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NATURAL PITCH AND ROLL

BACKGROUND

[0001] As technology advances, various types of robotic
devices are being created for performing a variety of func-
tions that may assist users. Robotic devices may be used for
applications involving material handling, transportation,
welding, assembly, and dispensing, among others. Over time,
the manner in which these robotic systems operate is becom-
ing more intelligent, efficient, and intuitive. As robotic sys-
tems become increasingly prevalent in numerous aspects of
modern life, it is desirable for robotic systems to be efficient.
Therefore, a demand for efficient robotic systems has helped
open up a field of innovation in actuators, movement, sensing
techniques, as well as component design and assembly.

SUMMARY

[0002] The present application discloses implementations
that relate to controlling a position of a leg of a robotic device
to balance the robotic device. An example implementation
may include receiving, by a robot, a first plurality of measure-
ments indicative of respective joint angles corresponding to a
plurality of sensors connected to the robot. The robot may
include a body and a plurality of jointed limbs connected to
the body. The jointed limbs may be associated with respective
properties. The implementation may also include receiving a
body orientation measurement indicative of an orientation of
the body of the robot. The implementation may further
include determining a relationship between the first plurality
of measurements and the body orientation measurement
based on the properties associated with the jointed limbs of
the robot. Additionally, the implementation may include esti-
mating an aggregate orientation of the robot based on the first
plurality of measurements, the body orientation measure-
ment, and the determined relationship. Further, the imple-
mentation may include providing instructions to control at
least one jointed limb of the robot based on the estimated
aggregate orientation of the robot.

[0003] In another example implementation, the present
application describes a robot that may include a body, a
plurality of jointed limbs connected to the body, a first plu-
rality of sensors, a second sensor, a processing system, and a
control system. The jointed limbs may be associated with
respective properties. The first plurality of sensors may be
configured to provide a first plurality of measurements
indicative of respective joint angles of the jointed limbs. The
second sensor may be configured to provide a body orienta-
tion measurement indicative of an orientation of the body of
the robot. The second sensor may be coupled to the body. The
processing system may be configured to determine a relation-
ship between the first plurality of measurements and the body
orientation measurement based on the properties associated
with the jointed limbs. The processing system may also be
configured to estimate an aggregate orientation of the robot
based on the first plurality of measurements, the body orien-
tation measurement, and the determined relationship. The
control system may be configured to provide instructions to
control at least one jointed limb of the robot based on the
estimated aggregate orientation of the robot

[0004] Inyet another example implementation, the present
application describes a non-transitory computer-readable
medium having stored thereon instructions that, upon execu-
tion by at least one processor, causes a robot to perform a set
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of operations. The operations may include receiving a first
plurality of measurements indicative of respective joint
angles corresponding to a plurality of sensors connected to a
robot. The robot may include a body and a plurality of jointed
limbs connected to the body. The jointed limbs may be asso-
ciated with respective properties. The operations may also
include receiving a body orientation measurement indicative
of an orientation of a portion of the robot, wherein the portion
of the robot corresponds to a particular frame of reference.
The operations may further include determining a relation-
ship between the first plurality of measurements and the body
orientation measurement based on the properties associated
with the jointed limbs of the robot. Additionally, the opera-
tions may include estimating an aggregate orientation of the
robot based on the first plurality of measurements, the body
orientation measurement, and the determined relationship.
Further, the operations may include providing instructions to
control at least one jointed limb of the robot based on the
estimated aggregate orientation of the robot.

[0005] In yet still another implementation, the present
application describes a system. The system may include a
means for receiving, by a robot, a first plurality of measure-
ments indicative of respective joint angles corresponding to a
plurality of sensors connected to the robot. The robot may
include a body and a plurality of jointed limbs connected to
the body. The jointed limbs may be associated with respective
properties. The system may also include a means for receiv-
ing a body orientation measurement indicative of an orienta-
tion of the body of the robot. The system may further include
a means for determining a relationship between the first plu-
rality of measurements and the body orientation measure-
ment based on the properties associated with the jointed limbs
of'the robot. Additionally, the system may include a means for
estimating an aggregate orientation of the robot based on the
first plurality of measurements, the body orientation mea-
surement, and the determined relationship. Further, the sys-
tem may include a means for providing instructions to control
at least one jointed limb of the robot based on the estimated
aggregate orientation of the robot.

[0006] These as well as other aspects, advantages, and
alternatives, will become apparent to those of ordinary skill in
the art by reading the following detailed description, with
reference where appropriate to the accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES

[0007] FIG. 1 illustrates a configuration of a robotic sys-
tem, according to an example implementation.

[0008] FIG. 2 illustrates a perspective view a quadruped
robot, according to an example implementation.

[0009] FIG. 3 illustrates a perspective view a quadruped
robot, according to an example implementation.

[0010] FIG. 4 illustrates a perspective view a biped robot,
according to an example implementation.

[0011] FIG. 5A illustrates a stance of a biped robot, accord-
ing to an example implementation.

[0012] FIG. 5B illustrates a simplified representation of a
biped robot, according to an example implementation.
[0013] FIG. 5C illustrates a stance of a biped robot, accord-
ing to an example implementation.

[0014] FIG. 5D illustrates a simplified representation of a
biped robot, according to an example implementation.
[0015] FIG. 6 is a flowchart, according to an example
implementation.
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[0016] FIG. 7 is a computer-readable medium configured
according to an example implementation.

DETAILED DESCRIPTION

[0017] The following detailed description describes vari-
ous features and functions of the disclosed systems and meth-
ods with reference to the accompanying figures. The illustra-
tive system and method implementations described herein are
not meant to be limiting. It may be readily understood that
certain aspects of the disclosed systems and methods can be
arranged and combined in a wide variety of different configu-
rations, all of which are contemplated herein.

1. Overview

[0018] An example implementation involves a robotic
device configured with at least one robotic limb, sensors, and
a processing system. The robotic limb may be an articulated
robotic appendage including a number of members connected
by joints. The robotic limb may also include a number of
actuators (e.g. 2-5 actuators) coupled to the members of the
limb that facilitate movement of the robotic limb through a
range of motion limited by the joints connecting the mem-
bers. The sensors may be configured to measure properties of
the robotic device, such as angles of the joints, pressures
within the actuators, and/or the position, velocity, and accel-
eration of members of the robotic limb at a given point in time.
The sensors may also be configured to measure an orientation
of'the body of the robotic device (which may also be referred
to herein as the “base” of the robotic device). The processing
system of the robotic device may determine the angles of the
joints of the robotic limb either directly from angle sensor
information or indirectly from other sensor information from
which the joint angles can be calculated. The processing
system may then estimate an orientation of the robotic device
based on the sensed orientation of the base of the robotic
device and the joint angles.

[0019] An orientation may herein refer to an angular posi-
tion of an object. In some instances, an orientation may refer
to an amount of rotation (in degrees or radians) about three
axes. In some cases, an orientation of a robotic device may
refer to the orientation of the robotic device with respect to a
particular reference frame, such as the ground or a surface on
which it stands. An orientation may describe the angular
position using Euler angles or Tait-Bryan angles (also known
as yaw, pitch, and roll angles). In some instances, such as on
a computer-readable medium, the orientation may be repre-
sented by an orientation matrix or by an orientation quater-
nion, among other representations.

[0020] In some scenarios, measurements from sensors on
the base of the robotic device may indicate that the robotic
device is oriented in such a way and/or has an angular velocity
that requires control of one or more of the articulated append-
ages in order to maintain balance of the robotic device. In
these scenarios, however, it may be the case that the limbs of
the robotic device are oriented and/or moving such that bal-
ance control is not required. For example, the body of the
robotic device may be tilted to the left, and sensors measuring
the body’s orientation may thus indicate a need to move limbs
to balance the robotic device; however, one or more limbs of
the robotic device may be extended to the right, causing the
robotic device to be balanced despite the sensors on the base
of the robotic device indicating otherwise. The limbs of a
robotic device may apply a torque on the body of the robotic
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device and may also affect the robotic device’s center of mass.
Thus, orientation and angular velocity measurements of one
portion of the robotic device may be an inaccurate represen-
tation of the orientation and angular velocity of the combina-
tion of the robotic device’s body and limbs (which may be
referred to herein as the “aggregate” orientation and angular
velocity).

[0021] In some implementations, the processing system
may be configured to estimate the aggregate orientation and/
or angular velocity of the entire robotic device based on the
sensed orientation of the base of the robotic device and the
measured joint angles. The processing system have stored
thereon a relationship between the joint angles of the robotic
device and the extent to which the joint angles of the robotic
device affect the orientation and/or angular velocity of the
base of the robotic device. The relationship between the joint
angles of the robotic device and the motion of the base of the
robotic device may be determined based on the kinematics
and mass properties of the limbs of the robotic devices. In
other words, the relationship may specify the effects that the
joint angles have on the aggregate orientation and/or angular
velocity of the robotic device. Additionally, the processing
system may be configured to determine components of the
orientation and/or angular velocity of the robotic device
caused by internal motion and components of the orientation
and/or angular velocity of the robotic device caused by exter-
nal motion. Further, the processing system may differentiate
components of the aggregate orientation in order to determine
the robotic device’s aggregate yaw rate, pitch rate, and roll
rate (which may be collectively referred to as the “aggregate
angular velocity”).

[0022] In some implementations, the robotic device may
also include a control system that is configured to control the
robotic device on the basis of a simplified model of the robotic
device. The control system may be configured to receive the
estimated aggregate orientation and/or angular velocity of the
robotic device, and subsequently control one or more jointed
limbs of the robotic device to behave in a certain manner (e.g.
maintain the balance of the robotic device). For instance, the
control system may determine locations at which to place the
robotic device’s feet and/or the force to exert by the robotic
device’s feet on a surface based on the aggregate orientation.
[0023] In some implementations, the robotic device may
include force sensors that measure or estimate the external
forces (e.g. the force applied by a leg of the robotic device
against the ground) along with kinematic sensors to measure
the orientation of the limbs of the robotic device. The pro-
cessing system may be configured to determine the robotic
device’s angular momentum based on information measured
by the sensors. The control system may be configured with a
feedback-based state observer that receives the measured
angular momentum and the aggregate angular velocity, and
provides a reduced-noise estimate of the angular momentum
of the robotic device.

[0024] The control system may be configured to actuate
one or more actuators connected across components of a
robotic leg. The actuators may be controlled to raise or lower
the robotic leg. In some cases, a robotic leg may include
actuators to control the robotic leg’s motion in three dimen-
sions. Depending on the particular implementation, the con-
trol system may be configured to use the aggregate orienta-
tion, along with other sensor measurements, as a basis to
control the robot in a certain manner (e.g. stationary balanc-
ing, walking, running, galloping, etc.).
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[0025] In some implementations, multiple relationships
between the joint angles and their effect on the orientation
and/or angular velocity of the base of the robotic device may
be stored on the processing system. The processing system
may select a particular relationship with which to determine
the aggregate orientation and/or angular velocity based on the
joint angles. For example, one relationship may be associated
with a particular joint being between 0 and 90 degrees, and
another relationship may be associated with the particular
joint being between 91 and 180 degrees. The selected rela-
tionship may more accurately estimate the aggregate orien-
tation of the robotic device than the other relationships.
[0026] In some implementations, the processing system
may have stored thereon more than one relationship between
the joint angles of the robotic device and the extent to which
the joint angles of the robotic device affect the orientation
and/or angular velocity of the base of the robotic device. Each
relationship may correspond to one or more ranges of joint
angle values.

[0027] The angular velocity of the robotic device may have
multiple components describing the robotic device’s orienta-
tion (i.e. rotational angles) along multiple planes. From the
perspective of the robotic device, a rotational angle of the
robotic device turned to the left or the right may be referred to
herein as “yaw.” A rotational angle of the robotic device
upwards or downwards may be referred to herein as “pitch.”
A rotational angle of the robotic device tilted to the left or the
right may be referred to herein as “roll.” Additionally, the rate
of change of the yaw, pitch, and roll may be referred to herein
as the “yaw rate,” the “pitch rate,” and the “roll rate,” respec-
tively.

II. Example Robotic Systems

[0028] Referring now to the figures, FIG. 1 illustrates an
example configuration of a robotic device, according to an
example implementation. The robotic system 100 represents
an example robotic device configured to perform the opera-
tions described herein. Additionally, the robotic device 100
may be configured to operate autonomously, semi-autono-
mously, and/or using directions provided by user(s), and may
exist in various forms, such as a humanoid robot or a quad-
ruped robot, among other examples. Furthermore, the robotic
device 100 may also be referred to as a robotic device, mobile
robot, or robot, among other designations.

[0029] As shown in FIG. 1, the robotic device 100 includes
processor(s) 102, data storage 104, program instructions 106,
controller 108, sensor(s) 110, power source(s) 112, mechani-
cal components 114, and electrical components 116. Note
that the robotic device 100 is shown for illustration purposes
and may include more or less components without departing
from the scope of the disclosure herein. The various compo-
nents of robotic device 100 may be connected in any manner,
including wired or wireless connections, etc. Further, in some
examples, components of the robotic device 100 may be
positioned on multiple distinct physical entities rather on a
single physical entity. Other example illustrations of robotic
device 100 may exist as well.

[0030] Processor(s) 102 may operate as one or more gen-
eral-purpose processor or special purpose processors (e.g.,
digital signal processors, application specific integrated cir-
cuits, etc.). The processor(s) 102 can be configured to execute
computer-readable program instructions 106 that are stored
in the data storage 104 and are executable to provide the
operations of the robotic device 100 described herein. For
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instance, the program instructions 106 may be executable to
provide operations of controller 108, where the controller 108
may be configured to cause activation and deactivation of the
mechanical components 114 and the electrical components
116. The processor(s) 102 may operate and enable the robotic
device 100 to perform various functions, including the func-
tions described herein.

[0031] The data storage 104 may exist as various types of
storage media, such as a memory. For example, the data
storage 104 may include or take the form of one or more
computer-readable storage media that can beread or accessed
by processor(s) 102. The one or more computer-readable
storage media can include volatile and/or non-volatile storage
components, such as optical, magnetic, organic or other
memory or disc storage, which can be integrated in whole or
in part with processor(s) 102. In some implementations, the
data storage 104 can be implemented using a single physical
device (e.g., one optical, magnetic, organic or other memory
or disc storage unit), while in other implementations, the data
storage 104 can be implemented using two or more physical
devices, which may communicate via wired or wireless com-
munication. Further, in addition to the computer-readable
program instructions 106, the data storage 104 may include
additional data such as diagnostic data, among other possi-
bilities.

[0032] The robotic device 100 may include at least one
controller 108, which may interface with the robotic device
100. The controller 108 may serve as a link between portions
of the robotic device 100, such as a link between mechanical
components 114 and/or electrical components 116. In some
instances, the controller 108 may serve as an interface
between the robotic device 100 and another computing
device. Further, the controller 108 may serve as an interface
between the robotic system 100 and a user(s). The controller
108 may include various components for communicating
with the robotic device 100, including a joystick(s), buttons,
among others. The controller 108 may perform other opera-
tions for the robotic device 100 as well. Other examples of
controllers may exist as well.

[0033] Additionally, the robotic device 100 includes one or
more sensor(s) 110 such as force sensors, proximity sensors,
motion sensors, load sensors, position sensors, touch sensor,
depth sensors, ultrasonic range sensors, and infrared sensors,
among other possibilities. The sensor(s) 110 may provide
sensor data to the processor(s) 102 to allow for appropriate
interaction of the robotic system 100 with the environment as
well as monitoring of operation of the systems of the robotic
device 100. The sensor data may be used in evaluation of
various factors for activation and deactivation of mechanical
components 114 and electrical components 116 by controller
108 and/or a computing system of the robotic device 100.
[0034] The sensor(s) 110 may provide information indica-
tive of the environment of the robotic device for the controller
108 and/or computing system to use to determine operations
for the robotic device 100. For example, the sensor(s) 110
may capture data corresponding to the terrain of the environ-
ment or location of nearby objects, which may assist with
environment recognition and navigation, etc. In an example
configuration, the robotic device 100 may include a sensor
system that may include a camera, RADAR, LIDAR, a global
positioning system (GPS) transceiver, and/or other sensors
for capturing information of the environment of the robotic
device 100. The sensor(s) 110 may monitor the environment
in real-time and detect obstacles, elements of the terrain,
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weather conditions, temperature, and/or other parameters of
the environment for the robotic device 100.

[0035] Further, the robotic device 100 may include other
sensor(s) 110 configured to receive information indicative of
the state of the robotic device 100, including sensor(s) 110
that may monitor the state of the various components of the
robotic device 100. The sensor(s) 110 may measure activity
of systems of the robotic device 100 and receive information
based on the operation of the various features of the robotic
device 100, such the operation of extendable legs, arms, or
other mechanical and/or electrical features of the robotic
device 100. The sensor data provided by the sensors may
enable the computing system of the robotic device 100 to
determine errors in operation as well as monitor overall func-
tioning of components of the robotic device 100.

[0036] For example, the computing system may use sensor
datato determine the stability of the robotic device 100 during
operations as well as measurements related to power levels,
communication activities, components that require repair,
among other information. As an example configuration, the
robotic device 100 may include gyroscope(s), accelerometer
(s), and/or other possible sensors to provide sensor data relat-
ing to the state of operation of the robotic device. Further,
sensor(s) 110 may also monitor the current state of a function,
such as a gait, that the robotic system 100 may currently be
operating. Additionally, the sensor(s) 110 may measure a
distance between a given robotic leg of a robotic device and a
center of mass of the robotic device. Other example uses for
the sensor(s) 110 may exist as well.

[0037] Additionally, the robotic device 100 may also
include one or more power source(s) 112 configured to supply
power to various components of the robotic device 100.
Among possible power systems, the robotic device 100 may
include a hydraulic system, electrical system, batteries, and/
or other types of power systems. As an example illustration,
the robotic device 100 may include one or more batteries
configured to provide power to components via a wired and/
or wireless connection. Within examples, components of the
mechanical components 114 and electrical components 116
may each connect to a different power source or may be
powered by the same power source. Components of the
robotic system 100 may connect to multiple power sources as
well.

[0038] Within example configurations, any type of power
source may be used to power the robotic device 100, such as
a gasoline engine. Further, the power source(s) 112 may
charge using various types of charging, such as wired con-
nections to an outside power source, wireless charging, com-
bustion, or other examples. Other configurations may also be
possible. Additionally, the robotic device 100 may include a
hydraulic system configured to provide power to the
mechanical components 114 using fluid power. Components
of the robotic device 100 may operate based on hydraulic
fluid being transmitted throughout the hydraulic system to
various hydraulic motors and hydraulic cylinders, for
example. The hydraulic system of the robotic device 100 may
transfer a large amount of power through small tubes, flexible
hoses, or other links between components of the robotic
device 100. Other power sources may be included within the
robotic device 100.

[0039] Mechanical components 114 represent hardware of
the robotic system 100 that may enable the robotic device 100
to operate and perform physical functions. As a few
examples, the robotic device 100 may include actuator(s),
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extendable leg(s) (“legs”), arm(s), wheel(s), one or multiple
structured bodies for housing the computing system or other
components, and/or other mechanical components. The
mechanical components 114 may depend on the design of the
robotic device 100 and may also be based on the functions
and/or tasks the robotic device 100 may be configured to
perform. As such, depending on the operation and functions
of the robotic device 100, different mechanical components
114 may be available for the robotic device 100 to utilize. In
some examples, the robotic device 100 may be configured to
add and/or remove mechanical components 114, which may
involve assistance from a user and/or other robotic device. For
example, the robotic device 100 may be initially configured
with four legs, but may altered by a user or the robotic device
100 to remove two of the four legs to operate as a biped. Other
examples of mechanical components 114 may be included.
[0040] The electrical components 116 may include various
components capable of processing, transferring, providing
electrical charge or electric signals, for example. Among pos-
sible examples, the electrical components 116 may include
electrical wires, circuitry, and/or wireless communication
transmitters and receivers to enable operations of the robotic
device 100. The electrical components 116 may interwork
with the mechanical components 114 to enable the robotic
device 100 to perform various operations. The electrical com-
ponents 116 may be configured to provide power from the
power source(s) 112 to the various mechanical components
114, for example. Further, the robotic device 100 may include
electric motors. Other examples of electrical components 116
may exist as well.

[0041] In some implementations, the robotic device 100
may also include communication link(s) 118 configured to
send and/or receive information. The communication link(s)
118 may transmit data indicating the state of the various
components of the robotic device 100. For example, informa-
tion read in by sensor(s) 110 may be transmitted via the
communication link(s) 118 to a separate device. Other diag-
nostic information indicating the integrity or health of the
power source(s) 112, mechanical components 114, electrical
components 118, processor(s) 102, data storage 104, and/or
controller 108 may be transmitted via the communication
link(s) 118 to an external communication device.

[0042] In some implementations, the robotic device 100
may receive information at the communication link(s) 118
that is processed by the processor(s) 102. The received infor-
mation may indicate data that is accessible by the processor
(s) 102 during execution of the program instructions 106, for
example. Further, the received information may change
aspects of the controller 108 that may affect the behavior of
the mechanical components 114 or the electrical components
116. In some cases, the received information indicates a query
requesting a particular piece of information (e.g. the opera-
tional state of one or more of the components of the robotic
device 100), and the processor(s) 102 may subsequently
transmit that particular piece of information back out the
communication link(s) 118.

[0043] In some cases, the communication link(s) 118
include a wired connection. The robotic device 100 may
include one or more ports to interface the communication
link(s) 118 to an external device. The communication link(s)
118 may include, in addition to or alternatively to the wired
connection, a wireless connection. Some example wireless
connections may utilize a cellular connection, such as
CDMA, EVDO, GSM/GPRS, or 4G telecommunication,
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such as WiMAX or LTE. Alternatively or in addition, the
wireless connection may utilize a Wi-Fi connection to trans-
mit data to a wireless local area network (WLAN). In some
implementations, the wireless connection may also commu-
nicate over an infrared link, Bluetooth, or a near-field com-
munication (NFC) device.

[0044] FIG. 2 illustrates a perspective view of an example
quadruped robot, according to an example implementation.
Among other possible functions, the robotic device 200 may
be configured to perform the procedures described herein
during operation. The robotic device 200 includes legs 204 A,
204B, 204C, and 204D connected to a body 208 of the robotic
device 200 and may also include sensors configured to pro-
vide sensor data to a computing system of the robotic device
200. Each leg 204 A, 204B, 204C, and 204D may include feet
206A, 206B, 206C, and 206D, respectively. Sensors may be
incorporated within portions of the legs 204 A, 204B, 204C,
and 204D to detect pressure, position, velocity, acceleration,
and orientation, among other measurements. Further, the
robotic device 200 is illustrated carrying objects 212 on the
body 208. Within other example implementations, the robotic
device 200 may include more or fewer components and may
additionally include components not shown in FIG. 2.
[0045] The robotic device 200 may be a physical represen-
tation of the robotic system 100 shown in FIG. 1 or may be
based on other configurations. To operate, the robotic device
200 includes a computing system that be made up of one or
multiple computing devices configured to assist in various
operations of the robotic device 200. These operations may
include processing data and providing outputs based on the
data to cause various changes to the physical state of the
robotic device 200. The computing system may process infor-
mation provided by various systems of the robotic device 200
(e.g., a sensor system) or from other sources (e.g., a user,
another robotic device, a server) and may provide instructions
to these systems to operate in response.

[0046] Additionally, the computing system may monitor
systems of the robotic device 200 during operation, which
may include monitoring for errors and/or monitoring regular
operation, for example. In some example configurations, the
computing system may serve as a connection between the
various systems of the robotic device 200, and may coordi-
nate the operations of the systems together to enable the
robotic device 200 to perform operations. Further, the com-
puting system may include multiple devices, processors, con-
trollers, and/or other entities configured to control or assist in
the operation of the robotic device. Additionally, the comput-
ing system may operate using various types of memory and/or
other components.

[0047] Therobotic device 200 exists as a quadruped robotic
device with four extendable legs 204A, 204B, 204C, and
204D. Although the robotic device 200 includes four legs
204A, 204B, 204C, and 204D in the illustration shown in
FIG. 2, the robotic device 200 may include more or less legs
within other examples. Further, the configuration, position,
and/or structure of the legs 204A, 204B, 204C, and 204D may
vary in example implementations. The legs 204A, 204B,
204C, and 204D enable the robotic device 200 to move and
may be configured to operate in multiple degrees of freedom
to enable different techniques of travel to be performed. In
particular, the legs 204 A, 204B, 204C, and 204D may enable
the robotic device 200 to travel at various speeds through
mechanically controlling the legs 204A, 204B, 204C, and
204D.
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[0048] Eachrobotic leg 204A, 204B, 204C, and 204D may
include joints, such at joint 214, and actuators. The joints
allow members of a robotic leg to move through a range of
angular degrees in a number of degrees of freedom. During
operation, an actuator may be extended or compressed in
order facilitate moving a robotic leg to various positions.
Certain joints may have limited ranges of motion (e.g. -120
degrees to 120 degrees). Some combinations of joints and
members may allow a robotic leg to move its lateral position,
longitudinal position, and/or vertical position.

[0049] A gait is a pattern of movement of the limbs of
animal, robotic device, or other mechanical structure. As
such, the robotic device 200 may navigate by operating the
legs 204 A, 204B, 204C, and 204D to perform various gaits.
The robotic device 200 may use a variety gaits to travel within
an environment, which may involve selecting a gait based on
speed, terrain, the need to maneuver, and/or energy efficiency.
The robotic device 200 may be configured to dynamically
switch between gaits, which may enable the robotic device to
change speeds or the mechanics of operating the legs 204A,
204B, 204C, and 204D.

[0050] Further, different types of robotic devices may use
different gaits due to differences in design (e.g. the number of
legs of the robotic device) that may prevent use of certain
gaits. Although some gaits may have specific names (e.g.,
walk, trot, run, gallop, and bound), the distinctions between
these gaits may be slight. The gaits may be classified based on
footfall patterns, the patterns including locations on a surface
for the placement of distal ends of the extendable legs (e.g.,
feet). Similarly, gaits may also be classified based on mechan-
ics.

[0051] Additionally, the robotic device 200 may include
other mechanical apertures or appendages, which may be
attached to the robotic device 200 at various positions. The
robotic device 200 may include mechanical arms, grippers,
wheels, or other features. The legs 204A, 204B, 204C, and
204D may have feet or other types of mechanical features
(e.g. rubber feet to increase friction between the robotic
device and a surface) that enables control upon various types
of surfaces that the robotic device may encounter.

[0052] As part of the design of the example robotic device
200, the body 208 of the robotic device 200 connects to the
legs 204A, 204B, 204C, and 204D and may house various
components of the robotic device 200. As such, the structure
of the body 208 may vary within examples and may further
depend on particular operations that a given robotic device
may have been designed to perform. For example, a robotic
device developed to carry heavy loads may have a wide body
that enables placement of the loads. Similarly, a robotic
device designed to reach high speeds may have a narrow,
small body that does not have substantial weight. Further, the
body 208 as well as the legs 204A, 204B, 204C, and 204D
may be developed using various types of materials, such as
various metals or plastics. Within other examples, a robotic
device may have a body with a different structure or made of
other types of materials.

[0053] The sensor(s) 210 of the robotic device 200 may
include various types of sensors. The sensor(s) 210 may be
placed at various positions on the robotic device. As described
for the robotic system 100, the robotic device 200 may
include a sensory system that includes a camera, RADAR,
LIDAR, a GPS transceiver, accelerometer(s), gyroscope(s),
and/or other types of sensors. The sensor(s) may be config-
ured to measure parameters of the environment of the robotic
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device 200 as well as monitor internal operations of systems
of the robotic device 200. In some examples, the robotic
device 200 may include sensors to measure the orientation,
position, velocity, or acceleration of each leg 204A, 204B,
204C, and 204D.

[0054] In some implementations, sensor(s) 210 may be
coupled to portions of the robotic legs 204 A, 204B, 204C, and
204D. For instance, sensors may be configured to measure the
angles of the joints of the robotic legs 204A, 204B, 204C, and
204D. In some implementations, the information or data out-
put by the sensors may be provided to the control system 202.
In some instances, inertial measurement units (IMUs) may be
mounted to sections of the robotic legs 204A, 204B, 204C,
and 204D in order to determine the orientation of each mem-
ber the robotic legs 204A, 204B, 204C, and 204D. In addi-
tion, sensors, such as pressure transducers, may be coupled to
the actuators of the robotic legs 204 A, 204B, 204C, and 204D
to measure the pressure inside the actuators and/or to measure
the length that the actuator is extended or compressed. Other
sensors may be included in addition to the previously men-
tioned sensors in order to measure aspects of the robotic
device 200 from which angles of the joints of the robotic legs
204A, 2048, 204C, and 204D can be calculated.

[0055] In some implementations, the actuators of the
robotic legs 204 A, 204B, 204C, and 204D may be controlled
to apply varying amounts of force. In some scenarios, a con-
trol system may control a particular robotic leg to apply a
greater or lesser extent of force. Additionally, an amount of
force being applied by a given robotic leg may be measured
using sensors coupled to the robotic leg, such as a force sensor
or a load cell.

[0056] The loads 212 carried by the robotic device 200 may
represent various types of cargo that the robotic device 200
may transport. The loads 212 may also represent external
batteries or other types of power sources (e.g., solar panels)
that the robotic device 200 may utilize. The loads 212 repre-
sent an example use the robotic device 200 may be configured
for. As such, the robotic device 200 may be configured to
perform other operations as well.

[0057] Additionally, as shown with the robotic system 100,
the robotic device 200 may also include various electrical
components that may enable operation and communication
between the mechanical features of the robotic device 200. As
previously indicated, the robotic device 200 may include one
or more computing systems that include one or multiple pro-
cessors configured to perform various functions, including
processing inputs to provide outputs. The computing system
may include additional components, such as various types of
storage and a power source, etc.

[0058] Control system 202 of robotic device 200 may cause
the robotic device 200 to navigate an environment based on
sensor data from the sensing system. The sensing system may
include sensors of sensing system coupled to portions of the
robotic device 200. The robotic device 200 may receive navi-
gation commands by way of a communication system. For
instance, the robotic device may receive a command to move
forward at 5 kilometers per hour. The command may specify
to walk forward for a particular distance, such as 100 meters.
Inan example, a command may specify one or more locations
at which to place particular legs.

[0059] In some examples, the navigation commands may
involve GPS coordinates. In some instances, a command may
instruct the robotic device to navigate to a particular position,
which may be defined by particular GPS coordinates. The
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robotic device may then cause the locomotion system to move
to the position while navigating physical features of the ter-
rain identified by the control system (perhaps based on data
from perception sensors). Another command may instruct the
robotic device to follow a particular person, who may have
with them a GPS enabled device that generates data indicat-
ing the position of the person. The data may be communicated
to the robotic device that may then cause the locomotion
system to follow the person while navigating physical fea-
tures of the terrain identified by the control system.

[0060] In some example implementations, during opera-
tion, the computing system may communicate with other
systems of the robotic device 200 via wired or wireless con-
nections and may further be configured to communicate with
one or multiple users of the robotic device. As one possible
illustration, the computing system may receive an input from
a user indicating that the user wants the robotic device to
perform a particular gait in a given direction. The computing
system may process the input, and may cause the systems of
the robotic device to perform the requested gait. Additionally,
the robotic device’s electrical components may include other
type of electrical components, including but not limited to
interface, wires, busses, and/or other communication links
configured to enable systems of the robotic device to com-
municate.

[0061] Furthermore, the robotic device 200 may commu-
nicate with one or multiple users and/or other robotic devices
via various types of interfaces. In an example implementa-
tion, the robotic device 200 may receive input from a user via
ajoystick or similar type of interface. The computing system
may be configured to receive data indicative of the amount of
force, the duration of force applied to the joystick, and other
possible information, from a joystick interface. Similarly, the
robotic device 200 may receive inputs and communicate with
a user via other types of interface, such as a mobile device or
a microphone. Regardless, the computing system of the
robotic device 200 may be configured to process the various
types of inputs that the robotic device 200 may receive.
[0062] FIG. 3 illustrates another example quadruped robot,
according to an example implementation. Similarly to robotic
device 200 shown in FIG. 2, the robotic device 300 may
correspond to the robotic system 100 shown in FIG. 1. The
robotic device 300 serves as another possible implementation
of a robotic device that may be configured to estimate the
robotic device’s orientation, yaw, pitch, and/or roll. Other
example implementations of robotic devices may exist.
[0063] FIG. 4 illustrates an example of a biped robot
according to another example implementation. Similarly to
the robotic device 400 shown in FIG. 2, the robotic device 400
may correspond to the robotic system 100 shown in FIG. 1.
The robotic device 400 serves as a possible implementation of
arobotic device that may be configured to estimate the robotic
device’s orientation, yaw, pitch, and/or roll. Other example
implementations of robotic devices may exist.

[0064] The robotic device 400 may include a number of
articulated appendages, such as robotic legs and/or robotic
arms. Hach articulated appendage may include a number of
members connected by joints that allow the articulated
appendage to move through certain degrees of freedom. Each
member of an articulated appendage may have properties
describing aspects of the member, such as its weight, weight
distribution, length, and/or shape, among other properties.
Similarly, each joint connecting the members of an articu-
lated appendage may have known properties, such as the
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degrees of its range of motion the joint allows, the size of the
joint, and the distance between members connected by the
joint, among other properties. A given joint may be a joint
allowing one degree of freedom (e.g. a knuckle joint or a
hinge joint), a joint allowing two degrees of freedom (e.g. a
cylindrical joint), a joint allowing three degrees of freedom
(e.g. a ball and socket joint), or a joint allowing four or more
degrees of freedom. A degree of freedom may refer to the
ability of a member connected to a joint to move about a
particular translational or rotational axis.

[0065] The robotic device 400 may also include sensors to
measure the angles of the joints of its articulated appendages.
In addition, the articulated appendages may include a number
of actuators that can be controlled to extend and retract mem-
bers of the articulated appendages. In some cases, the angle of
ajoint may be determined based on the extent of protrusion or
retraction of a given actuator. In some instances, the joint
angles may be inferred from position data of inertial measure-
ment units (IMUs) mounted on the members of an articulated
appendage. In some implementations, the joint angles may be
measured using rotary position sensors, such as rotary encod-
ers. In other implementations, the joint angles may be mea-
sured using optical reflection techniques. Other joint angle
measurement techniques may also be used.

[0066] The robotic device 400 may be configured to send
sensor data from the articulated appendages to a device
coupled to the robotic device 400 such as a processing system,
a computing system, or a control system. The robotic device
400 may include a memory, either included in a device on the
robotic device 400 or as a standalone component, on which
sensor data is stored. In some implementations, the sensor
data is retained in the memory for a certain amount of time. In
some cases, the stored sensor data may be processed or oth-
erwise transformed for use by a control system on the robotic
device 400. In some cases, the robotic device 400 may also
transmit the sensor data over a wired or wireless connection to
an external device.

II1. Example Scenarios

[0067] FIGS. 5A and 5C illustrate stances of an example
biped robot. The biped robot shown in FIGS. 5A and 5C may
the same as or similar the robotic device 400 depicted in FIG.
4, the robotic device 300 depicted in FIG. 3, or the robotic
device 200 depicted in FIG. 2. FIGS. 5B and 5D depict
simplified representations of the biped robot in FIGS. 5A and
5C, respectively. The simplified representations shown in
FIGS. 5B and 5D are rigid body estimations of the biped
robot’s aggregate orientation from FIGS. 5A and 5C, respec-
tively. The biped robot depicted in FIGS. 5A and 5C and the
simplified representations of the biped robot depicted in
FIGS. 5B and 5D are shown for illustrative purposes and may
not necessarily be drawn to scale. Similarly, the specific
angles and locations depicted in FIGS. 5B and 5D are not
drawn to scale and do not necessarily represent accurate
representations of the biped robot’s aggregate orientation.
[0068] FIGS. 5A and 5C illustrate axes representing the
direction ofthe x-, y-, and z-axes. The axes designated as such
for the purposes of explanation, and may be represented dif-
ferently in various implementations. The circle with the dotin
its center represents the x-axis pointing out of the front of the
illustrations. FIGS. 5B and 5D illustrate a three-dimensional
representations of axes that also have particular designations
for the x-, y-, and z-axes. The axes in FIGS. 5B and 5D may
be designated in other ways in various implementations.
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[0069] FIGS.5A,5B, 5C, and 5D include arrows depicting
an amount of yaw rotation, pitch rotation, and roll rotation.
The rotation amounts may be represented as degrees or radi-
ans. In FIGS. 5A and 5C, these arrows represent the amount
of yaw rotation, pitch rotation, and roll rotation measured
from sensors coupled to the base (i.e. the main body) of the
biped robot (i.e. orientation of the base of the biped robot). In
FIGS. 5B and 5D, the yaw, pitch, and roll arrows represent the
aggregate amount of yaw rotation, pitch rotation, and roll
rotation estimated by a processing system of the biped robot
based on the orientation of the biped robot’s base and the
angles of the biped robot’s joints.

[0070] The arrows depicted in FIGS. 5A and 5C do not
necessarily imply that there is an amount of yaw rotation,
pitch rotation, or roll rotation. For example, the amount ofroll
rotation of the biped robot in FIG. 5A may be zero degrees.
The arrows are depicted for explanatory purposes, and the
amount of yaw, pitch, and roll rotation may be specified
within particular sections of this application.

[0071] Although the biped robot in FIGS. 5A and 5C are
depicted with four robotic limbs (two articulated legs and two
articulated arms), the aggregate orientation and/or angular
velocity of any other robotic device having any number of
limbs may be estimated in accordance with operations of the
present application. For example, the aggregate orientation
and/or angular velocity may be determined for robotic device
200 illustrated in FIG. 2 and for the robotic device 300 illus-
trated in FIG. 3, among other robotic devices.

[0072] FIG. 5A illustrates a stance 500 of a biped robot 502,
according to an example implementation. The biped robot
502 is standing on surface 504 with one leg. The biped robot
502 may be similar to robotic device 400 shown in FIG. 4, and
may also include one or more components of robotic device
100 in FIG. 1. The body of the biped robot 502 is depicted as
being parallel with surface 504, such that sensors coupled to
the body of the biped robot 502 might indicate the roll angle
of'the body to be zero.

[0073] The limbs of the biped robot 502 are extended such
that a torque is applied to the biped robot 502. Although the
biped robot 502 is depicted as being upright, the biped robot
502 depicted in FIG. 5A would fall to the right if no balance
control was applied to move the limbs. Despite the biped
robot 502 being in an unstable stance, a control system that
receives information from sensors coupled to the body of the
biped robot 502 may determine that no control is required to
maintain the biped robot’s balance. In some cases, a control
system may react to angular velocity sensed after the biped
robot begins to fall; however, reacting to changes in angular
velocity may result in the control system providing drastic
control measures to maintain the biped robot’s balance. Thus,
controlling the biped robot on the basis of changes to angular
velocity is reactive, and may cause a control system to pro-
vide an otherwise unnecessary amount of control effort.
[0074] The biped robot 502 may include a processing sys-
tem thereon that is configured to estimate an aggregate ori-
entation of the biped robot 502. The processing system may
also calculate the rate of change of the aggregate orientation
of the biped robot 502 to determine the angular velocity
and/or the angular momentum of the biped robot 502. In some
implementations, the processing system estimates the aggre-
gate orientation of the biped robot 502 based on the angles of
the joints of the biped robot’s limbs and the measured orien-
tation of the body of the biped robot 502. The aggregate
orientation, angular velocity, and/or angular momentum of
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the biped robot 502 may be provided as inputs to a control
system coupled to the biped robot. The control system may be
configured to operate the biped robot with a particular behav-
ior (i.e. stationary balancing, walking, running, etc.).

[0075] The processing system may include a memory that
stores a relationship between the joint angles of the robotic
device and the extent to which the joint angles of the robotic
device affect the orientation and/or angular velocity of the
base of the robotic device. Each limb of the biped robot 502
includes members and joints, allowing the limbs to be posi-
tioned in a variety of ways. As previously described, the
positioning of the limbs may be achieved through actuation of
actuators coupled to members of the limbs of the biped robot
502. As a given limb moves through its range of motion, the
limb’s center of mass may be positioned at a variety of loca-
tions having varying distances from the center of mass of the
body of the biped robot 502. The mass of a limb of the biped
robot 502 extended away from the biped robot’s body may
introduce a torque on the body of the biped robot 502 as a
result of a gravitational force on the extended limb. Thus,
based on the kinematics and mass properties of the various
portions of the biped robot 502, a relationship between the
joint angles and the motion of the body of the biped robot 502
may be determined. The processing system may then apply
the effects of the joint angles to the measured orientation of
the body of the biped robot 502 to determine the biped robot’s
aggregate orientation.

[0076] In some implementations, the processing system
performs a time differentiation on the aggregate orientation in
order to estimate the biped robot’s angular velocity. The
processing system may also determined an estimated angular
momentum of the biped robot 502 based on the estimated
angular velocity.

[0077] Insome implementations, the angular velocity and/
or the angular momentum may be used to predict the aggre-
gate orientation of the biped robot 502 at a future time. Thus,
a control system may proactively provide balance control
before the body of the biped robot 502 is moving at a signifi-
cant angular velocity. By anticipating the aggregate orienta-
tion of the biped robot 502 before the biped robot 502 rotates
to that orientation, unstable orientations may be preemptively
identified, greatly reducing the extent of control effort
required to balance the biped robot 502 compared to a reac-
tive control system.

[0078] As an example, a quadruped robot such as robotic
device 200 in FIG. 2 or robotic device 300 in FIG. 3 may be
travelling at a great enough velocity thatno legs are in contact
with the ground at certain times. In these cases, predicting the
aggregate orientation of the quadruped robot while in the
quadruped robot is in mid-air may be useful in determining
how to orient the front legs of the quadruped robot before
making contact with the ground.

[0079] In some instances, a robotic device may include a
flexible member coupled to the body of the robotic device that
allows the body to bend and/or rotate. Sensors may measure
the angle of the rotating sections of the flexible member and
provide the angle measurements as input to the processing
system. The processing system may consider those angle
measurements, along with other angle measurements and a
measurement of the orientation of a portion of the body in
determining the aggregate orientation of the robotic device.
[0080] Thebody ofthe biped robot 502 depicted in FIG. 5A
has a yaw angle of zero degrees, a pitch angle of zero degrees,
and a roll angle of zero degrees. However, the limbs of the
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biped robot 502 are oriented such that the biped robot is
unstable. Thus, as time progresses, the biped robot 502 would
tip over if no balance control was provided to the limbs.
[0081] FIG. 5B illustrates a simplified representation 510
of'biped robot 502 shown in FIG. 5A. The processing system
of’biped robot 502 may receive the zero degree measurements
of'the yaw, pitch, and roll angles, along with the angles ofthe
joints of the biped robot 502. The processing system may then
determine the aggregate orientation of the biped robot 502.
Although the yaw, pitch, and roll angles of the body of the
biped robot 502 were zero degrees, the aggregate orientation
of'the biped robot 502 may have non-zero values.

[0082] InFIG. 5B, the simplified representation 512 of the
biped robot 502 has non-zero yaw, pitch, and roll angles. The
simplified representation 512 of the biped robot 502 is ori-
ented with respect to a reference frame 510, which may be a
surface or the ground. In some implementations, at least one
of the non-zero yaw, pitch, and roll angles may indicate
instability in the balance of the biped robot 502. For instance,
a non-zero roll angle may, in some cases, be indicative of a
torque applied to the body of the biped robot 502 resulting
from one or more limbs being extended to one side of the
biped robot 502. Thus, despite the body ofthe biped robot 502
being parallel with the surface 504, the aggregate orientation
indicates instability that would increase the angular velocity
of the biped robot 502 over time.

[0083] The estimated aggregate orientation may be pro-
vided to a control system of the biped robot 502, which may
subsequently control at least one of the limbs of the biped
robot 502 to balance the biped robot 502. For instance, the
lifted leg of the biped robot 502 in FIG. 5A may be placed on
the ground, thereby changing the angle of one or more joints
of' the lifted leg. As the joint angles in leg change to indicate
that the leg is extended to make contact with the surface 504,
the aggregate orientation estimated by the processing system
may indicate that the biped robot 502 is becoming more
stable. For instance, the changing joint angles caused by
extending the leg to touch the surface 504 may decrease the
aggregate roll angle.

[0084] Insome cases, the control system of the biped robot
502 is configured to maintain the translational velocity of the
biped robot 502 at particular pace (e.g. walking pace or a
running pace).

[0085] Inanexampleimplementation, a robotic device may
have a relationship that correlates the positions of its joint
angles with the aggregate orientation of the robotic device.
The robotic device may have two legs and one arm, where the
one arm has one joint connecting a member attached to the
robotic device’s body to another member. The relationship
may dictate that, when the joint has an angle that is between
0 and 90 degrees, the arm does not introduce enough torque to
cause the robot to tip over. The relationship may also dictate
that, when the joint has an angle between 90 and 180 degrees,
the arm produces enough torque on the robotic device’s body,
causing the robotic device to angularly accelerate and even-
tually tip over. Any combination of joint angle ranges may be
correlated to a torque produced on the body of the robotic
device in various implementations.

[0086] Insome cases, a robotic device may be running and
thus does not have any contact with the ground at certain
points in time. The robotic device’s body may oscillate while
running, such that a control device considering only the ori-
entation measurement of the robotic device’s body may, at
certain points in time, determine that the robotic device is
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unstable and thus requires a control effort to maintain bal-
ance. However, a relationship between the joint angles of the
legs of the robotic device and the orientation of the body of the
robotic device may indicate that the aggregate orientation of
the robotic device has a far less severe oscillation compared to
the body orientation of the robotic device. In these cases, a
control system of the present disclosure reduces unnecessary
control effort that may otherwise have been exerted.

[0087] FIG.5C illustrates a stance 520 of a biped robot 522,
according to an example implementation. Similarly to biped
robot 502, biped robot 522 is standing on surface 524 with one
leg. However, the body of the biped robot 522 is depicted as
beingtilted, such that sensors coupled to the body of the biped
robot 522 might indicate the roll angle of the body to be
non-zero. The biped robot 522 may be the same as or similar
to robotic device 400 shown in FIG. 4, and may also include
one or more components of robotic device 100 in FIG. 1.
[0088] The limbs of biped robot 522 are extended such that
the biped robot 522 is balanced. Unlike the biped robot 502 in
FIG. 5A, the biped robot 522 is stable and does not require
control of the limbs to maintain balance. The limbs of the
biped robot 522 are extended in such a way that no torque is
applied on the body of the biped robot 522.

[0089] Similarly to the biped robot 502, the biped robot 522
may include a processing system thereon that is configured to
estimate an aggregate orientation of the biped robot 522. The
processing system may receive the angles of the joints of the
biped robot 522 and the measured orientation of the body to
determine the biped robot’s aggregate orientation. In the
example stance 520 depicted in FIG. 5C, although the body
orientation is indicative of an unstable stance requiring con-
trol to maintain balance of the biped robot 522, the processing
system determines from the aggregate orientation that the
biped robot 522 is stable. The processing system may also
perform a time differentiation of the aggregate orientation
and determine that the angular velocity of the biped robot 522
is not changing.

[0090] The body of the biped robot 522 in FIG. 5C has a
yaw angle of zero degrees, a pitch angle of zero degrees, and
a non-zero roll angle. However, the aggregate orientation of
the biped robot—which is depicted in the simplified repre-
sentation of the biped robot 522 in FIG. 5D—may be deter-
mined to have a roll angle of zero.

[0091] FIG. 5D illustrates a simplified representation 532
of a biped robot 522, according to an example implementa-
tion. The simplified representation 532 of the biped robot 502
is oriented with respect to a reference frame 530, which may
be a surface or the ground. The processing system of the biped
robot 522 may receive measurements of the orientation of the
body of the biped robot 522 indicating zero-degree yaw and
pitch angles and a non-zero roll angle. The processing system
of'the biped robot 522 may also receive measurements of the
angles of the joints of the biped robot 522. Then, the process-
ing system may estimate the aggregate orientation of the
biped robot 522 in the same or similar manner as previously
described. Although the received roll angle of the biped
robot’s body is non-zero, the aggregate orientation of the
biped robot 522 indicates that the biped robot 522 has a zero
degree roll angle.

[0092] The estimated aggregate orientation may be pro-
vided to a control system of the biped robot 522. The control
system may determine that the biped robot 522 is stable and
does not require control to maintain balance of the biped robot
522.
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[0093] In some instances, the aggregate orientation may
indicate that the aggregate roll angle of the biped robot 522 is
a very small non-zero amount. As a result, the processing
system may predict that the aggregate orientation of the biped
robot 522 is accelerating about the roll axis. In these
instances, the control system may control the limbs of the
biped robot 522 to maintain balance of the biped robot 522. In
some implementations, the control system may vary the force
applied to the ground by the leg of the biped robot 522 in order
to maintain balance.

IV. Example Methods

[0094] FIG. 6 is a flowchart 600, according to an example
implementation. The operations in the flowchart could, for
example, be performed by the robotic device 100 in FIG. 1,
the robotic device 200 in FIG. 2, the robotic device 300 in
FIG. 3, the robotic device 400 in FIG. 4, or any combination
of components from robotic device 100, robotic device 200,
robotic device 300, and/or robotic device 400. FIG. 6 may
include one or more operations, or procedures as illustrated
by one or more of blocks 602, 604, 606, 608, and 610.
Although the blocks are illustrated in a sequential order, these
blocks may in some instances be performed in parallel, and/or
in a different order than those described herein. Also, the
various blocks may be combined into fewer blocks, divided
into additional blocks, and/or removed based upon the
desired implementation.

[0095] In addition, for FIG. 6 and other procedures and
operations described herein, the flowchart shows the func-
tionality and operation of one possible implementation of
present implementations. In this regard, each block may rep-
resent a module, a segment, or a portion of program code,
which includes one or more instructions executable by a
processor for implementing specific logical operations or
steps in this process. In addition, each block may represent a
portion of program code that performs and/or modifies an
operation of a robotic device. The program code may be
stored on any type of computer-readable medium, for
example, such as a storage device including a disk or hard
drive. The computer-readable medium may include a non-
transitory computer-readable medium, for example, such as
computer-readable media that stores data for short periods of
time like register memory, processor cache and random
access memory (RAM). The computer-readable medium may
also include other non-transitory media, such as secondary or
persistent long term storage, like read only memory (ROM),
optical or magnetic disks, compact-disc read only memory
(CD-ROM), for example. The computer-readable media may
also be any other volatile or non-volatile storage system. The
computer-readable medium may be considered a computer-
readable storage medium, a tangible storage device, or other
article of manufacture, for example. The program code (or
data for the code) may also be stored or provided on other
media including communication media. For instance, the
commands may be received on a wireless communication
media.

[0096] Further, for FIG. 6 and other procedures and opera-
tions described herein, each block may represent circuitry
that is arranged to perform the specific logical operations.
[0097] Operations of FIG. 6 may be fully performed by a
control device or by the processor, or may be distributed
across multiple control devices. In some examples, the con-
trol device may receive information from sensors of a robotic
device, or the control device may receive the information



US 2016/0052574 Al

from a processor that collects the information. The control
system might further communicate with a remote control
system (e.g., a control device on another robotic device) to
receive information from sensors of other devices, for
example. For the purposes of explanation, the operations of
blocks 602, 604, 606, 608, and 610 are described as being
performed by a control device; however, other devices as
described above may carry out the operations.

[0098] At block 602, a processing system receives a first
plurality of measurements indicative of respective joint
angles corresponding to a plurality of sensors connected to a
robot. In some cases, the joint angle measurements received
may be analog electrical signals representing the joint angles.
In some implementations, the sensors include circuitry to
convert the analog electrical signals to digital electrical sig-
nals representing the joint angles. In some cases, a given
sensor may detect relative changes in the joint angle, and the
processing system may keep track of the position of the joints
by measuring the changes in the joint angle over time. The
joint angles may be represented in degrees or in radians,
depending on the particular implementation. The sensors may
transmit the joint angles to the processing system via a wired
connection or a wireless connection.

[0099] At block 604, the processing system receives an
orientation measurement indicative of an orientation of the
body of the robot. The orientation of the body of the robotic
device may be measured by one or more sensors, such as
accelerometers, gyroscopes, magnetometers, and/or inertial
measurement units (IMUs), among other sensors. The sen-
sors may measure acceleration of the body of the robotic
device and/or rotational angles such as pitch, roll, and yaw of
the body of the robot. The sensors may provide the accelera-
tion and/or rotational angles to the processing system, and the
processing system may determine at least one of the velocity,
position, orientation, and the angular velocity of the body of
the robot. In some implementations, the sensors may include
thereon circuitry to determine at least one of the velocity,
position, orientation and/or angular velocity of the body of
the robot, and may then provide those measurements to the
processing system.

[0100] The body of the robotic device may be any portion
of'the robotic device to which robotic limbs are connected. In
some implementations, the robotic limbs are connected to the
body of the robotic device through rotatable joints.

[0101] At block 606, the processing system determines a
relationship between the first plurality of measurements and
the orientation measurement based on the properties associ-
ated with the jointed limbs of the robot. The relationship may
be the same as or similar to relationships previously
described. The relationship may be stored on a memory
coupled to the robot. The robotic device may include a com-
puting device that is configured to execute program instruc-
tions stored on the memory. In some implementations, the
relationship may be integrated into the program instructions.
[0102] The relationship may be a mathematical formula or
algorithm that can be used to determine the robot’s aggregate
orientation from the orientation measurement and joint angle
measurements. The processing system and/or computing
device of the robotic device may perform the calculation of
the mathematical formula or execute the algorithm in order to
determine the robot’s aggregate orientation. In some
instances, this relationship may be integrated as a part of a
control system implemented on a control device, such as a
field-programmable gate array (FPGA).

Feb. 25,2016

[0103] In some implementations the relationship may be
updated or otherwise modified. In some cases, instructions to
update or modify the relationship may be received at a com-
munication link of the robot. As previously described, mul-
tiple relationships may be used to determine the aggregate
orientation of the robot, and the robotic device may receive
instructions to add, remove, update, or modify one or more
these relationships.

[0104] At block 608, the processing system estimates an
orientation of the robotic device based on the first plurality of
measurements, the orientation measurement, and the deter-
mined relationship. The estimated orientation of the robotic
device may be the same as or similar to the aggregate orien-
tation of the robotic device as previously described. The esti-
mated orientation may be determined by performing math-
ematical or algorithmic operations on the first plurality of
measurements and the orientation measurements in accor-
dance with the received relationship.

[0105] The estimated orientation may be stored on a
memory ofthe robot. In some implementations, the estimated
orientation is transmitted to an external computing device
either over a wired connection or a wireless connection. Fur-
ther, in some instances, the estimated orientation may be
provided to other devices or systems of the robot, such as a
control system.

[0106] At block 610, the processing system provides
instructions to control at least one jointed limb of the robotic
device based on the estimated orientation of the robot. The
instructions may correspond to maneuvering one or more of
the limbs of the robot. For example, an instruction may cause
a limb of the robotic device to move to a specific location and
have a specific orientation. An instruction may also specify
the manner in which to move the limb (e.g. how quickly the
move the limb to the specific location). An instruction may
further specify the amount of force that a particular limb
applied to the ground or other surface.

[0107] In some implementations, the instructions are ana-
log signals that control actuators on the limbs of the robot. In
some cases, the actuators may be configured to receive digital
signals, and the instructions may be digital signals provided
to one or more actuators to control the limbs of the robot.

V. Example Computer-Readable Medium

[0108] FIG. 7 illustrates an example computer-readable
medium configured according to at least some implementa-
tion described herein. In example implementations, the
example system can include one or more processors, one or
more forms of memory, one or more input devices/interfaces,
one or more output devices/interfaces, and machine readable
instructions that when executed by the one or more processors
cause a robotic device to carry out the various functions tasks,
capabilities, etc., described above.

[0109] As noted above, the disclosed procedures can be
implemented by computer program instructions encoded on a
computer-readable storage medium in a machine-readable
format, or on other media or articles of manufacture. FIG. 7 is
a schematic illustrating a conceptual partial view of a com-
puter program product that includes a computer program for
executing a computer process on a computing device,
arranged according to at least some implementations dis-
closed herein.

[0110] In an implementation, the example computer pro-
gram product 700 is provided using a signal bearing medium
702. The signal bearing medium 702 may include one or more
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program instructions 704 that, when executed by one or more
processors may provide functionality or portions of the func-
tionality described above with respect to FIGS. 1-6. In some
examples, the signal bearing medium 702 can be a computer-
readable medium 706, such as, but not limited to, a hard disk
drive, a Compact Disc (CD), a Digital Video Disk (DVD), a
digital tape, memory, etc. In some implementations, the sig-
nal bearing medium 702 can be a computer recordable
medium 708, such as, but not limited to, memory, read/write
(R/'W) CDs, R/'W DVDs, etc. In some implementations, the
signal bearing medium 702 can be a communication medi-
ums 710 (e.g., a fiber optic cable, a waveguide, a wired
communications link, etc.). Thus, for example, the signal
bearing medium 702 can be conveyed by a wireless form of
the communications medium 710.

[0111] The one or more program instructions 704 can be,
for example, computer executable and/or logic implemented
instructions. In some examples, a computing device is con-
figured to provide various operations, functions, or actions in
response to the program instructions 704 conveyed to the
computing device by the computer readable medium 706, the
computer recordable medium 708, and/or the communica-
tions medium 710. In other examples, the computing device
can be an external device in communication with a device
coupled to the robotic device.

[0112] The computer readable medium 706 can also be
distributed among multiple data storage elements, which
could be remotely located from each other. The computing
device that executes some or all of the stored instructions
could be an external computer, or a mobile computing plat-
form, such as a smartphone, tablet device, personal computer,
or a wearable device, among others. Alternatively, the com-
puting device that executes some or all of the stored instruc-
tions could be a remotely located computer system, such as a
server. For example, the computer program product 700 can
implement operations discussed in reference to FIG. 6.

VI. Conclusion

[0113] Itshould beunderstood that arrangements described
herein are for purposes of example only. As such, those
skilled in the art will appreciate that other arrangements and
other elements (e.g. machines, interfaces, functions, orders,
and groupings of functions, etc.) can be used instead, and
some elements may be omitted altogether according to the
desired results. Further, many of the elements that are
described are functional entities that may be implemented as
discrete or distributed components or in conjunction with
other components, in any suitable combination and location,
or other structural elements described as independent struc-
tures may be combined.
[0114] While various aspects and implementations have
been disclosed herein, other aspects and implementations
will be apparent to those skilled in the art. The various aspects
and implementations disclosed herein are for purposes of
illustration and are not intended to be limiting, with the true
scope being indicated by the following claims, along with the
full scope of equivalents to which such claims are entitled. It
is also to be understood that the terminology used herein is for
the purpose of describing particular implementations only,
and is not intended to be limiting.
1. A method comprising:
receiving, by a robot, a first plurality of measurements
indicative of respective joint angles corresponding to a
plurality of sensors connected to the robot, wherein the
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robot comprises a body and a plurality of jointed limbs
connected to the body, and wherein the jointed limbs are
associated with respective properties;

receiving a body orientation measurement indicative of an

orientation of the body of the robot;

determining a relationship between the first plurality of

measurements and the body orientation measurement
based on the properties associated with the jointed limbs
of the robot;
estimating an aggregate orientation of the robot based on
the first plurality of measurements, the body orientation
measurement, and the determined relationship; and

based on the estimated aggregate orientation of the robot,
providing instructions to control at least one jointed limb
of the robot.

2. The method of claim 1, wherein the determined relation-
ship is a first relationship, and wherein the method further
comprises:

determining a particular mode of operation of the robot

corresponding to one or more of the first plurality of
measurements being within one or more respective
threshold operating ranges; and

determining a second relationship between the first plural-

ity of measurements and the body orientation measure-
ment associated with the particular mode of operation
based on (i) the respective properties associated with the
jointed limbs of the robot and (ii) the determined par-
ticular mode of operation of the robot.

3. The method of claim 2, wherein estimating the orienta-
tion of the robot comprises:

based on determining that the robot is operating in the

particular mode of operation, estimating the orientation
of the robot based on the first plurality of measurements,
the body orientation measurement, and the second rela-
tionship.

4. The method of claim 1, wherein providing instructions to
control at least one jointed limb of the robot comprises:

based on the estimated aggregate orientation, determining

an extent of force in which to place a particular jointed
limb of the robot on a surface in order to maintain a
balance of the robot; and

providing instructions to place the particular jointed limb

of'the robot on the surface using the determined extent of
force.
5. The method of claim 1, wherein providing instructions to
control at least one jointed limb of the robot comprises:
based on the estimated aggregate orientation, determining
a location in which to move a particular jointed limb of
the robot in order to maintain a balance of the robot; and

providing instructions to move the particular jointed limb
of the robot to the determined location.

6. The method of claim 1, further comprising:

providing the estimated aggregate orientation of the robot

to a control system, wherein the control system is con-
figured to maintain a balance of the robot.

7. The method of claim 1, further comprising:

determining a path indicative of an expected trajectory of

the robot based on the estimated aggregate orientation;
determining that an object is present within the determined
path; and

based on determining that the object is present within the

determined path, providing instructions to control at
least one limb of the robot to avoid colliding with the
object.
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8. The method of claim 1, further comprising:

estimating an angular velocity of the robot based on the
estimated aggregate orientation of the robot, wherein the
instructions to control the at least one jointed limb of the
robotis further based on the determined estimated angu-
lar velocity.

9. The method of claim 8, wherein the provided instruc-
tions are first instructions, and wherein the method further
comprises:

receiving a second plurality of measurements indicative of

external forces exerted on the robot;
based on the received second plurality of measurements
and the estimated angular velocity of the robot, deter-
mining a component of the estimated angular velocity
caused by the external forces exerted on the robot; and

providing second instructions to control at least one jointed
limb of the robot based on the determined component of
the estimated angular velocity caused by the external
forces exerted on the robot.

10. The method of claim 1, wherein the provided instruc-
tions are first instructions, and wherein the method further
comprises:

providing a path indicative of a desired trajectory of the

robot; and

based on the provided path and the estimated aggregate

orientation of the robot, providing second instructions to
control at least one jointed limb of the robot to maneuver
the robot to travel along the provided path.

11. The method of claim 1, wherein the provided instruc-
tions are first instructions, and wherein the method further
comprises:

determining whether a stance of the robot is stable based on

the estimated aggregate orientation; and

based on determining that the stance of the robot is not

stable, providing second instructions to control at least
one jointed limb of the robot to adjust the stance of the
robot.

12. The method of claim 1, wherein the provided instruc-
tions are first instructions, and wherein the method further
comprises:

receiving a second plurality of measurements indicative of

external forces exerted on the robot;

determining an estimated angular velocity of the robot

based on the estimated aggregate orientation and of the
robot;

determining a component of the estimated angular velocity

caused by movements of the jointed limbs of the robot;
and

providing second instructions to control at least one jointed

limb of the robot based on the determined component of
the estimated angular velocity caused by movements of
the jointed limbs of the robot.

13. The method of claim 1, further comprising:

determining whether an object is in front of the robot; and

providing instructions to stop the robot responsive to deter-
mining that the object is in front of the robot.

14. The method of claim 1, further comprising:

determining whether an object is within reach of a particu-

lar jointed limb of the robot; and

providing instructions to limit the angle in which the par-

ticular jointed limb can move to avoid making contact
with the object.
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15. The method of claim 1, wherein the provided instruc-
tions are first instructions, wherein the robot is in midair
above a surface, and wherein the method further comprises:

determining an angle in which to adjust a given jointed
limb from among the plurality of jointed limbs based on
the estimated aggregate orientation in order to balance
the robot when the given jointed limb lands on the sur-
face; and

providing second instructions to adjust the given jointed
limb to the determined angle.

16. The method of claim 1, further comprising:

receiving a second plurality of measurements indicative of
external forces exerted on the robot;

determining a measured angular momentum of the robot
based on the second plurality of measurements, at least
one of the first plurality of measurements, and the body
orientation measurement, wherein the measured angular
momentum includes noise having a first average ampli-
tude;

estimating an angular velocity of the robot based on the
estimated aggregate orientation of the robot;

determining an estimated angular momentum based on the
measured angular momentum and the estimated angular
velocity, wherein the estimated angular momentum
includes noise having a second average amplitude,
wherein the second average amplitude is less than the
first average amplitude.

17. A robot comprising:

a body;

a plurality of jointed limbs connected to the body, wherein
the jointed limbs are associated with respective proper-
ties;

a first plurality of sensors configured to provide a first
plurality of measurements indicative of respective joint
angles of the jointed limbs;

a second sensor configured to provide a body orientation
measurement indicative of an orientation of the body of
the robot, wherein the second sensor is coupled to the
body;

a processing system configured to (i) determine a relation-
ship between the first plurality of measurements and the
body orientation measurement based on the properties
associated with the jointed limbs and (ii) estimate an
aggregate orientation of the robot based on the first
plurality of measurements, the body orientation mea-
surement, and the determined relationship; and

a control system configured to provide instructions to con-
trol at least one jointed limb of the robot based on the
estimated aggregate orientation of the robot.

18. The robot of claim 17, wherein the respective proper-
ties associated with the jointed limbs include a mass of each
jointed limb and a shape of each jointed limb, and wherein the
determined relationship further indicates a relationship
between a torque produced from moving a given jointed limb
and a torque applied to the portion of the robot.

19. A non-transitory computer-readable medium having
stored thereon instructions that, upon execution by at least
one processor, causes a robot to perform operations compris-
ing:

receiving a first plurality of measurements indicative of
respective joint angles corresponding to a plurality of
sensors connected to a robot, wherein the robot com-
prises a plurality of jointed limbs and respective prop-
erties associated with the jointed limbs;
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receiving a body orientation measurement indicative of an
orientation of a portion of the robot;

determining a relationship between the first plurality of
measurements and the body orientation measurement
based on the properties associated with the jointed limbs
of the robot;

estimating an aggregate orientation of the robot based on
the first plurality of measurements, the body orientation
measurement, and the determined relationship; and

based on the estimated aggregate orientation of the robot,
providing instructions to control at least one jointed limb
of the robot.

20. The non-transitory computer-readable medium of

claim 19, wherein the operations further comprise:

providing the estimated aggregate orientation of the robot
to a control system, wherein the control system is con-
figured to maintain a balance of the robot.
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