physical contact between the trainer and the robotic device
controller. In some implementations, the haptic action may
comprise one or more of a push, a pull, amovement (e.g., pick
up and move, move forward, backwards, rotate, reach for an
object, pick up, grasp, manipulate, release, and/or other
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movements), a bump, moving the robot or a portion thereof
along a target trajectory, holding the robot in place, and/or
other physical interactions of the trainer with the device 1110.

[0126] Inanother example (notshown), the human user can
train a manipulator arm based on haptic input. The haptic
input may comprise the trainer grabbing and moving the arm
along a target trajectory. The arm may be equipped with a
force/torque sensor. Based on the sensor readings (from the
force/torque vectors generated by the trainer), the controller
infers the appropriate control commands that are configured
to repeat the motion of the arm.

[0127] Referring back to FIG. 11, as a result of the haptic
input, the robot’s actual trajectory is adjusted to location
1146. The controller of the robot 1110 is configured to detect
the trajectory displacement 1148, and characterize the trajec-
tory displacement 1148 as a change in the state of the robot. In
one or more implementations, the robot state change may be
based on a modification of one or more parameters. Examples
of such parameters may include one or more of motion char-
acteristics of the robotic platform (e.g., speed, acceleration,
orientation, rotation, and/or other motion characteristics),
joint position, motor current draw, motor torque, force on a
motor/joint, and/or other. In one or more implementations,
the unpredicted change in the state of the robotic device (e.g.,
due to trainer actions) is interpreted as teaching input. In some
implementations a state change may occur due to an external
condition (e.g., a collision with an obstacle, a skid due to a
loss of traction, and/or other external condition). Those of
ordinary skill in the related art will further appreciate that the
training input may be indicated to the robotic controller using
e.g., visual and/or audio signal (clues) accompanying the
haptic input. For example, an audible command (e.g., a click)
or the appearance of a portion of the trainer’s body (e.g., a
hand, and/or other) within a sensory video frame may indicate
teaching input. In some implementations, the teaching input
may be detected using one or more tactile sensors mounted on
the robotic body. The user indicates that the robot should
change its trajectory by interaction with a specific sensor
(e.g., by pressing a button, and/or other.) For example, press-
ing a button on the back of the robot is interpreted as a
teaching command to move forward. In one or more imple-
mentations, mapping of the user commands to sensory input
may be pre-defined (e.g., hard-coded) or learned using super-
vised learning or reinforcement learning.

[0128] Based on the training input associated with the state
adjustment 1148, the controller of the robot infers the appro-
priate behavior of the robot. In some instances, the controller
may further adjust its learning process to take into account the
teaching input. For example, based on the adjusted learning
process, robot action during a subsequent trial (e.g., 1126,
may be characterized by the trajectory 1152 of the robot being
closer to the target trajectory 1130 (e.g., the discrepancy 1150
for the trial 1126 being smaller than the discrepancy 1148 for
the trial 1124).

[0129] Various approaches may be utilized in order to
determine a discrepancy between the current trajectory and
the target trajectory along the trajectory. In one or more
implementations, the discrepancy may be represented as a
measured distance, a normalized distance (“norm™), a maxi-
mum absolute deviation, a signed/unsigned difference, a cor-
relation, a point-wise comparison, and/or a function of an
n-dimensional distance (e.g., a mean squared error). In one or
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more implementations, the distance D between the actual x
and the predicted state x¥ may be determined as follows:

D=D(x"-x), (Eqn. 1)
D=D(sign(x*)-sign(x)), (Eqn. 2)
D=D(sign(x*-x)), (Eqn. 3)

where D denotes an n-dimensional norm operation.

EXEMPLARY METHODS

[0130] FIGS. 12 and 13 illustrate methods 1200, 1300 of
operating robotic devices comprising autonomy module of
the disclosure. The operations of methods 1200, 1300 pre-
sented below are intended to be illustrative. In some imple-
mentations, methods 1200, 1300 may be accomplished with
one or more additional operations not described, and/or with-
out one or more of the operations discussed. Additionally, the
order in which the operations of method 1200, 1300 are
illustrated in FIGS. 12 and 13 and described below is not
intended to be limiting.

[0131] Insomeimplementations, methods 1200, 1300 may
be implemented using one or more processing devices (e.g., a
digital processor, an analog processor, a digital circuit
designed to process information, an analog circuit designed to
process information, a state machine, and/or other mecha-
nisms for electronically processing information). The one or
more processing devices may include one or more devices
executing some or all of the operations of methods 1200, 1300
in response to instructions stored electronically on an elec-
tronic storage medium.

[0132] The one or more processing devices may include
one or more devices configured through hardware, firmware,
and/or software to be specifically designed for execution of
one or more of the operations of methods 1200, 1300.
[0133] FIG.12illustrates a generalized method for expand-
ing functionality of a robotic device consistent with various
implementations described herein.

[0134] At operation 1202 an autonomy module may be
adapted to comprise two or more actuators, a controller, and/
or a sensor. The controller may be configured to operate
individual actuators so as to control two or more degrees of
freedom distinct from one another. In some implementations,
the two or more DOF may comprise motion with respect to
two or more orthogonal axes, two or more motions of differ-
ent kinematics (e.g., translation and rotation), and/or other.
[0135] At operation 1204 the AM may be coupled to a first
robotic body. In some implementations, the first body may
comprise, e.g., a robotic toy (e.g., a giraffe), a plane, a car
and/or other. Coupling may be effectuated using a dedicated
interface (e.g., a combination of proprietary locking male/
female connectors). The first body may comprise two or more
elements configured to be operated in first and second DOF
that are distinct kinematically from one another.

[0136] At operation 1206 the controller of the AM may be
trained to operate the first body. The operation may comprise
manipulating the two or more elements of the first body in the
first and the second DOF to accomplish a task (e.g., manipu-
lating a two joint arm to touch a target).

[0137] At operation 1208 the AM may be coupled to a
second robotic body. In some implementations, the second
body may comprise, e.g., a robotic toy (e.g., a giraffe), a
plane, a car and/or other. Coupling may be effectuated using
a dedicated interface (e.g., a combination of a proprietary
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locking male/female connectors). The second body may be
characterized by kinematic chain that is configured different
from the kinematic chain of the first body as e.g., in a two
single joint arms vs one two individually controller joints
arm, a four-limbed animal (e.g., the bear 300) vs. a plane 340,
and/or other configurations. The second body may comprise
two or more elements configured to be operated in at least two
of the first, the second, and a third DOF that are distinct
kinematically from one another.

[0138] At operation 1210 the controller of the AM may be
trained to operate the second body. The operation may com-
prise manipulating the two or more elements of the second
body two DOF to accomplish a task (e.g., manipulating a two
single-joint arms to touch a target).

[0139] FIG. 13 illustrates a method of haptic training of a
robotic device, in accordance with one or more implementa-
tions described herein. In one or more implementations, the
training may be effectuated by a trainer comprising a human
operator and/or a computerized agent. Training performed
according to method 1300 may be based on multiple itera-
tions (as previously discussed). For example, during indi-
vidual iterations of a multiple iteration process, the robot may
be configured to navigate a trajectory.

[0140] At operation 1301 of method 1300, a context is
determined. In some implementations, the context may com-
prise one or more aspects of sensory input and/or feedback
that may be provided by the robot platform to the controller.
In one or more implementations, the sensory aspects may
include: detection of an object, a location of an object, an
object characteristic (color/shape), a sequence of movements
(e.g., a turn), a sensed characteristic of an environment (e.g.,
an apparent motion of a wall and/or other surroundings turn-
ing a turn and/or approach) responsive to a movement, and/or
other. In some implementation, the sensory input may be
collected while performing one or more training trials of the
robotic apparatus.

[0141] At operation 1302 of method 1300, the robot is
operated in accordance with an output determined by a learn-
ing process of the robot based on the context. For example,
referring back to FIG. 11, the context may comprise the
detected location of objects 1132, 1134; the resultant output
may comprise a control command to one or more actuators of
the rover 1110 configured to execute a right turn. Operation in
accordance with the output results in a trajectory 1142 of the
robot.

[0142] At operation 1304 of method 1300, the state of the
robot is observed by the trainer. In one implementation, the
state may represent the position of a rover along a trajectory
(for example, in FIG. 11, location 1144 of the trajectory
1142), the orientation and/or velocity of a manipulator, etc.
Based on the state observation at operation 1304, the trainer
may determine that the actual robot state does not match the
target state (referring back to FIG. 11, the trainer may deter-
mine that the actual trajectory location 1144 does not match
the target trajectory location 1146).

[0143] At operation 1306 of method 1300, a teaching input
is provided to the robot when the trainer modifies the robot’s
state via e.g., physical contact with the robot platform. In
some implementations, the physical contact comprises a hap-
tic action which may include one or more of a push, a pull, a
movement (e.g., pick up and move, move forward, back-
wards, rotate, reach for an object, pick up, grasp, manipulate,
release, and/or other movements), a bump, moving the robot
ora portion thereof along a target trajectory, holding the robot
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in place, and/or other physical interaction of the trainer with
the robot. In manipulator arm embodiments, training with
haptic input may comprise the trainer grabbing and moving
the arm along the target trajectory.

[0144] At operation 1308 of method 1300, the learning
process of the robot is updated based on the training input
(e.g., haptic input). In one or more implementations, the
learning process may comprise a supervised learning process
configured based on the teaching signal. In some embodi-
ments, the teaching signal may be inferred from a comparison
of the robot’s actual state with a predicted state (for example,
based on Eqn. 1-Eqn. 3, and/or other). During subsequent
time instances, the robot may be operated in accordance with
the output of the updated learning process (for example, as
previously discussed with respect to FIG. 11).

EXEMPLARY USES AND APPLICATIONS

[0145] In some implementations, the autonomy module
(AM) may house motor, sensory, power, and processing com-
ponents needed to operate one or more robotic bodies. The
robotic bodies may comprise one or more swappable limbs,
and/or other body parts configured to interface to the AM. In
one or more implementations, the AM may be adapted to
interface to existing robotic bodies (e.g., for retro-fitting of
existing robotic bodies with newer AMs). In such implemen-
tations, the AM may provide power, processing, and/or learn-
ing capabilities to existing non-learning robots.

[0146] A variety of connectivity options may be employed
in order to couple an AM to a body of a robot including, for
example, screws, bolts, rivets, solder, glue, epoxy, zip-ties,
thread, wire, friction, pressure, suction, and/or other means
for attachment. The modular architecture described herein
may be utilized with a variety of robotic devices such as e.g.,
inanimate toys, robotic manipulators, appliances, and/or
vehicles.

[0147] A variety of business methods may be utilized in
order to trainable modular robotic devices. In some imple-
mentations, a supplier (e.g., Brain Corporation) may develop,
build, and provide complete AM modules (e.g., 200, 240,
260) to one or more clients (e.g., original equipment manu-
facturers (OEM), e.g., toy manufacturing company), and/or
resellers and/or distributors (e.g., Avnet, Arrow, Amazon).
The client may install the AM within one or more trainable
robotic toys. An agreement between the supplier and the
client may comprise a provision for recurring maintenance
and updates of the AM software (e.g., drivers for new sensors,
actuators, updates to processing and/or learning code and/or
other).

[0148] In one or more implementations, the supplier may
provide a client (e.g., the OEM) with a bare bone AM kit (e.g.,
a chipset with processing, memory, software) while the client
may (under a license) add sensors, actuators, power source,
and/or enclosure.

[0149] In one or more implementations, the supplier may
provide a ASIC, a software library, and/or a service to develop
a custom hardware and/or software solution for the client
(e.g., provide a demo mode for a robotic toy to enable cus-
tomers to evaluate the toy in a retail environment).

Cloud Management—

[0150] Various implementations of the present disclosure
may utilize cloud based network architecture for managing of
controller code (e.g., computational brain images). As indi-
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vidual users (or groups of users) begin creating computa-
tional brain images through the training process, different
tasks related to computational brain image management (e.g.,
storage, backup, sharing, purchasing, merging, and/or other
operations) are performed. User experience with respect to
these tasks is at least partly dependent on the ease with which
they are performed, and the efficacy of the systems provided
for their completion. Cloud-based architectures allow a user
to protect and share their work easily, because computational
brain images are automatically remotely stored and are easily
retrieved from any networked location. The remote storage
instantly creates a spatially diverse backup copy of a compu-
tational brain image. This decreases the chance of lost work.
In various implementations, a computational brain image
stored on a server is also available in any location in which a
user has access to an internet connection. As used herein, the
term cloud architecture is used to generally refer to any net-
work server managed/involved system (generally provided
by a3"party service). This may refer to connecting to a single
static server or to a collection of servers (potentially inter-
changeable) with dynamic storage locations for user content.
[0151] It will be appreciated that while the term “user” as
discussed herein is primarily contemplated to be a human
being, it is also contemplated that users may include artifi-
cially intelligent apparatus themselves. For instance, in one
exemplary training paradigm of the disclosure, a human
being trains a first learning controller of an AM apparatus (or
group of apparatus), the latter of which are then used to train
other “untrained” controllers, thereby in effect leveraging the
training model so as to permit much more rapid and pervasive
training of a large numbers of controller apparatus such as
e.g., robots (i.e., the training process then goes “viral”).
[0152] Referring back to FIG. 9, the computerized system
may be used to effectuate a cloud-based training system
according to the contents of the present disclosure. A user
may utilize on-board or accessible network connectivity to
connect the AM 910_1 to the depository 906 implemented
within a cloud server. Upon authentication, the user identifies
a computational brain image to be loaded onto the AM learn-
ing controller (e.g., the robotic brain module 712 in FIG. 7).
In one or more implementations, the computational brain
image may comprise a plurality of neural network weights so
that the download image sets the neural network weights of
the robotic brain module. Additionally, the user may access
personal content and/or public content (e.g. shared/purchas-
able content) from the cloud server. In some implementa-
tions, the AM 910_2 may use a local connectivity device 904
as a bridge in order to connect to the depository 906.

[0153] For shared applications, a user may designate com-
putational brain images to upload and download from the
cloud server. To designate computational brain images for
download, the user browses the computational brain image
content of the cloud server via the interface device 904 or via
a browser application on another mobile device or computer.
The user then selects one or more computational brain
images. The computational brain images may be transmitted
for local storage on the AM of a robotic device, user interface
device, portable storage medium (e.g., a flash memory), and/
or other computerized storage.

[0154] The computational brain images displayed in the
browser may be filtered to aid in browsing and/or selection of
the appropriate computational brain image. Text or other
searches may be used to locate computational brain images
with certain attributes. These attributes may be identified for
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example via metadata (e.g. keywords, descriptions, titles,
tags, user reviews/comments, trained behaviors, popularities,
or other metadata) associated with the computational brain
image file. Further, in some implementations, computational
brain images may be filtered for compatibility with the hard-
ware of the AM and/or robotic platform (e.g. processor con-
figuration, memory, on board sensors, cameras, servos,
microphones, or any other device on the robotic apparatus). In
various ones of these implementations, the cloud server con-
nects to the AM apparatus (or otherwise accesses information
about the apparatus, such as from a network server, cloud
database, or other user device) to collect hardware informa-
tion and other data needed to determine compatibility. In
some implementations, the interface device 904 collects and
sends this information. In some implementations, the user
inputs this information via the browser. Thus, the user (or
administrator of the cloud server 906) may control which
computational brain images are displayed during browsing.
Hardware (and software) compatibility may be judged in a
binary fashion (i.e. any hardware mismatch is deemed incom-
patible), or may be listed on a scale based on the severity of
the mismatch. For example, a computational brain image with
training only to identify red balls is not useful without a color
sensing capability. However, a computational brain image
that controls legs but not sound sensors may still be used for
a device with legs and a sound sensor. The cloud process (or
user interface device) may also be configured to assist the user
in “fixing” the incompatibilities; e.g., links or other resources
to identify a compatible computational brain image.

[0155] Insome implementations, the cloud server may aid
in the improvement of “brain” operation. In an exemplary
implementation, the cloud server receives network operating
performance information from a brain, and determines how to
improve brain performance by adapting the brain’s current
network image. This may be achieved via e.g., an optimiza-
tion done in the cloud, or the cloud server may retrieve the
optimization algorithms for the local hardware, and provide it
to the customer’s own computer. In some implementations,
the cloud server may optimize performance by providing a
new image to the brain that has improved performance in
similar situations. The cloud may act as a repository of com-
putational brain images, and select which image(s) is/are
appropriate for a particular robot in a particular situation.
Such optimization may be provided as a paid service, and/or
under one or more other paradigms such as an incentive,
on-demand model, or even under a barter system (e.g., in
trade for another brain or optimization). In some implemen-
tations, users pay a one-time fee to receive an optimized
image. In various implementations, users may subscribe to an
optimization service and receive periodic updates. In some
implementations, a subscription user may be given an assur-
ance that for any given task, the cloud server provides the
most optimized image currently known/available.

[0156] In various implementations, the performance met-
rics may be supplied by routines running on the brain or
related hardware. For example, a brain may be trained to
perform a specific action, and to determine its speed/effi-
ciency in performing the action. These data may be sent to the
cloud server for evaluation. In some implementations, an
isolated set of routines (running on the same or separate
hardware) monitors brain function. Such separated routines
may be able to determine performance even in the case in
which the brain itself is malfunctioning (rather than just hav-
ing limited performance). Further, the user of the brain may
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use search terms based on performance metrics to find can-
didate/suggested brains meeting certain criteria. For
example, the user may wish to find a computational brain
image capable of doing a specific task twice as fast/efficiently
as a currently loaded image.

[0157] To this end, in the exemplary implementations,
computational brain images may be uploaded/stored as full or
partial images. Full images may be loaded on to an autonomy
module (AM) and run as a self-sufficient control application.
Partial images may lack the full functions necessary to run
certain features of the robotic device. Thus, partial images
may be used to augment or upgrade (downgrade) a pre-loaded
computational brain image or a stored computational brain
image. It will be appreciated that a full computational brain
image for a first device may serve as a partial computational
brain image for second device with all of the functionality of
the first plus additional features. In some implementations,
two or more partial computational brain images may be com-
bined to form full computational brain images.

[0158] Brain merges using the methods discussed above
may also be used for combining computational brain images
with conflicting or overlapping traits. In various implemen-
tations, these merge techniques may also be used to form full
computational brain images from partial computational brain
images.

[0159] In some embodiments, user accounts are linked to
registered AM apparatus and a registered user (or users).
During registration, the user provides personally identifiable
information, and for access to purchasable content, financial
account information may be required. Various embodiments
may additionally incorporate authentication and security fea-
tures using a number of tools known to those of'skill in the art,
given the contents of the present disclosure. For example,
secure socket layer (SSL) or transport layer security (TLS)
connections may be used to protect personal data during
transfer. Further, cryptographic hashes may be used to protect
data stored on the cloud servers. Such hashing may further be
used to protect purchasable or proprietary computational
brain images (or other content) from theft.

[0160] For shared and purchasable content the network
validates computational brain images to ensure that mali-
cious, corrupted, or otherwise non-compliant images are not
passed between users via the cloud system. In one implemen-
tation, an application running on the cloud server extracts the
synaptic weight values from the computational brain image,
and creates a new file. Thus, corrupted code in auxiliary
portions of a computational brain image is lost. A variety of
methodologies may be utilized in order to determine as to
whether the computational brain image is compliant, includ-
ing, e.g., hash value computation (e.g., a check sum), creden-
tials verification, and/or other. In some implementations,
various checksums are used to verify the integrity of the user
uploaded images. Various implementations further require
that the AM apparatus to have internet connectivity for
uploading computational brain images. Thus, the cloud
server may create computational brain images directly from
AM apparatus for sharing purposes. In such cases, the cloud
server may require that the AM apparatus meet certain
requirements for connectivity (e.g. updated firmware, no
third-party code or hardware, and/or other.)

[0161] The exemplary cloud server may also provide com-
putational assistance to a brain to expand its size of the neural
network a given brain may simulate. For example, if a brain is
tasked with an operation it has failed to complete with its
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current computing resources or current computational brain
image, it may request assistance from the cloud server. In
some implementations, the cloud server may suggest/initiate
the assistance. In implementations in which the cloud server
monitors the performance of the brain (or is otherwise privy
to performance metrics), the cloud server may identify that
the image necessary to perform a given task is beyond the
hardware capabilities of a given brain. Once the deficiency is
identified, the cloud server may provide a new image and the
computational resources needed to run the image.

[0162] In some implementations, the cloud computing
expansion may be initiated by a request for improved perfor-
mance rather than a deficiency that precludes operation. A
cloud server operator provides the expanded computing func-
tionality as a paid service (examples of paid services include:
usage-based, subscriptions, one-time payments, or other pay-
ment models).

[0163] In various implementations, cloud computing
power may be provided by ad hoc distributed computing
environments such as those based on the Berkeley Open
Infrastructure for Network Computing (BOINC) platform.
Myriad distributed implementations for brains may be used,
such as those described in U.S. Provisional Patent Applica-
tion Ser. No. 61/671,434, filed on Jul. 13, 2012, entitled
“INTELLIGENT MODULAR ROBOTIC APPARATUS
AND METHODS”, now U.S. patent application Ser. No.
13/829,919 filed on Mar. 14, 2013, entitled “INTELLIGENT
MODULAR ROBOTIC APPARATUS AND METHODS”
and/or U.S. patent application Ser. No. 13/830,398, entitled
“NEURAL NETWORK LEARNING AND COLLABORA-
TION APPARATUS AND METHODS”, filed on Mar. 14,
2013, each of the foregoing previously incorporated herein in
its entirety.

[0164] In some implementations, the trainable modular
robotic device architecture described herein may afford
development and use of robots via social interaction. For
example, with reference to FIG. 9, the connectivity structure
of the exemplary autonomy modules (e.g., 910), the interface
device 904, and the cloud server 906 are designed to aid in
fostering a social environment in which the AM controllers
are trained. Through options in the training application, users
may access content shared by other users. This content
includes without limitation: media related to the training of
the AM apparatus (e.g. videos, pictures, collected sensor data,
wiki entries on training techniques/experiences, forum posts,
and/or other media), computational brain images, third-party
and so-called “homebrew” modifications (i.e., by small hob-
byists), and/or other users may also form user groups to
collaborate on projects or focus on specific topics, or even on
the collective formation of a computational brain image
(somewhat akin to extant distributed gaming interaction). In
some implementations, users may also cross-link to groups
and content on third-party social media websites (e.g. Face-
book®, Twitter®, and/or other).

[0165] Insomeimplementations, astorefrontis providedas
a user interface to the cloud. From the storefront, users may
access purchasable content (e.g. computational brain images,
upgrades, alternate firmware packages). Purchasable content
allows users to conveniently obtain quality content to enhance
their user experience; the quality may be controlled under any
number of different mechanisms, such as peer review, user
rating systems, functionality testing before the image is made
accessible, etc. In some cases, users may prefer different
starting points in training. Some users prefer to begin with a
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clean slate, or to use only their own computational brain
images as starting points. Other users may prefer not to have
to redo training that has already been (properly or suitably)
performed. Thus, these users appreciate having easy access to
quality-controlled purchasable content.

[0166] The cloud may act as an intermediary that may link
images with tasks, and users with images to facilitate
exchange of computational brain images/training routines.
For example, a robot of a user may have difficulty performing
certain task. A developer may have an image well suited for
the task, but he does not have access to individual robots/
users. A cloud service may notify the user about the relevant
images suited the task. In some implementations, the users
may request assistance with the task. In various implementa-
tions, the cloud server may be configured to identify users
training brains for specific tasks (via one or more monitoring
functions), and alert users that help may be available. The
notification may be based on one or more parameters.
Examples of parameters may include the hardware/software
configuration of the brain, functional modules installed on the
robot, sensors available for use, kinetic configuration (how
the robot moves), geographical location (e.g. proximity of
user to developer), keywords, or other parameters. Further, in
the case of training routines, the developer may wish to
develop images suitable for a variety of robot configurations.
Thus, the developer may be particularly interested in sharing
a training routine in exchange for a copy of the user’s com-
putational brain image once the training routine is complete.
The developer then has an expanded library of pre-trained
image offerings to service future requests. In various imple-
mentations, one or more of the developer and/or trainer(s) for
a given hardware configuration may receive compensation
for their contributions.

[0167] In some approaches a subscription model may be
used for access to content. In various implementations, a user
gains access to content based on a periodic payment to the
administrator of the networked service. A hybrid model may
also be used. An initial/periodic subscription fee allows
access to general material, but premium content requires a
specific payment.

[0168] Other users that develop skill in training or those
that develop popular computational brain images may wish to
monetize their creations. The exemplary storefront imple-
mentation provides a platform to enable such enterprises.
Operators of storefronts may desire to encourage such enter-
prise both for revenue generation and for enhanced user expe-
rience. For example, in one such model, the storefront opera-
tor may institute competitions with prizes for the most
popular/optimized computational brain images, modifica-
tions, and/or media. Consequently, users are motivated to
create higher quality content. The operator may also (or in
lieu of a contest) instate a system of revenue and/or profit
sharing for purchasable content. Thus, hobbyists and casual
developers may see a reasonable return on their efforts. Such
a system may also attract professional developers. Users as a
whole may benefit from a wider array of content offerings
from more skilled developers. Further, such revenue or profit
sharing may be complemented or replaced with a system of
internal credits for developers. Thus, contributors have
expanded access to paid or otherwise limited distribution
materials.

[0169] In various implementations, the cloud model may
offer access to competing provider systems of computational
brain images. A user may be able to reprogram/reconfigure
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the software elements of the system to connect to different
management systems. Thus, competing image provision sys-
tems may spur innovation. For example, image provision
systems may offer users more comprehensive packages
ensuring access to computational brain images optimized for
a wide variety of tasks to attract users to their particular
provision network, and (potentially) expand their revenue
base.

[0170] Various aspects of the present disclosure may
advantageously be applied to, inter alia, the design and opera-
tion reconfigurable and/or modular robotic devices.

[0171] By way of an illustration, a user may purchase mul-
tiple robotic bodies (e.g., a giraffe, a lion, a dinosaur, and/or
other) with a given AM. Upon training a giratfe to perform a
particular task (e.g., dance) the user may swap the giraffe
body for alion. An app store may enable the user to search for
code for already trained learning controller for the body of the
lion that may be compatible with the AM of the user. The user
may purchase, trade, and/or otherwise obtain the trained con-
troller in order to utilize it with the new robotic body.

[0172] It is noteworthy that different robotic bodies (gi-
raffe, lion) and/or different configurations of a given body
(e.g., arm with a tendon attached at a variety of locations as
shown in FIG. 6) may be characterized by different body
kinematics (e.g., different range of motion of arm segment
608 depending on the tendon point of attachment. Differences
in body kinematics, controllable degree of freedom, feedback
from the body to the AM, sensory context changes (e.g.,
obtained by analyzing visual input via AM camera) may
necessitate adaptation (training) of the AM controller.

[0173] In some implementations of the modular robotic
device architecture described herein, two or more entities
may provide individual components of a modular robot. A
primary entity, for example, Brain Corporation, may provide
the AM and/or the associated computational brain images.
One or more other entities (e.g., third parties specializing in
toy, plane, appliance manufacturing) may provide robotic
bodies that may be compatible with a given AM. The one or
more third parties may obtain a license from Brain Corpora-
tion in order to interface robotic bodies to the AM. In some
implementation, the licensing agreement may include access
to a proprietary AM-body interface.

[0174] Training of robotic devices outfitted with a learning
autonomy mode may be facilitated using various interactions
of user and robot. By way of an illustration, the user may
utilize voice commands (e.g., approach, avoid), gestures,
audible signals (whistle, clap), light pointers, RF transmitters
(e.g., a clicker described in U.S. patent application Ser. No.
13/841,980, entitled “ROBOTIC TRAINING APPARATUS
AND METHODS?”, filed on Mar. 15, 2013), and/or other. A
robot trained to avoid red objects and approach green objects
may initiate execution of respective task upon determining a
given context (e.g., green ball in one or more images provided
by robot’s camera). The task execution may commence
absent an explicit command by the user.

[0175] Itwill be recognized that while certain aspects of the
disclosure are described in terms of a specific sequence of
steps of a method, these descriptions are only illustrative of
the broader methods of the disclosure, and may be modified
asrequired by the particular application. Certain steps may be
rendered unnecessary or optional under certain circum-
stances. Additionally, certain steps or functionality may be
added to the disclosed implementations, or the order of per-
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formance of two or more steps permuted. All such variations
are considered to be encompassed within the disclosure pre-
sented herein.

[0176] While the above detailed description has shown,
described, and pointed out novel features of the disclosure as
applied to various implementations, it will be understood that
various omissions, substitutions, and changes in the form and
details of the device or process illustrated may be made by
those skilled in the art without departing from the disclosure.
The foregoing description is of the best mode presently con-
templated of carrying out the principles and architectures
described herein. This description is in no way meant to be
limiting, but rather should be taken as illustrative of the gen-
eral principles of the disclosure. The scope of the disclosure
should be determined with reference to the claims.

1. A learning controller apparatus for operating a robotic

body, the learning controller apparatus comprising:

a processor configured to operate an adaptive learning pro-
cess in order to execute a task, the adaptive learning
process characterized by a plurality of trials;

an interface configured to provide at least one actuation
output to the robotic body, the at least one actuation
output comprising a first and a second portion config-
ured to effectuate movement of a first and a second
controllable element of the robotic body, respectively;
and

a first actuator and a second actuator each in operable
communication with the processor, the first and the sec-
ond actuators configured to provide the first and the
second portions of the at least one actuation output,
respectively;

wherein:

the adaptive learning process is configured to determine,
during a trial of the plurality of trials, the at least one
actuation output, the at least one actuation output having
a first trajectory associated therewith; and

the learning process is further configured to determine,
during a subsequent trial of the plurality of trials, another
actuation output having a second trajectory associated
therewith, the second trajectory being closer to a target
trajectory of the task than the first trajectory.

2. The apparatus of claim 1, wherein:

the first controllable element is configured to effectuate a
first movement of the robotic body in a first degree of
freedom (DOF);

the second controllable element is configured to effectuate
a second movement of the robotic body in a second DOF
independent from the first DOF; and

the first and the second portions of the at least one actuation
output are configured based on one or more computer-
executable instructions from the processor.

3. The apparatus of claim 2, wherein:

the operation of the adaptive learning process by the pro-
cessor is configured based on the one or more computer-
executable instructions; and

the processor is configured to upload the one or more
computer-executable instructions to a computer read-
able medium disposed external to an enclosure.

4. The apparatus of claim 2, wherein:

the first movement in the first DOF and the second move-
ment in the second DOF cooperate to effectuate execu-
tion of the task by the robotic apparatus;
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the adaptive learning process comprises a haptic learning
process characterized by at least a teaching input pro-
vided by a trainer, and

the teaching input is configured based on an adjustment of
the first trajectory via a physical contact of the trainer
with a robot.

5. The apparatus of claim 4, wherein:

the adjustment is configured based at least on an observa-
tion of a discrepancy between the first trajectory and the
target trajectory during the trial; and

the adjustment is configured to cause a modification of the
adaptive learning process so as to determine a second
control input configured to transition the first trajectory
towards the target trajectory during another trial subse-
quent to the trial.

6. The apparatus of claim 5, wherein:

the modification of the adaptive learning process is char-
acterized by determination of one or more values by the
processor,

the learning controller apparatus is configured to provide
another actuation output to another robotic body, the
another actuation output configured to effectuate a third
movement of the another body in the first degree of
freedom; and

the another actuation output configured based on the value.

7. The apparatus of claim 2, wherein:

a detachable enclosure is configured to house a camera
adapted to provide sensory input to the processor, the
sensory input being used for determining an actuation
input in accordance with the target task, and

the one or more computer-executable instructions are con-
figured based on at least the sensory input.

8. The apparatus of claim 2, wherein:

the processor is configured to receive an audio input, the
audio input being used for determining an actuation
input in accordance with the target task, and

the one or more computer-executable instructions are con-
figured based on at least the audio input.

9. The apparatus of claim 8, wherein:

the detachable enclosure is configured to house a sound
receiving module configured to effectuate provision of
the audio input to the processor, and

the audio input is configured based at least on a command
of a trainer.

10. The apparatus of claim 2, wherein:

the detachable enclosure is configured to house one or
more inertial sensors configured to provide information
related to a movement characteristic of the robotic body
to the processor; and

the one or more computer-executable instructions are con-
figured based at least on the information.

11. The apparatus of claim 1, wherein the processor is
configured to determine a displacement of a first joint and a
second joint associated with the first movement of the first
element in the first DOF and the second movement of the
second element in the second DOF.

12. The apparatus of claim 11, wherein the displacement
determination is configured based at least on feedback infor-
mation provided from the first or second actuator to the pro-
cessor, and the feedback information comprises one or more
of actuator displacement, actuator torque, and/or actuator
current draw.
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13. The apparatus of claim 1, wherein:

the robotic body comprises an identifier conveying infor-
mation related to a configuration of the robotic body;
and

the adaptive learning process is configured to adapt a

parameter based on receipt of the information, the
parameter adaptation configured to enable the adaptive
learning process to adapt the at least one actuation out-
put consistent with the configuration of the robotic body.

14. The apparatus of claim 13, wherein:

the configuration information comprises a number of joints

of the robotic body;

the information comprises a number and identification of

degrees of freedom of the robotic body joints;

the at least one actuation output configured consistent with

the configuration of the robotic body comprises output
configured to operate one or more joints of the robotic
body in a respective degree of freedom; and

the parameter adaptation is configured based on one or

more instructions executed by the processor, the instruc-
tions related to two or more of degrees of freedom of'the
body joints.

15. A robotic apparatus operable to conduct one or more
assigned tasks, the robotic apparatus produced according to
the method comprising:

providing a control module configured to produce one or

more inputs;

mating the control module to an otherwise inoperable

robotic body having one or more degrees of freedom;
and

causing the control module to communicate the one or

more inputs with the robotic body to enable the robotic
body to conduct the one or more assigned tasks using at
least one of the one or more degrees of freedom.

16. The robotic apparatus of claim 15, wherein the control
module comprises a learning apparatus capable of being
trained to perform the one or more assigned tasks via at least
feedback; and

the method further comprises training the learning appara-

tus to perform the one or more assigned tasks via the at
least feedback.
17. The robotic apparatus of claim 15, wherein the control
module comprises one or more motive sources, and the one or
more inputs comprise one or more mechanical force inputs.
18. An interface for use between components of a robotic
apparatus, comprising:
a first interface portion having a shape; and
a second interface portion particularly adapted to interface
only with other interface portions having the shape;

wherein mating of the first and second interface portions
renders the robotic apparatus animate via at least a
mechanical force transferred over the mated first and
second interface portions.

19. The interface of claim 18, wherein the first interface
portion comprises a substantially male feature, and the sec-
ond interface portion comprises a substantially female fea-
ture, the substantially male and substantially female feature
configured to rigidly but separably attach to one another.

20. The interface of claim 18, wherein the mated first and
second interface portions comprise at least one mechanical
interface configured to transfer a force, and at least one elec-
trical interface configured to transfer electrical signals or
power across the mated first and second interface portions;
and

the shape comprises a substantially male feature.
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