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(57) ABSTRACT

A self-controlled device maintains a frame of reference about
an X-, y- and z-axis. The self-controlled device processes an
input to control the self-propelled device, the input being
based on the x- and y-axis. The self-propelled device is con-
trolled in its movement, including about each of the x-, y- and
z-axis, based on the input.
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SELF-PROPELLED DEVICE
IMPLEMENTING THREE-DIMENSIONAL
CONTROL

RELATED APPLICATIONS

[0001] This application claims priority to (i) U.S. Provi-
sional Patent Application Ser. No. 61/430,023, entitled
“Method and System for Controlling a Robotic Device,” filed
Jan. 5,2011; (i) U.S. Provisional Patent Application Ser. No.
61/430,083, entitled “Method and System for Establishing
2-Way Communication for Controlling a Robotic Device,”
filed Jan. 5, 2011; and (iii) U.S. Provisional Patent Applica-
tion Ser. No. 61/553,923, entitled “A Self-propelled Device
and System and Method for Controlling Same,” filed Oct. 31,
2011; all of the aforementioned priority applications are
hereby incorporated by reference in their respective entirety.

FIELD OF THE INVENTION

[0002] Embodiments described herein generally relate to a
self-propelled device, and more specifically, to a self-pro-
pelled device that implements three-dimensional control.

BACKGROUND

[0003] Early in human history, the wheel was discovered
and human fascination with circular and spherical objects
began. Humans were intrigued by devices based on these
shapes: as practical transportation and propulsion, and as toys
and amusements. Self-propelled spherical objects were ini-
tially powered by inertia or mechanical energy storage in
devices such as coiled springs. As technology has evolved,
new ways of applying and controlling these devices have been
invented.

[0004] Today, technology is available from robotics, high
energy-density battery systems, sophisticated wireless com-
munication links, micro sensors for magnetism, orientation
and acceleration, and widely available communication
devices with displays and multiple sensors for input.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 is a schematic depiction of a self-propelled
device, according to one or more embodiments.

[0006] FIG.2A is a schematic depiction of an embodiment
comprising a self-propelled device and a computing device,
under an embodiment.

[0007] FIG. 2B depicts a system comprising computing
devices and self-propelled devices, according to another
embodiment.

[0008] FIG. 2C is a schematic that illustrates a system
comprising a computing device and multiple self-propelled
devices, under another embodiment.

[0009] FIG. 3 is a block diagram illustrating the compo-
nents of a self-propelled device that is in the form of a robotic,
spherical ball, in accordance with an embodiment.

[0010] FIGS. 4A, 4B, and 4C illustrate a technique for
causing controlled movement of a spherical self-propelled
device, in accordance with one or more embodiments.
[0011] FIG. 5 further illustrates a technique for causing
motion of a self-propelled spherical device, according to an
embodiment.

[0012] FIG. 6 is a block diagram depicting a sensor array
and data flow, according to an embodiment.
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[0013] FIG. 7illustrates a system including a self-propelled
device, and a controller computing device that controls and
interacts with the self-propelled device, according to one or
more embodiments.

[0014] FIG. 8A illustrates a more detailed system architec-
ture for a self-propelled device and system, according to an
embodiment.

[0015] FIG. 8B illustrates the system architecture of a com-
puting device, according to an embodiment.

[0016] FIG. 8C illustrates a particular feature of code
execution, according to an embodiment.

[0017] FIG. 8D illustrates an embodiment in which a self-
propelled device 800 implements control using a three-di-
mensional reference frame and control input that is received
from another device that utilizes a two-dimensional reference
frame, under an embodiment.

[0018] FIG. 9 illustrates a method for operating a self-
propelled device using a computing device, according to one
or more embodiments.

[0019] FIG. 10 illustrates a method for operating a comput-
ing device in controlling a self-propelled device, according to
one or more embodiments.

[0020] FIG. 11A through FIG. 11C illustrate an embodi-
ment in which a user interface of a controller is oriented to
adopt an orientation of a self-propelled device, according to
one or more embodiments.

[0021] FIG. 11D illustrates a method for calibrating a user-
interface for orientation based on an orientation of the self-
propelled device, according to an embodiment.

[0022] FIG. 12A and FIG. 12B illustrate different inter-
faces that can be implemented on a controller computing
device.

[0023] FIG. 13A through FIG. 13C illustrate a variety of
inputs that can be entered on a controller computing device to
operate a self-propelled device, according to an embodiment.
[0024] FIG. 14A illustrates a system in which a self-pro-
pelled device is represented in a virtual environment while the
self-propelled device operates in a real-world environment,
under an embodiment.

[0025] FIG. 14B and FIG. 14C illustrate an application in
which a self-propelled device acts as a fiducial marker,
according to an embodiment.

[0026] FIG. 15illustrates an interactive application that can
be implemented for use with multiple self-propelled devices,
depicted as spherical or robotic balls, under an embodiment.
[0027] FIGS. 16A and 16B illustrate a method of collision
detection, according to an embodiment.

DETAILED DESCRIPTION

[0028] In an embodiment, a self-propelled device is pro-
vided, which includes a drive system, a spherical housing, and
abiasing mechanism. The drive system includes one or more
motors that are contained within the spherical housing. The
biasing mechanism actively forces the drive system to con-
tinuously engage an interior of the spherical housing in order
to cause the spherical housing to move.

[0029] According to another embodiment, a self-controlled
device maintains a frame of reference about an X-, Y- and
Z-axis. The self-controlled device processes an input to con-
trol the self-propelled device, the input being based on the X-
and Y-axis. The self-propelled device is controlled in its
movement, including about each of the X-, Y- and Z-axes,
based on the input.
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[0030] Still further, another embodiment provides a system
that includes a controller device and a self-propelled device.
The self-propelled device is operable to move under control
of the controller device, and maintains a frame of reference
about an X-, Y- and Z-axis. The controller device provides an
interface to enable a user to enter two-dimensional control
input about the X- and Y-axes. The self-propelled device
processes the control input from the controller device in order
to maintain control relative to the X-, Y- and Z-axes.

[0031] According to another embodiment, a self-propelled
device determines an orientation for its movement based on a
pre-determined reference frame. A controller device is oper-
able by a user to control the self-propelled device. The con-
troller device includes a user interface for controlling at least
a direction of movement of the self-propelled device. The
self-propelled device is configured to signal the controller
device information that indicates the orientation of the self-
propelled device. The controller device is configured to orient
the user interface, based on the information signaled from the
self-propelled device, to reflect the orientation of the self-
propelled device.

[0032] According to another embodiment, a controller
device is provided for a self-propelled device. The controller
device includes one or more processors, a display screen, a
wireless communication port and a memory. The processor
operates to generate a user interface for controlling at least a
directional movement of the self-propelled device, receive
information from the self-propelled device over the wireless
communication port indicating an orientation of the self-
propelled device, and configure the user interface to reflect
the orientation of the self-propelled device.

[0033] Instill another embodiment, a self-propelled device
includes a drive system, a wireless communication port, a
memory and a processor. The memory stores a first set of
instructions for mapping individual inputs from a first set of
recognizable inputs to a corresponding command that con-
trols movement of the self-propelled device. The processor
(or processors) receive one or more inputs from the controller
device over the wireless communication port, map each of the
one or more inputs to a command based on the set of instruc-
tions, and control the drive system using the command deter-
mined for each of the one or more inputs. While the drive
system is controlled, the processor processes one or more
instructions to alter the set of recognizable inputs and/or the
corresponding command that is mapped to the individual
inputs in the set of recognizable inputs.

[0034] Still further, embodiments enable a controller
device to include an object or virtual representation of the
self-propelled device.

[0035]

[0036] As used herein, the term “substantially” means at
least almost entirely. In quantitative terms, “substantially”
means at least 80% of a stated reference (e.g., quantity of
shape).

[0037] In similar regard, “spherical” or “sphere” means
“substantially spherical.” An object is spherical if it appears
as such as to an ordinary user, recognizing that, for example,
manufacturing processes may create tolerances in the shape
or design where the object is slightly elliptical or not perfectly
symmetrical, or that the object may include surface features
or mechanisms for which the exterior is not perfectly smooth
or symmetrical.

Terms
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[0038] Overview

[0039] Referring now to the drawings, FIG. 1 is a schematic
depiction of a self-propelled device, according to one or more
embodiments. As described by various embodiments, self-
propelled device 100 can be operated to move under control
of another device, such as a computing device operated by a
user. In some embodiments, self-propelled device 100 is con-
figured with resources that enable one or more of the follow-
ing: (i) maintain self-awareness of orientation and/or position
relative to an initial reference frame after the device initiates
movement; (ii) process control input programmatically, so as
to enable a diverse range of program-specific responses to
different control inputs; (iii) enable another device to control
its movement using software or programming logic that is
communicative with programming logic on the self-pro-
pelled device; and/or (iv) generate an output response for its
movement and state that it is software interpretable by the
control device.

[0040] In an embodiment, self-propelled device 100
includes several interconnected subsystems and modules.
Processor 114 executes programmatic instructions from pro-
gram memory 104. The instructions stored in program
memory 104 can be changed, for example to add features,
correct flaws, or modify behavior. In some embodiments,
program memory 104 stores programming instructions that
are communicative or otherwise operable with software
executing on a computing device. The processor 114 is con-
figured to execute different programs of programming
instructions, in order to after the manner in which the self-
propelled device 100 interprets or otherwise responds to con-
trol input from another computing device.

[0041] Wireless communication 110, in conjunction with
communication transducer 102, serves to exchange data
between processor 114 and other external devices. The data
exchanges, for example, provide communications, provide
control, provide logical instructions, state information, and/
or provide updates for program memory 104. In some
embodiments, processor 114 generates output corresponding
to state and/or position information, that is communicated to
the controller device via the wireless communication port.
The mobility of the device makes wired connections undesir-
able; the term “connection” should be understood to mean a
logical connection made without a physical attachment to
self-propelled device 100.

[0042] In one embodiment, wireless communication 110
implements the BLUETOOTH communications protocol and
transducer 602 is an antenna suitable for transmission and
reception of BLUETOOTH radio signals. Other wireless
communication mediums and protocols may also be used in
alternative implementations.

[0043] Sensors 112 provide information about the sur-
rounding environment and condition to processor 114. In one
embodiment, sensors 112 include inertial measurement
devices, including a 3-axis gyroscope, a 3-axis accelerometer,
and a 3-axis magnetometer. According to some embodiments,
the sensors 114 provide input to enable processor 114 to
maintain awareness of the device’s orientation and/or posi-
tion relative to the initial reference frame after the device
initiates movement. In various embodiments, sensors 112
include instruments for detecting light, temperature, humid-
ity, or measuring chemical concentrations or radioactivity.
[0044] State/variable memory 106 stores information about
the present state of the system, including, for example, posi-
tion, orientation, rates of rotation and translation in each axis.
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The state/variable memory 106 also stores information cor-
responding to an initial reference frame of the device upon,
for example, the device being putin use (e.g., the device being
switched on), as well as position and orientation information
once the device is in use. In this way, some embodiments
provide for the device 100 to utilize information of the state/
variable memory 106 in order to maintain position and ori-
entation information of the device 100 once the device starts
moving.

[0045] Clock 108 provides timing information to processor
114. In one embodiment, clock 108 provides a timebase for
measuring intervals and rates of change. In another embodi-
ment, clock 108 provides day, date, year, time, and alarm
functions. In one embodiment clock 108 allows device 100 to
provide an alarm or alert at pre-set times.

[0046] Expansion port 120 provides a connection for addi-
tion of accessories or devices. Expansion port 120 provides
for future expansion, as well as flexibility to add options or
enhancements. For example, expansion port 120 is used to
add peripherals, sensors, processing hardware, storage, dis-
plays, or actuators to the basic self-propelled device 100.
[0047] Inoneembodiment, expansion port 120 provides an
interface capable of communicating with a suitably config-
ured component using analog or digital signals. In various
embodiments, expansion port 120 provides electrical inter-
faces and protocols that are standard or well-known. In one
embodiment, expansion port 120 implements an optical inter-
face. Exemplary interfaces appropriate for expansion port
120 include the Universal Serial Bus (USB), Inter-Integrated
Circuit Bus (12C), Serial Peripheral Interface (SPI), or ETH-
ERNET.

[0048] Display 118 presents information to outside devices
or persons. Display 118 can present information in a variety
of forms. In various embodiments, display 118 can produce
light in colors and patterns, sound, vibration, music, or com-
binations of sensory stimuli. In one embodiment, display 118
operates in conjunction with actuators 126 to communicate
information by physical movements of device 100. For
example, device 100 can be made to emulate a human head
nod or shake to communicate “yes” or “no.”

[0049] In one embodiment, display 118 is an emitter of
light, either in the visible or invisible range. Invisible light in
the infrared or ultraviolet range is useful, for example to send
information invisible to human senses but available to spe-
cialized detectors. In one embodiment, display 118 includes
an array of Light Emitting Diodes (LEDs) emitting various
light frequencies, arranged such that their relative intensity is
variable and the light emitted is blended to form color mix-
tures.

[0050] In one embodiment, display 118 includes an LED
array comprising several LEDs, each emitting a human-vis-
ible primary color. Processor 114 varies the relative intensity
of each of the LEDs to produce a wide range of colors.
Primary colors of light are those wherein a few colors can be
blended in different amounts to produce a wide gamut of
apparent colors. Many sets of primary colors of light are
known, including for example red/green/blue, red/green/
blue/white, and red/green/blue/amber. For example, red,
green and blue LEDs together comprise a usable set of three
available primary-color devices comprising a display 118 in
one embodiment. In other embodiments, other sets of primary
colors and white LEDs are used.

[0051] In one embodiment, display 118 includes an LED
used to indicate a reference point on device 100 for alignment.
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[0052] Power 124 stores energy for operating the electron-
ics and electromechanical components of device 100. In one
embodiment, power 124 is a rechargeable battery. Inductive
charge port 128 allows for recharging power 124 without a
wired electrical connection. In one embodiment, inductive
charge port 128 accepts magnetic energy and converts it to
electrical energy to recharge the batteries. In one embodi-
ment, charge port 128 provides a wireless communication
interface with an external charging device.

[0053] Deep sleep sensor 122 puts the self-propelled device
100 into a verylow power or “deep sleep” mode where most of
the electronic devices use no battery power. This is useful for
long-term storage or shipping.

[0054] In one embodiment, sensor 122 is non-contact in
that it senses through the enclosing envelope of device 100
without a wired connection. In one embodiment, deep sleep
sensor 122 is a Hall Effect sensor mounted so that an external
magnet can be applied at a pre-determined location on device
100 to activate deep sleep mode.

[0055] Actuators 126 convert electrical energy into
mechanical energy for various uses. A primary use of actua-
tors 126 is to propel and steer self-propelled device 100.
Movement and steering actuators are also referred to as a
drive system or traction system. The drive system moves
device 100 in rotation and translation, under control of pro-
cessor 114. Examples of actuators 126 include, without limi-
tation, wheels, motors, solenoids, propellers, paddle wheels
and pendulums.

[0056] In one embodiment, drive system actuators 126
include two parallel wheels, each mounted to an axle con-
nected to an independently variable-speed motor through a
reduction gear system. In such an embodiment, the speeds of
the two drive motors are controlled by processor 114.
[0057] However, it should be appreciated that actuators
126, in various embodiments, produce a variety of move-
ments in addition to merely rotating and translating device
100. In one embodiment, actuators 126 cause device 100 to
execute communicative or emotionally evocative move-
ments, including emulation of human gestures, for example,
head nodding, shaking, trembling, spinning or flipping. In
some embodiments, processor coordinates actuators 126 with
display 118. For example, in one embodiment, processor 114
provides signals to actuators 126 and display 118 to cause
device 100 to spin or tremble and simultaneously emit pat-
terns of colored light. In one embodiment, device 100 emits
light or sound patterns synchronized with movements.
[0058] In one embodiment, self-propelled device 100 is
used as a controller for other network-connected devices.
Device 100 contains sensors and wireless communication
capability, and so it can perform a controller role for other
devices. For example, self-propelled device 100 can be held
in the hand and used to sense gestures, movements, rotations,
combination inputs and the like.

[0059] FIG. 2A is a schematic depiction of an embodiment
comprising a self-propelled device and a computing device,
under an embodiment. More specifically, a self-propelled
device 214 is controlled in its movement by programming
logic and/or controls that can originate from a controller
device 208. The self-propelled device 214 is capable of move-
ment under control of the computing device 208, which can
be operated by a user 202. The computing device 208 can
wirelessly communicate control data to the self-propelled
device 214 using a standard or proprietary wireless commu-
nication protocol. In variations, the self-propelled device 214
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may be at least partially self-controlled, utilizing sensors and
internal programming logic to control the parameters of its
movement (e.g., velocity, direction, etc.). Still further, the
self-propelled device 214 can communicate data relating to
the device’s position and/or movement parameters for the
purpose of generating or alternating content on the computing
device 208. In additional variations, self-propelled device
214 can control aspects of the computing device 208 by way
of its movements and/or internal programming logic.

[0060] As described herein, the self-propelled device 214
may have multiple modes of operation, including those of
operation in which the device is controlled by the computing
device 208, is a controller for another device (e.g., another
self-propelled device or the computing device 208), and/or is
partially or wholly self-autonomous.

[0061] Additionally, embodiments enable the self-pro-
pelled device 214 and the computing device 208 to share a
computing platform on which programming logic is shared,
in order to enable, among other features, functionality that
includes: (i) enabling the user 202 to operate the computing
device 208 to generate multiple kinds of input, including
simple directional input, command input, gesture input,
motion or other sensory input, voice input or combinations
thereof; (ii) enabling the self-propelled device 214 to interpret
input received from the computing device 208 as a command
or set of commands; and/or (iii) enabling the self-propelled
device 214 to communicate data regarding that device’s posi-
tion, movement and/or state in order to effect a state on the
computing device 208 (e.g., display state, such as content
corresponding to a controller-user interface). Embodiments
further provide that the self-propelled device 214 includes a
programmatic interface that facilitates additional program-
ming logic and/or instructions to use the device. The comput-
ing device 208 can execute programming that is communica-
tive with the programming logic on the self-propelled device
214.

[0062] According to embodiments, the self-propelled
device 214 includes an actuator or drive mechanism causing
motion or directional movement. The self-propelled device
214 may be referred to by a number of related terms and
phrases, including controlled device, robot, robotic device,
remote device, autonomous device, and remote-controlled
device. In some embodiments, the self-propelled device 214
can be structured to move and be controlled in various media.
For example, self-propelled device 214 can be configured for
movement in media such as on flat surfaces, sandy surfaces or
rocky surfaces.

[0063] The self-propelled device 214 may be implemented
in various forms. As described below and with an embodi-
ment of FIG. 3, the self-propelled device 214 may correspond
to a spherical object that can roll and/or perform other move-
ments such as spinning. In variations, device 214 can corre-
spond to a radio-controlled aircraft, such as an airplane, heli-
copter, hovercraft or balloon. In other variations, device 214
can correspond to a radio controlled watercraft, such as a boat
or submarine. Numerous other variations may also be imple-
mented, such as those in which the device 214 is a robot.
[0064] In one embodiment, device 214 includes a sealed
hollow envelope, roughly spherical in shape, capable of direc-
tional movement by action of actuators inside the enclosing
envelope.

[0065] Continuing to refer to FIG. 2A, device 214 is con-
figured to communicate with computing device 208 using
network communication links 210 and 212. Link 210 trans-
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fers data from device 208 to device 214. Link 212 transfers
data from device 214 to device 208. Links 210 and 212 are
shown as separate unidirectional links for illustration; in
some embodiments a single bi-directional communication
link performs communication in both directions. It should be
appreciated that link 210 and link 212 are not necessarily
identical in type, bandwidth or capability. For example, com-
munication link 210 from computing device 208 to elf-pro-
pelled device 214 is often capable of a higher communication
rate and bandwidth compared to link 212. In some situations,
only one link 210 or 212 is established. In such an embodi-
ment, communication is unidirectional.

[0066] The computing device 208 can correspond to any
device comprising at least a processor and communication
capability suitable for establishing at least uni-directional
communications with self-propelled device 214. Examples of
such devices include, without limitation: mobile computing
devices (e.g., multifunctional messaging/voice communica-
tion devices such as smart phones), tablet computers, portable
communication devices and personal computers. In one
embodiment, device 208 is an IPHONE available from
APPLE COMPUTER, INC. of Cupertino, Calif. In another
embodiment, device 208 is an IPAD tablet computer, also
from APPLE COMPUTER. In another embodiment, device
208 is any of the handheld computing and communication
appliances executing the ANDROID operating system from
GOOGLE, INC.

[0067] In another embodiment, device 208 is a personal
computer, in either a laptop or desktop configuration. For
example, device 208 is a mufti-purpose computing platform
running the MICROSOFT WINDOWS operating system, or
the LINUX operating system, or the APPLE OS/X operating
system, configured with an appropriate application program
to communicate with self-propelled device 214.

[0068] In variations, the computing device 208 can be a
specialized device, dedicated for enabling the user 202 to
control and interact with the self-propelled device 214.
[0069] In one embodiment, multiple types of computing
device 208 can be used interchangeably to communicate with
the self-propelled device 214. In one embodiment, self-pro-
pelled device 214 is capable of communicating and/or being
controlled by multiple devices (e.g., concurrently or one at a
time). For example, device 214 can link with an IPHONE in
one session and with an ANDROID device in a later session,
without modification of device 214.

[0070] According to embodiments, the user 202 can inter-
act with the self-propelled device 214 via the computing
device 208, in order to control the self-propelled device and/
or to receive feedback or interaction on the computing device
208 from the self-propelled device 214. According to
embodiments, the user 202 is enabled to specify input 204
through various mechanisms that are provided with the com-
puting device 208. Examples of such inputs include text entry,
voice command, touching a sensing surface or screen, physi-
cal manipulations, gestures, taps, shaking and combinations
of the above.

[0071] The user 202 may interact with the computing
device 208 in order to receive feedback 206. The feedback
206 may be generated on the computing device 208 in
response to user input. As an alternative or addition, the
feedback 206 may also be based on data communicated from
the self-propelled device 214 to the computing device 208,
regarding, for example, the self-propelled device’s position or
state. Without limitation, examples of feedback 206 include
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text display, graphical display, sound, music, tonal patterns,
modulation of color or intensity of light, haptic, vibrational or
tactile stimulation. The feedback 206 may be combined with
input that is generated on the computing device 208. For
example, the computing device 208 may output content that is
modified to reflect position or state information communi-
cated from the self-propelled device 214.

[0072] In some embodiments, the computing device 208
and/or the self-propelled device 214 are configured such that
user input 204 and feedback 206 maximize usability and
accessibility for a user 202, who has limited sensing, think-
ing, perception, motor or other abilities. This allows users
with handicaps or special needs to operate system 200 as
described.

[0073] It should be appreciated that the configuration illus-
trated in the embodiment of FIG. 2A is only one of an almost
unlimited number of possible configurations of networks
including a self-propelled device with communication con-
nections. Furthermore, while numerous embodiments
described herein provide for a user to operate or otherwise
directly interface with the computing device in order to con-
trol and/or interact with a self-propelled device, variations to
embodiments described encompass enabling the user to
directly control or interact with the self-propelled device 214
without use of an intermediary device such as computing
device 208.

[0074] FIG. 2B depicts a system 218 comprising comput-
ing devices and self-propelled devices, according to another
embodiment. In the example provided by FIG. 2B, system
218 includes two computing devices 220 and 228, four self-
propelled devices 224, 232, 236, and 238, and communica-
tion links 222, 226, 230, 234 and 239. The communication of
computing device 220 with self-propelled device 224 using
link 222 is similar to the embodiment depicted in network 200
of FIG. 2A; however, embodiments such as those shown
enable additional communication to be established between
two computing devices 220 and 228, via network link 226.
[0075] According to an embodiment such as provided with
system 218, the computing devices 220, 228 may optionally
control more than one self-propelled device. Furthermore,
each self-propelled device 224, 232, 236, 238 may be con-
trolled by more than one computing device 220, 228. For
example, embodiments provide that computing device 228
can establish multiple communications links, including with
self-propelled devices 232 and 236, and computing device
220.

[0076] In variations, the computing devices 220, 228 can
also communicate with one or more self-propelled devices
using a network such as the Internet, or a local wireless
network (e.g., a home network). For example, the computing
device 228 is shown to have a communications link 239,
which can connect the computing device to an Internet server,
a web site, or to another computing device at a remote loca-
tion. In some embodiments, the computing device 228 can
serve as an intermediary between the network source and a
self-propelled device. For example, the computing device
228 may access programming from the Internet and commu-
nicate that programming to one of the self-propelled devices.
[0077] As an alternative or variation, the computing device
228 can enable a network user to control the computing
device 228 in controlling one or more of the self-propelled
devices 232, 236, etc. Still further, the computing device 228
can access the network source in order to receive program-
matically triggered commands, such as a command initiated
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from a network service that causes one or more of the self-
propelled devices to update or synchronize using the comput-
ing device 228. For example, the self-propelled device 232
may include image capturing resources, and a network source
may trigger the computing device 228 to access the images
from the self-propelled device, and/or to communicate those
images to the network source over the Internet.

[0078] In variations, such remote network functionality
may alternatively be communicated directly from a network
source to the self-propelled devices 224, 232, 236. Thus,
computing devices 220, 228 may be optional and various
applications and uses. Alternatively, computing devices 220,
228 may be separated from the self-propelled devices 224,
232, 236 by a network such as the Internet. Thus, computing
devices 220, 228 can alternatively be the network source that
remotely controls and/or communicates with the self-pro-
pelled devices.

[0079] Itshould be noted that the data communication links
210, 212, 222, 226, 230, 234, 239, 242, 246, 248, and 252 in
FIGS. 2A, 2B, and 2C are depicted as short and direct for
purposes of illustration. However, actual links may be much
more varied and complex. For example, link 226 connecting
two computing devices 220 and 228 may be a low-power
wireless link, if devices 220 and 228 are in close proximity.
However, computing devices 220 and 228 may be far apart
(e.g., separated by miles or geography), so long as suitable
network communication can be established.

[0080] Thus, link 226 and all of the links 222, 230, 234, and
239 can employ a variety of network technologies, including
the Internet, World Wide Web, wireless links, wireless radio-
frequency communications utilizing network protocol, opti-
cal links, or any available network communication technol-
ogy. The final connection to self-propelled devices 224, 232,
236 and 238 is preferably wireless so connecting wires do not
restrict mobility.

[0081] In one embodiment, the communication links 222,
226, 230 and 234 are based on the wireless communication
standard for data exchange known as BLUETOOTH. BLUE-
TOOTH is widely available and provides a flexible commu-
nication framework for establishing data networks using
short-wavelength radio transceivers and data encoding.
BLUETOOTH incorporates security features to protect the
data sent on the links from unauthorized observers or inter-
ference. Alternative wireless communication medium may
also be employed, such as wireless USB, Wi-Fi, or propri-
etary wireless communications. Embodiments further con-
template that one or more of the communication links to 22,
226, 230 and 234 utilize short-range radiofrequency (RF)
communication, and/or line-of-sight communications.
[0082] In various other embodiments, the communication
links are based on other wireless communication systems.
Various radio frequency data communication systems are
available, including for example those known as WI-FI, IEEE
802.11a, IEEE 802.11b, IEEE 802.11g or 802.11n. Other
radio frequency data links are formed using cellular tele-
phone service or serial communication protocols using radio
modems. In other embodiments, optical communication links
are employed, including modulating properties of light and
LASER beams.

[0083] Any suitable communication technology can be
used to form the network links, whether presently known or
available in the future. The features described herein are not
dependent on any particular networking technology or stan-
dard.
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[0084] In some embodiments, the communication estab-
lished amongst the devices, such as amongst computing
device 220, 228 and/or self-propelled devices 224, 232, 236,
can be temporary, flexible and reconfigurable. A resulting
network of such devices can be considered an “ad-hoc” net-
work, or alternatively a “piconet,” or “personal area network.”
In this respect, some implementations provide that the com-
puting device is 220, 228 and self-propelled devices 224, 232,
236 can be considered nodes of the network, such as an
ad-hoc network. In such configurations, network compo-
nents, topology and communications paths are flexible and
can be readily adjusted to accommodate addition or removal
of devices, changing communication requirements or chan-
nel interference. For example, self-propelled device 238 in
FIG. 2B is shown with no present network connection. How-
ever, self-propelled device 238 has connected to network 218
in the past and received instructions to enable it to operate
without a persistent network link.

[0085] FIG. 2C is a schematic that illustrates a system 268
comprising a computing device and multiple self-propelled
devices, under another embodiment. A computing device 240
is operable to communicate with one or more self-propelled
devices 244, 250, 254. The computing device 240 may com-
municate commands or other control data, and received feed-
back similar to embodiments described above. The self-pro-
pelled devices 244, 250, 254 are configured to communicate
and/or be controlled by the computing device 240. Addition-
ally, the self-propelled devices 244, 250, 254 are configured
to communicate and/or control one another.

[0086] In the example shown by FIG. 2C, the computing
device 240 communicates with self-propelled device 244
using communications link 242. Self-propelled device 244
communicates with self-propelled device 250 using link 246
and with self-propelled device 254 using link 248. Self-pro-
pelled devices 250 and 254 communicate using link 252. The
computing device 250 can send data to any of the self-pro-
pelled devices 244, 250, or 254, using device 244 as a relay.
Alternatively, the computing device 240 can communicate
with the other self-propelled devices 250, 254 directly.

[0087] The system 238 may include various configurations.
For example, a user may operate computing device 240 to
control self-propelled device 244. Movement of the self-pro-
pelled device 244 may be communicated both to the comput-
ing device 240 and to one or more of the other self-propelled
devices 250, 254. Each of self-propelled devices may be
preprogrammed to react in a specific manner based on state or
position information communicated from another one of the
self-propelled devices. For example, self-propelled devices
244, 250 may each be operated in a repel mode, so that the
movement of self-propelled device 244 (as controlled from
computing device 240) results in a repel motion by the self-
propelled device 250. In other variations, self-propelled
devices 244, 250, 254 may be preprogrammed to maintain a
specific distance apart from one another, so that movement by
one device automatically causes movement by the other two
devices. Still further, the devices 244, 250, 254 may be con-
figured so as to perform a variety of activities, such as, for
example, (1) one self-propelled device automatically moving
when another approaches a threshold distance; (ii) one self-
propelled device programmatically moving to bump another
self-propelled device; (iii) the self-propelled devices auto-
matically moving in tandem based on input received by each
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of the self-propelled devices from the other self-propelled
devices or from the computing device 240, and/or variations
thereof.

[0088] The various systems 200, 218, 238 are illustrative of
embodiments provided herein. With any of the systems
described, variations include the addition of more or fewer
computing devices, and/or more or fewer self-propelled
devices. As described with some wvariations, additional
sources or nodes can be provided from a remote network
source. Additionally, in some operational environments, the
presence of the computing device is optional. For example,
the self-propelled devices can be partially or completely
autonomous, using programming logic to function.

[0089] Spherical Mechanical Design

[0090] FIG. 3 is a block diagram illustrating the compo-
nents of a self-propelled device 300 that is in the form of a
robotic, spherical ball, in accordance with an embodiment. In
one embodiment, robotic ball 300 is of a size and weight
allowing it to be easily grasped, lifted, and carried in an adult
human hand.

[0091] Asshown, robotic ball 300 includes an outer spheri-
cal shell (or housing) 302 that makes contact with an external
surface as the device rolls. In addition, robotic ball 300
includes an inner surface 304 of the outer shell 302. Addi-
tionally robotic ball 300 includes several mechanical and
electronic components enclosed by outer shell 302 and inner
surface 304 (collectively known as the envelope).

[0092] In the described embodiment, outer shell 302 and
inner surface 304 are composed of a material that transmits
signals used for wireless communication, yet are impervious
to moisture and dirt. The envelope material can be durable,
washable, and/or shatter resistant. The envelope may also be
structured to enable transmission of light and is textured to
diffuse the light.

[0093] In one embodiment, the housing is made of sealed
polycarbonate plastic. In one embodiment, at least one of the
outer shell 302 or inner surface 304 are textured to diffuse
light. In one embodiment, the envelope comprises two hemi-
spherical shells with an associated attachment mechanism,
such that the envelope can be opened to allow access to the
internal electronic and mechanical components.

[0094] Several electronic and mechanical components are
located inside the envelope for enabling processing, wireless
communication, propulsion and other functions (collectively
referred to as the “interior mechanism”). Among the compo-
nents, embodiments include a drive system 301 to enable the
device to propel itself. The drive system 301 can be coupled to
processing resources and other control mechanisms, as
described with other embodiments. Referring again to FIG. 3,
carrier 314 serves as the attachment point and support for
components of the interior mechanism. The components of
the interior mechanism are not rigidly attached to the enve-
lope. Instead, the interior mechanism is in frictional contact
with inner surface 304 at selected points, and is movable
within the envelope by the action of actuators of the drive
mechanism.

[0095] Carrier 314 is in mechanical and electrical contact
with energy storage 316. Energy storage 316 provides a res-
ervoir of energy to power the device and electronics and is
replenished through inductive charge port 326. Energy stor-
age 316, in one embodiment, is a rechargeable battery. In one
embodiment, the battery is composed of ithium-polymer
cells. In other embodiments, other rechargeable battery
chemistries are used.
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[0096] Carrier 314 can provide the mounting location for
most of the internal components, including printed circuit
boards for electronic assemblies, sensor arrays, antennas, and
connectors, as well as providing a mechanical attachment
point for internal components.

[0097] In one embodiment, the drive system 301 includes
motors 322, 324 and wheels 318, 320. Motors 322 and 324
connect to wheels 318 and 320, respectively, each through an
associated shaft, axle, and gear drive (not shown). The perim-
eter of wheels 318 and 320 are two points where the interior
mechanism is in mechanical contact with inner surface 304.
The points where wheels 318 and 320 contact inner surface
304 are an essential part of the drive mechanism of the ball,
and so are preferably coated with a material to increase fric-
tion and reduce slippage. For example, wheels 318 and 320
are covered with silicone rubber tires.

[0098] Insome embodiments, a biasing mechanism is pro-
vided to actively force the wheels 318, 320 against the inner
surface 304. In an example provided, the spring 312 and end
310 can comprise a biasing mechanism. More specifically,
spring 312 and spring end 310 are positioned to contact inner
surface 304 at a point diametrically opposed to wheels 318
and 320. Spring 312 and end 310 provide additional contact
force to reduce slippage of the wheels 318 and 320, particu-
larly in situations where the interior mechanism is not posi-
tioned with the wheels at the bottom and where gravity does
not provide adequate force to prevent the drive wheels from
slipping. Spring 312 is selected to provide a small force
pushing wheels 318 and 320, and spring end 310 evenly
against inner surface 304.

[0099] Spring end 310 is designed to provide near-friction-
less contact with inner surface 304. In one embodiment, end
310 comprises a rounded surface configured to mirror a low-
friction contact region at all contact points with the inner
surface 304. Additional means of providing near-frictionless
contact may be provided. In another implementation, the
rounded surface may include one or more bearings to further
reduce friction at the contact point where end 310 moves
along inner surface 304.

[0100] Spring 312 and end 310 are preferably made of a
non-magnetic material to avoid interference with sensitive
magnetic sensors.

[0101] Control Overview

[0102] FIGS.4A, 4B and 4C illustrate a technique for caus-
ing controlled movement of a spherical self-propelled device
402, in accordance with one or more embodiments. In FIG.
4A, self-propelled device is at rest in a stable orientation.
With an X-, Y-, Z-axes frame of reference, the center of mass
406 (or center of gravity) of the device is aligned directly
below (Z axis) the center of rotation 408, causing the device
to be at rest. Reference mark 404 is included in the drawing to
illustrate movement (X, Y axes), but is not present on the
actual self-propelled device 402.

[0103] To produce directed movement of self-propelled
device 402, the center of mass 406 is displaced from under the
center of rotation 408, as shown in FIG. 4B. With movement,
the device 402 has an inherent dynamic instability (DIS) in
one or more axes (e.g., see Y or Z axes). To maintain stability,
the device uses feedback about its motion to compensate for
the instability. Sensor input, such as provided from sensors
112 (see FIG. 1) or accelerometers or gyroscopes (see FIG.
6), can be used to detect what compensation is needed. In this
way, the device maintains a state of dynamic inherent insta-
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bility as it moves under control of sensors and control input,
which can be communicated from another controller device.
[0104] The displacement 410 of center of mass 406 is
caused by one or more actuators. When center of mass 406 is
not aligned below center of rotation 408, a torque is created on
device 402 about the center of rotation, causing device 402 to
rotate to restore stability. When device 402 is in contact with
a surface, rotation causes device 402 to move along the sur-
face in the direction corresponding to the displacement 410.
[0105] FIG. 4C illustrates device 402 at rest after the move-
ment, with reference mark 404 showing the distance device
402 has rotated from the initial position in FIG. 4A. Although
the displacement of center of mass 406 and movement are
shown in one dimension for illustration, the principle applies
to create desired motion in any direction on a two-dimen-
sional plane.

[0106] Insome implementations, device 402 is configured
with center of mass 406 being as near to the inner surface of
the sphere as possible, or equivalently to arrange components
so that center of mass 406 is as low as possible when the
device is in a stable situation as shown in FIG. 4A.

[0107] FIG. 5 further illustrates a technique for causing
motion of a self-propelled spherical device, according to an
embodiment. In the FIG. 5, device 500 is shown, having
center of rotation 502 and center of mass 506, and in contact
with planar surface 512. The drive mechanism for robotic
device 500 comprises two independently-controlled wheeled
actuators 508 in contact with the inner surface of the enclos-
ing spherical envelope of device 500. Also shown is sensor
platform 504. Several components of device 500 are not
shown in FIG. 5 for simplicity of illustration.

[0108] Whenitis desired that device 500 move at a constant
velocity, the technique illustrated in FIGS. 4A, 4B and 4C can
be extended as shown in FIG. 5. To achieve continuous
motion at a constant velocity, the displacement of center of
mass 506 relative to center of rotation 502 is maintained by
action of wheeled actuators 508. The displacement of the
center of mass 506 relative to center of rotation 502 is difficult
to measure, thus it is difficult to obtain feedback for a closed-
loop controller to maintain constant velocity. However, the
displacement is proportional to the angle 510 between sensor
platform 504 and surface 512. The angle 510 can be sensed or
estimated from a variety of sensor inputs, as described herein.
Therefore, in one embodiment, the speed controller for
robotic device 500 can be implemented to use angle 510 to
regulate speed for wheeled actuators 508 causing device 500
to move at a constant speed across surface 512. The speed
controller determines the desired angle 510 to produce the
desired speed, and the desired angle setpoint is provided as an
input to a closed loop controller regulating the drive mecha-
nism.

[0109] FIG. 5 illustrates use of angle measurement for
speed control; however the technique can be extended to
provide control of turns and rotations, with feedback of
appropriate sensed angles and angular rates.

[0110] It can be seen from the foregoing discussion that
knowledge of the orientation angles is useful, in various
embodiments, for control of a self-propelled device. Measur-
ing the orientation of the device is also useful for navigation
and alignment with other devices.

[0111] FIG. 6 is a block diagram depicting a sensor array
and data flow according to an embodiment. In FIG. 6, sensor
array 612 provides a set of sensors for providing information
to the self-propelled device, including for example, its posi-
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tion, orientation, rates of translation, rotation and accelera-
tion. Many other sensors can be included to meet require-
ments in various embodiments.

[0112] In one embodiment, sensor array 612 includes a
3-axis gyroscope sensor 602, a 3-axis accelerometer sensor
604, and a 3-axis magnetometer sensor 606. In one embodi-
ment a receiver for the Global Positioning System (GPS) is
included. However, GPS signals are typically unavailable
indoors, so the GPS receiver is often omitted.

[0113] Due to limitations in size and cost, sensors in sensor
array 612 are typically miniaturized devices employing
micro-electro-mechanical (MEMS) technology. The data
from these sensors requires filtering and processing to pro-
duce accurate state estimates 616. Various algorithms are
employed in sensor fusion and state estimator 614. These
algorithms are executed by the processor on the self-pro-
pelled device.

[0114] Those familiar with the art will understand that the
signals from sensor in sensor array 612 are imperfect and
distorted by noise, interference and the limited capability of
inexpensive sensors. However, the sensors also provide
redundant information, so that application of a suitable sensor
fusion and state estimator process 614 provides an adequate
state estimation 616 of the true state of the self-propelled
device.

[0115] For example, in many situations, magnetometer
data is distorted by stray magnetic fields and ferrous metals in
the vicinity. Sensor fusion and state estimator 614 are config-
ured to reject bad or suspect magnetometer data and rely on
the remaining sensors in estimating the state 616 of the self-
propelled device. In some embodiments, particular move-
ments of the self-propelled device can be used to improve
sensor data for desired purposes. For example, it can be useful
to rotate self-propelled device through an entire 360 degree
heading sweep while monitoring magnetometer data, to map
local magnetic fields. Since the fields are usually relatively
invariant over a short period of time, the local field measure-
ment is repeatable and therefore useful, even if distorted.
[0116] Architecture

[0117] FIG. 7illustrates a system including a self-propelled
device, and a controller computing device that controls and
interacts with the self-propelled device, according to one or
more embodiments. In an embodiment, a self-propelled
device 710 may be constructed using hardware resources
such as described with an embodiment of FIG. 1. In one
implementation, self-propelled device 710 is a spherical
object such as described with an embodiment of FIG. 3. A
computing device 750 can be a multifunctional device, such
as a mobile computing device (e.g., smart phone), tablet or
personal computer in device. Alternatively, computing device
750 can correspond to a specialized device that is dedicated to
controlling and communicating with the self-propelled
device 710.

[0118] Inanembodiment, self-propelled device 710 is con-
figured to execute one or more programs 716 stored in a
program library 720. Each program 716 in the program
library 720 can include instructions or rules for operating the
device, including instructions for how the device is to respond
to specific conditions, how the device is to respond to control
input 713 (e.g., user input entered on the computing device
720), and/or the mode of operation that the device is to imple-
ment (e.g., controlled mode, versus autonomous, etc.).
[0119] The program library 720 may also maintain an
instruction set that is shared by multiple programs, including
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instructions that enable some user input to be interpreted in a
common manner. An application program interface (API)
730 can be implemented on the device 710 to enable pro-
grams to access a library of functions and resources of the
device. For example, the API 730 may include functions that
can be used with programs to implement motor control (e.g.,
speed or direction), state transition, sensor device interpreta-
tion and/or wireless communications.

[0120] Inoneimplementation, the device 710 receives pro-
grams and programming instructions wirelessly through use
of the wireless communication port 712. In variations, the
device 710 receives programs and programming instructions
782 from external sources 780 via other ports, such as expan-
sion port 120 (see FIG. 1). The programming resources may
originate from, for example, a media provided to the user of
the device (e.g., SD card), a network resource or website
where programs can be downloaded, and/or programs and/or
instruction sets communicated via the wireless communica-
tion port 712 from the computing device 750. In one imple-
mentation, the computing device 750 can be programmati-
cally configured to interact and/or control the self-propelled
device 710 with software. Once configured, the computing
device 750 communicates instructions coinciding with its
programmatic configuration to the self-propelled device 710.
For example, the computing device 750 may download an
application for controlling or interacting with the self-pro-
pelled device 710. The application can be downloaded from,
for example, a network (e.g., from an App Store), or from a
website, using wireless communication capabilities inherent
in the computing device 750 (e.g., cellular capabilities, Wi-Fi
capabilities, etc.). The application that is downloaded by the
computing device 750 may include an instruction set that can
be communicated to the self-propelled device 710.

[0121] In an embodiment, the computing device 750
executes a program 756 that is specialized or otherwise spe-
cific to communicating or interacting with, and/or controlling
the self-propelled device 710. In some embodiments, the
program 756 that executes on the computing device 750
includes a counterpart program 716A that can execute on the
self-propelled device 710. The programs 756, 716A can
execute as a shared platform or system. For example, as
described below, the program 756 operating on the comput-
ing device 750 may cooperate with the counterpart runtime
program 716 A to generate input for the self-propelled device
710, and to generate output on the computing device 750
based on a data signal from the self-propelled device 710. In
an embodiment, the program 756 generates a user interface
760 that (i) prompts or provides guidance for the user to
provide input that is interpretable on the self-propelled device
710 as a result of the counterpart runtime program 716A,
resulting in some expected outcome from the self-propelled
device 710; (ii) receives feedback 718 from the self-propelled
device 710 in a manner that affects the content that is output
by the program 756 operating on the computing device 750.
In the latter case, for example, computer-generated content
may be altered based on positioning or movement of the
self-propelled device 710.

[0122] More specifically, on the computing device, the pro-
gram 756 can provide a user interface 760, including logic
762 for prompting and/or interpreting user input on the com-
puting device. Various forms of input may be entered on the
computing device 750, including, for example, user interac-
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tion with mechanical switches or buttons, touchscreen input,
audio input, gesture input, or movements of the device in a
particular manner.

[0123] Accordingly, the program 756 can be configured to
utilize an inherent application program interface on the com-
puting device 750, to utilize the various resources of the
device to receive and process input. Many existing multifunc-
tional or general purpose computing devices (e.g., smart
phones or tablets) are configured to detect various kinds of
input, including touchscreen input (e.g., multitouch input
gesture input), optical input (e.g., camera image sensing
input), audio input and device movement input (e.g., shaking
or moving the entire device). The user interface 760 may
include logic 762 to prompt the user for specific kinds of input
(e.g., include visual markers where a user should place fin-
gers, instruct the user or provide the user with the visual
and/or audio prompt to move the device, etc.), and to interpret
the input into control information that is signaled to the self-
propelled device.

[0124] Insomeembodiments or implementations, the input
generated on the computing device 750 is interpreted as a
command and then signaled to the self-propelled device 710.
In other embodiments or implementations, the input entered
on the computing device 750 is interpreted as a command by
programmatic resources on the self-propelled device 710. By
interpreting user input in the form of commands, embodi-
ments provide for the self-propelled device 710 to respond to
user input in a manner that is intelligent and configurable. For
example, the self-propelled device 710 may interpret user
input that is otherwise directional in nature in a manner that is
not directional. For example, a user may enter gesture input
corresponding to a direction, in order to have the self-pro-
pelled device 710 move in a manner that is different than the
inherent direction in the user input. For example, a user may
enter a leftward gesture, which the device may interpret
(based on the runtime program 716A) as a command to stop,
spin, return home or alter illumination output, etc.

[0125] Theuser interface 760 may also include output logic
764 for interpreting data received from the self-propelled
device 710. As described with other embodiments, the self-
propelled device 710 may communicate information, such as
state information and/or position information (e.g., such as
after when the device moves) to the computing device 750. In
one implementation, the communication from the self-pro-
pelled device 710 to the computing device 750 is in response
to a command interpreted from user input on the computing
device 750. In another implementation, the communication
from the self-propelled device 710 may be in the form of
continuous feedback generated as result of the device’s con-
tinuous movement over a duration of time. As described with
other implementations and embodiments, the output onto
device 750 may correspond to a computing device having one
of various possible form factors. The program 756 may con-
figure the interface to graphically provide gaming context
and/or different user-interface paradigms for controlling the
self-propelled device 710. The program 756 may operate to
directly affect the content generated in these implementations
based on movement, position or state of the self-propelled
device 710.

[0126] In operation, the self-propelled device 710 imple-
ments the programmatic runtime 716 A using one or more sets
of'program instructions stored in its program library 720. The
program runtime 716A may correspond to, for example, a
program selected by the user, or one that is run by default or
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in response to some other condition or trigger. Among other
functionality, the program runtime 716 A may execute a set of
program-specific instructions that utilizes device functions
and/or resources in order to: (i) interpret control input from
the computing device 750; (ii) control and/or state device
movement based on the interpretation of the input; and/or (iii)
communicate information from the self-propelled device 710
to the computing device 750.

[0127] In an embodiment, the program runtime 716A
implements drive control logic 731, including sensor control
logic 721 and input control logic 723. The sensor control
logic 721 interprets device sensor input 711 for controlling
speed, direction or other movement of the self-propelled
device’s drive system or assembly (e.g., see FIG. 1, 3 or 8D).
The sensor input 711 may correspond to data such as provided
from the accelerometer(s), magnetometer(s) or gyroscope(s)
of the self-propelled device 710. The sensor data can also
include other information obtained on a device regarding the
device’s movement, position, state or operating conditions,
including GPS data, temperature data, etc. The program 716 A
may implement parameters, rules or instructions for inter-
preting sensor input 711 as drive assembly control parameters
725. The input control logic 723 interprets control input 713
received from the computing device 750. In some implemen-
tations, the logic 723 interprets the input as a command, in
outputting drive assembly control parameters 725 that are
determined from the input 713. The input drive logic 723 may
also be program specific, so that the control input 713 and/or
its interpretation are specific to the runtime program 716A.
The drive assembly control logic uses the parameters, as
generated through sensor/input control logic 721, 723 to
implement drive assembly controls 725.

[0128] Invariations, the sensor/input control logic 721,723
is used to control other aspects of the self-propelled device
710. In embodiments, the sensor/input control logic 721, 723
may execute runtime program 716A instructions to generate
a state output 727 that controls a state of the device in
response to some condition, such as user input our device
operation condition (e.g., the device comes to stop). For
example, an illumination output (e.g., LED display out),
audio output, or device operational status (e.g., mode of
operation, power state) may be affected by the state output
727.

[0129] Additionally, the run time program 716A generates
an output interface 726 for the self-propelled device program
756 running on the computing device 750. The output inter-
face 726 may generate the data that comprises feedback 718.
In some embodiments, the output interface 726 generates data
that is based on position, movement (e.g., velocity, rotation),
state (e.g., state of output devices), and/or orientation infor-
mation (e.g., position and orientation of the device relative to
the initial reference frame). The output interface 726 may also
generate data that, for example, identifies events that are
relevant to the runtime program 716A. For example the out-
put interface 726 may identify events such as the device being
disrupted in its motion or otherwise encountering a disruptive
event. In some embodiments, output interface 726 may also
generate program specific output, based on, for example,
instructions of the runtime program 716A. For example, run-
time program 716A may require a sensor reading that another
program would not require. The output interface 726 may
implement instructions for obtaining the sensor reading in
connection with other operations performed through imple-
mentation of the runtime program 716A.
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[0130] According to embodiments, self-propelled device
710 is operable in multiple modes relative to computing
device 750. In a controlled mode, self-propelled device 710 is
controlled in its movement and/or state by control input 713,
via control signals 713 communicated from the computing
device 750. In some implementations, the self-propelled
device 710 pairs with the computing device 750 in a manner
that affects operations on the computing device as to control
or feedback. In some embodiments, self-propelled device 710
is also operable in an autonomous mode, where control
parameters 725 are generated programmatically on the device
in response to, for example, sensor input 711 and without
need for control input 713. Still further, in variations, the
self-propelled device 710 can act as a controller, either for the
computing device 750 or for another self-propelled device
710. For example, the device may move to affect a state of the
computing device 750. The device can operate in multiple
modes during one operating session. The mode of operation
may be determined by the runtime program 716A.

[0131] As described by an embodiment of FIG. 7 and else-
where in the application, the self-propelled device 710 can
include a library of instruction sets for interpreting control
input 713 from the computing device 750. For example, the
self-propelled device can store instructions for multiple pro-
grams, and the instructions for at least some of the programs
may include counterpart programs that execute on the con-
troller device 750. According to embodiments, the library that
is maintained on the self-propelled device is dynamic, in that
the instructions stored can be added, deleted or modified. For
example, a program stored on the self-propelled device may
be added, or another program may be modified.

[0132] When executed on the computing device 750, each
program may include instructions to recognize a particular set
of inputs, and different programs may recognize different
inputs. For example, a golf program may recognize a swing
motion on the computing device 750 as an input, while the
same motion may be ignored by another program that is
dedicated to providing a virtual steering mechanism. When
executed on the self-propelled device 710, each program may
include instructions to interpret or map the control input 713
associated with a particular recognized input to a command
and control parameter.

[0133] Inembodiments, the self-propelled device is able to
dynamically reconfigure its program library. For example, an
embodiment provides that a program can be modified (e.g.,
through instructions received by the controller device) to
process control input 713 that corresponds to a new recog-
nized input. As another example, an embodiment provides
that the self-propelled device is able to switch programs while
the self-propelled device is in use. When programs are
switched, a different set of inputs may be recognized, and/or
each input may be interpreted differently on the self-pro-
pelled device 710.

[0134] FIG. 8A illustrates a more detailed system architec-
ture 800 for a self-propelled device and system, according to
an embodiment. As has been previously discussed herein, in
various embodiments, the self-propelled device 800 com-
prises multiple hardware modules, including wireless com-
munication 802, memory 804, sensors 806, displays 808,
actuators 810 and an expansion port 812. Each of these mod-
ules is interfaced with a set of software known as device
drivers or hardware abstraction layer (HAL) 820. HAL 820
provides isolation between specific hardware and higher lay-
ers of the software architecture.
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[0135] An operating system 822 provides for support of
general hardware input and output, scheduling tasks, and
managing resources to perform tasks. The operating system
822 is also sometimes known as a “hypervisor” which pro-
vides for sharing of resources among tasks, for example, if
two software modules request control of the actuators simul-
taneously, operation policy established by hypervisor 822
resolves the contention.

[0136] ORBOTIX predefined local control functions 824
comprise control loops and library routines useful to robot
applications 825. In some embodiments, a set of local robot
applications 825 controls some or all of the features of self-
propelled device 800. In some embodiments, a set of pre-
defined remote control functions 826 interfaces with a remote
controller device such as a computing device, using wireless
link 802.

[0137] In one embodiment, a Robot Application Program-
ming Interface (API) 828 provides a documented set of func-
tions usable to control and monitor the device hardware and
functions. API functions, also known as user functions 832,
can be supplied by a user or obtained from a software reposi-
tory or website and downloaded to the self-propelled device.
User functions 832 are stored in user function storage 830.
[0138] In one embodiment, a robot language interpreter
834 is provided. The robot language interpreter 834 processes
program instructions written in a simple, easy to understand
format. For example, in one embodiment, language inter-
preter 834 processes instructions written in a variant of the
BASIC programming language with extensions for reading
robot sensors 806, controlling displays 808 and actuators 810,
and interfacing with other robot device hardware and fea-
tures. Robot language interpreter 834 also provides protec-
tion and security against performing destructive or unwise
operations. In one embodiment, language interpreter 834
understands the ORBBASIC language from ORBOTIX.
Robot language code 838 is stored in dedicated robot lan-
guage storage 836.

[0139] An example of user code 838, when executed by
interpreter 834, causes the self-propelled device’s LED dis-
play to change color in response to the measured speed of
movement of the device. Thus it can be seen that a user-
supplied function can control one element of the device, such
as LED display, while other elements (speed and direction)
remain controlled through the wireless connection and
remote control device.

[0140] Thus, multiple methods are provided for a user to
add programmatic instructions to control and extend the fea-
tures of the self-propelled device. API 828 provides a power-
ful interface for a sophisticated user, while language inter-
preter 834 provides a simple and safer interface for a novice
that can also negate time lags in communication with a con-
troller device.

[0141] FIG. 8B illustrates the system architecture of a com-
puting device 840, according to an embodiment. As previ-
ously described herein, computing devices useful in networks
with self-propelled devices typically provide a wireless com-
munication interface 841, a user interface 845, with other
hardware and features 846.

[0142] Device 840 typically provides an operating system
848, for example i0S for an APPLE IPHONE and ANDROID
OS for ANDROID computing devices. Also provided is an
API 850 for applications. ORBOTIX application base 852
provides basic connectivity to device API 850 and device OS
848 with higher layers of application software.
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[0143] ORBOTIX controller application programs, or
“apps” 854 and 858, provide user experiences and interaction
with self-propelled devices. For example, in various embodi-
ments, apps 854 and 858 provide control of a self-propelled
device using touch-sensing control or a simulated joystick
controller. Apps 854 and 858 can also provide a solo or
multi-player game experience using self-propelled or robotic
devices.

[0144] Insome embodiments, controller apps 854 and 858
use sensors on device 840 to allow gestural control of a
physical device in a real world environment, controlling a
self-propelled or robotic device. For example, a user can
make a gesture used in a sports game—a tennis swing or golf
swing. The gesture is sensed on device 840 and processed by
a software app to cause corresponding motion of the self-
propelled device.

[0145] ORBOTIX API/SDK (Software Development Kit)
856 provides a documented set of interface functions useful to
a user desiring to create custom applications 858 on a con-
troller device for use with a self-propelled robotic device.
[0146] App 854 differs from app 858 in that app 854 is built
directly on the application base layer 852, while app 858 is
built on ORBOTIX controller API/SDK 856.

[0147] FIG. 8C illustrates a particular feature of code
execution according to an embodiment. Shown are two com-
puting devices 842 and 846. Device 842 is not necessarily the
same type as device 846. One device may be an IPHONE and
one an ANDROID phone. Each device has an associated
memory storage area, memory 849 for device 846 and
memory 844 for device 842. Robot code 847 is loaded into
both memories 844 and 849, and is subsequently available to
transfer to robot API 850.

[0148] A notable feature in this embodiment is that code
module 847 is stored and transferred into robot API 850 using
an intermediate computing device 842 or 846, and the type of
the computing device does not matter. This makes it possible
for computing devices to store various code modules or
“helper apps” that can be downloaded to robotic devices as
needed, for example to expedite a particular task.

[0149] It should be appreciated that the embodiments and
features discussed in relation to FIGS. 8 A, 8B and 8C provide
a highly flexible distributed processing platform, wherein
tasks can be readily moved between a controller and con-
trolled device.

[0150] Control Systems

[0151] According to at least some embodiments, a self-
propelled device such as described by various examples
herein moves in accordance with a three-dimensional refer-
ence frame (e.g., X-, Y- and Z-axes), but operates using input
that is received from a device that uses a two-dimensional
reference frame (e.g., X-, Y-axes). In an embodiment, the
self-propelled device maintains an internal frame of reference
about the X-, Y- and Z-axes. The self-propelled device device
is able to receive control input from another device, in which
the control input is based on a two-dimensional reference
frame and further controls the movement of the self-propelled
device about the X-, Y- and Z-axes.

[0152] FIG. 8D illustrates an embodiment in which a self-
propelled device 800 implements control using a three-di-
mensional reference frame and control input that is received
from another device that utilizes a two-dimensional reference
frame, under an embodiment. The self-propelled device 800
(assumed to be spherical) includes a control system 882 that
includes a three-axis controller 880 and an inertialmeasure-
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ment unit (IMU) 884. The IMU 884 uses sensor input to
provide feedback that the controller 880 can use to indepen-
dently determine a three-dimensional frame of reference for
controlling a drive system 890 (e.g., see FIG. 3) of the self-
propelled device. Specifically, the three-axis controller 880
operates to implement control on motors 892 (or wheels 894)
of'the drive system 890. For example, the three-axis controller
880 operates to determine the speeds at which each of two
parallel wheeled motors 894, 894 are to spin. It should be
appreciated that the two motors 892, 892, which can be oper-
ated in varying degrees of cooperation and opposition, are
capable of moving the sphere 800 in many rotational and
translational motions to achieve a desired movement. In one
embodiment, the motors 892, 892 are capable of rotating at
varying speeds in both forward and reverse directions to
affect the movement of the corresponding wheels 894, 894. In
another embodiment, each motor 892, 892 speed is varied
from zero to a maximum in one direction.

[0153] The controller 880 and IMU 884 can be imple-
mented through separate hardware and/or software. In one
implementation, the controller 880 and IMU 884 are imple-
mented as separate software components that are executed
on, for example, processor 114 (see FIG. 1).

[0154] More specifically, the controller 880 measures or
estimates the present state of the self-propelled device 800,
including pitch, roll, and yaw angles based on feedback 895.
The feedback 895 may originate from, for example, one or
more accelerometers 896 A, gyroscope 896B, magnetometer
896C, and/or other devices (e.g., GPS), which determine the
feedback when the device is in motion.

[0155] In one embodiment, controller 880 receives feed-
back 895 from the IMU 884 as to the motion of the device
along three axes, including a desired pitch input, a desired roll
input and a desired yaw input. In one variation, the feedback
895 includes desired orientation angles. Still further, the feed-
back can correspond to desired rates of angular rotation.
[0156] In one embodiment, the desired pitch angle is cal-
culated by an additional control loop configured to maintain
forward speed. As described in conjunction with FIG. 5,
speed and pitch angle are related by the physics of a rolling
sphere.

[0157] Inaddition to feedback 895, the controller uses con-
trol input 885 from the controller device to implement control
on the drive system 890. The control input 885 may originate
from a device that utilizes a two-dimensional reference frame
(e.g., XandY). In one implementation, the control input 885
is determined by, for example, processing resources of the
self-propelled device 800 that interpret control data from the
controller 880 as commands that specify one or more param-
eters, such as parameters that specify position (e.g., move to
a position), distance, velocity or direction. Thus, some
embodiments provide that the control input 885 is based on
control data that is (i) generated in accordance with a two-
dimensional reference frame, and (ii) interpreted as one or
more commands that specify parameters such as distance,
position or velocity. For example, a desired speed is provided
by way of control input 885 to the controller 880. In an
embodiment, the controller 880 implements control 888 on
the drive system 890 using control parameters 898, which
account for the control input 885 and the feedback 895. The
control 888 may cause individual components of the drive
system 890 to compensate for instability, given, for example,
parameters specified in the control input (e.g., command
input). In other words, the controller 882 may implement



US 2012/0173048 Al

control 888 in a manner that causes the drive system 890 to
adjust the motion of the device based on feedback 885, in
order to effectively implement the control parameters (e.g.,
distance to travel) specified in the command input. Further-
more, the control 888 enables the device to maintain control
with presence of dynamic instability when the device is in
motion.

[0158] In some embodiments, the controller 880 is able to
determine, from feedback 895, the present state of the self-
propelled device 800 in conjunction with desired angles. As
mentioned, the controller 880 can use the feedback 895 to
implement control parameters, particularly as to compensat-
ing for the dynamic instability (see also FIG. 4B) that is
inherent in about one or more axes when the self-propelled
device is in motion. The errors can be determined for each
axis (e.g., pitch, roll and yaw). This uses a technique of
feedback where the actual angle is compared to the desired
angle, in each axis, to calculate an error or correction signal.

[0159] According to embodiments, the controller 880 uses
the feedback 895 to establish multiple control loops. In one
embodiment, the controller 880 computes an estimated set of
state variables, and uses the estimated state variables in a
closed loop feedback control. This allows the multiple feed-
back control loops to be implemented, each of which control
or provide feedback as to a state, such as, for example, a
position, rate, or angle. The controller 880 can implement
feedback control using estimated states, so as to provide for
controlled movement of the self-propelled device, both along
a surface and in device rotation about axes. The controlled
movement can be achieved while the device is inherently
unstable during movement.

[0160] In addition, incorporating feedback input 895 using
sensors and estimation of present state variables enables feed-
back control 898 for device stability in both static and
dynamic conditions. It can be appreciated that actuators in
embodiments of a self-propelled device will not respond con-
sistently or cause identical command response, due to distur-
bances such as variations in actuators, environment, noise and
wear. These variations would make stable, controlled move-
ment difficult without feedback control 898. Feedback con-
trol 898 can also provide stability augmentation to a device
that can be inherently unstable and allows movement in a
controlled and stable manner.

[0161] Now the controller has calculated three correction
signals and the signals must be combined into command
signals to each of the two motors. For reference, the two
motors are termed “left” and “right”, although it should be
understood the assignment of these terms is arbitrary. It can
be appreciated that the assignment of labels affects the sign
conventions in roll and yaw.

[0162] Then, the following equations are used to combine
the correction terms into left and right motor commands.
[0163] First, the pitch and yaw corrections are combined
into intermediate variables. In one embodiment, the pitch
correction is limited to prevent the motors from being driven
at full speed to create forward motion, which would prevent
response to roll or yaw correction inputs.

left_motor_intermediate=pitch correction+yaw cor-
rection

right_motor_intermediate=pitch correction-yaw cor-
rection
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[0164] Next, the roll correction is included appropriately
into the left and right motor variables. If the roll correction is
positive, roll correction is subtracted from the left motor
command:

left_motor_output=left_motor_intermediate-roll_
correction

right_motor_output=right_motor_intermediate.

[0165] Alternatively, if the roll correction is not positive,
roll correction is added to the right motor variable:

left_motor_output=left_motor_intermediate

right_motor_output=right_motor_intermediate+roll_
correction

[0166] Thus the controller produces an output variable for
each motor that includes the desired control in three axes.
[0167] In this way, a controller can use a two-dimensional
reference frame to provide input for the self-propelled device
(which utilizes a three-dimensional reference frame). For
example, the controller can implement a graphic user inter-
face to enable the user to input that is based on two-dimen-
sional input. For example, FIG. 11B illustrates a graphic
control mechanism that can be implemented on a controller
deviceto enable the user to provide directional input about the
X andY axes (see also FIG. 12A).

[0168] Methodology

[0169] FIG. 9 illustrates a method for operating a self-
propelled device using a computing device, according to one
or more embodiments. Reference may be made to numerals
of embodiments described with other figures, and with FIG. 7
in particular, for purpose of illustrating suitable components
or elements that can be used to perform a step or sub-step
being described.

[0170] According to an embodiment, when a session is
initiated between the self-propelled device 710 and comput-
ing device 750 (e.g., self-propelled device is turned on and the
self-propelled device program 756 is launched on the com-
puting device 750), the two devices calibrate their respective
orientation (910). In one implementation, the self-propelled
device 710 obtains its orientation and/or position relative to
the initial reference frame, then signals the information to the
computing device 750.

[0171] In an embodiment in which the self-propelled
device 710 is spherical (e.g., a ball), the self-propelled device
710 can base its orientation determination on the location of
the device marker. The device marker may correspond to a
predetermined feature on the device. The location of the
feature relative to an initial reference frame is obtained and
communicated to the computing device 750. The computing
device 750 may include a user-interface that includes an
orientation that is based on the orientation information com-
municated from the self-propelled device 710. For example,
the user interface 760 of computing device 750 may generate
a graphic steering mechanism that is calibrated to reflect the
orientation of the self-propelled device 710 (e.g., based on the
predetermined marker on the self-propelled device 710).
[0172] Control input is received on the self-propelled
device from the computing device running the self-propelled
device program 756 (920). The control input may be in the
form of a command, or otherwise be in the form of data that
is interpretable on the self-propelled device 710 (through use
of programming). The control input may include multiple
components, including components from different input or
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interface mechanisms of the computing device 750 (e.g.,
touchscreen and accelerometer of the computing device 750).
Accordingly, implementations provide for control input to be
based on touchscreen input (922), mechanical switch or but-
ton inputs (924), device motion or position input (926), or
combinations thereof (928). In variations, other forms of
input can be entered on the computing device 750 and pro-
cessed as control input. For example, the computing device
750 may communicate to the self-propelled device 710 one or
more of (i) audio input from the user speaking, (ii) image
input from the user taking a picture, and/or (iii) GPS input.
[0173] Inanembodiment, the control inputis interpreted on
the self-propelled device 710 using programming (930).
Thus, the self-propelled device 710 may receive different
forms of input from the computing device 750, based on the
program executed on the self-propelled device 710 and/or the
computing device 750. Moreover, self-propelled device 710
and/or the computing device 750 implement different pro-
cesses for how input of a given type is to be interpreted. For
example, self-propelled device 710 can interpret touchscreen
inputs differently for different programs, and the response of
the self-propelled device may be determined by which pro-
gram is executing when the input is received.

[0174] In using programming to interpret input, self-pro-
pelled device 710 may be capable of different forms of
responses to input. Based on the program that is executed on
the self-propelled device 710 and/or the computing device
750, the input of the user may be interpreted as directional
input (932), non-directional input (934), and/or a multi-com-
ponent command input (936). More specifically, the device
may be correlated to input that is directional in nature by
interpreting user actions or input data that includes an inher-
ent directional aspect. For example, a user may operate a
graphic steering wheel to control the direction of the self-
propelled device 710. The device may also process input
non-directionally. For example some forms of user input or
action may have inherent directional characteristics (e.g., the
user swinging computing device 750 in a particular direction,
the user providing some directional input on the steering
wheel mechanism that is graphically displayed on the com-
puting device, etc.), but the manner in which the input is
processed on the self-propelled device 710 may not be direc-
tional, or least directional in a manner that is similar to the
inherent directional characteristic of the user action.

[0175] In variations, action performed by the user on the
computing device 750 may also be interpreted as a command.
The input from the user on the computing device 750 may be
correlated (either on the computing device 750 or the self-
propelled device 710) with instructions that signify an action
by the device. The correlation between input and action can
be program-specific, and configurable to meet the require-
ments or objects of the particular program that is being
executed. As an example, the self-propelled device 710 can
interpret a single user action (e.g., gesture input on computing
device) as a command to perform a series of actions, such as
actions to perform a combination of movement, state
changes, and/or data outputs.

[0176] The device performs one or more actions that are
responsive to the user action or actions (940). The response of
the self-propelled device 710 may be dictated by the program
that is executing on the device (as well as the computing
device 750) when the control input is received. Thus, the
action or actions performed by the self-propelled device 710
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may be complex, and multiple actions can be performed
based on a single command or series of user actions.

[0177] For example, the self-propelled device 710 and the
computing device 750 may combine to enable the user in
simulating a game in which a ball (such as a tennis ball) is
struck against the wall. To simulate the game, the user may
swing computing device 750 in a given direction (e.g., like a
racquet), causing the self-propelled device 710 to move in a
direction that is related to the direction of the user’s motion.
However, without further input from the user, the self-pro-
pelled device 710 may return or move in a substantially oppo-
site direction after the initial movement, so as to simulate the
ball striking a wall or another racquet and then returning.
Thus, the return of the self-propelled device 710 would be
non-directional in its relation to the inherent directional char-
acteristic of the original action.

[0178] The same example also illustrates the use of com-
mand input, in that one input on the computing device 750
(user swinging device) is interpreted into multiple actions that
are taken by the self-propelled device 710. Moreover, based
on programming, the self-propelled device 710 and/or the
computing device 750 may interpret multiple kinds of user
input or action as a command, resulting in performance of one
action, or a series of actions. For example, in the ball example
described above, the user may also be required to place his
finger on the touchscreen of the computing device 750, while
swinging the device in a particular direction. The combina-
tion of the touchscreen input and the motion input of the
computing device 750 can be interpreted as a command for
multiple actions to be performed by the self-propelled device
710. In the example provided, the self-propelled device per-
forms the following in response to multi-component user
action: determine a velocity and direction based on the user
action (e.g., user places finger and touchscreen while swing-
ing computing device 750); move based on the determined
velocity and direction; determine when to stop based on the
simulated presence of a wall; estimate return velocity and
direction; and then move in the return direction.

[0179] Additionally, each action or output from the self-
propelled device 710 may incorporate several independent
sub actions, involving independently operable aspects of the
self-propelled device 710. For example, self-propelled device
710 may include multiple motors that comprise the drive
assembly. A command input may dictate whether one or both
motors are used. Likewise, command input may determine if
other hardware resources of the device are used in response to
user input. For example, the command input can correlate a
user input on the computing device with a series of actions on
the self-propelled device 710, which include communicating
an output of a magnetometer to the computing device 750.
[0180] Other types of command input that can be inter-
preted from a user action include, for example, altering the
state of the self-propelled device 710 based on a particular
input from the user. For example, the user may perform a
double tap on the touchscreen of the computing device 750 as
a form of input. A first program on the self-propelled device
710 may interpret the double tap as a command to spin. A
second program on the same self-propelled device 710 may
interpret the double tap as a command to illuminate.

[0181] In some embodiments, the self-propelled device
710 signals back information (e.g., feedback 718) to the com-
puting device 750 (950). The feedback 718 may correspond to
the updated position information (952), information about the
device’s movement or orientation (954) (e.g., velocity or



US 2012/0173048 Al

direction), device state information (956), or other informa-
tion (e.g., sensor input from the device based on specific
programming request). As described with some embodi-
ments, the feedback 718 may be used to generate content on
the computing device 750. For example, the feedback 718
may affect a virtual representation of the self-propelled
device 710 generated on the computing device 750. With, for
example, movement of the self-propelled device 710, the
corresponding virtual representation of the self-propelled
device on the computing device 750 may also be moved
accordingly. Numerous examples are provided herein foruser
feedback 718 to generate and/or after content on the comput-
ing device 750.

[0182] FIG. 10 illustrates a method for operating a comput-
ing device in controlling a self-propelled device, according to
one or more embodiments. Reference may be made to numer-
als of embodiments described with other figures for the pur-
pose of illustrating suitable components or elements for per-
forming a step or sub-step being described.

[0183] The computing device 750 may include a contextual
user interface (1010). For example, the user interface gener-
ated on the computing device 750 may include a graphic
interface that provides features for implementing the game or
simulation. The features may include use of a graphic object
that is virtually moved in accordance with movement of the
self-propelled device 710. Specific examples of user inter-
faces include, for example: (i) a user interface having a circle,
and an orientation marker that the user can move about the
circle, where the orientation marker represents the orientation
of'the self-propelled device; (ii) a golfing or bowling interface
showing a virtualized ball that represents the self-propelled
device; or (iii) a dynamic and interactive gaming content in
which an object representing the self-propelled device 710 is
moved in the context of gaming or simulation content.
[0184] A user may operate the computing device 752 to
enter one or more inputs. The input may be either discrete (in
time) or continuous. Discrete input may correspond to a spe-
cific user action that is completed, and results in the self-
propelled device 710 moving and/or performing other
actions. Examples of discrete inputs include simulated golf
swings or bowling strokes (e.g., where the user swings his
handset and the action is interpreted as a golf or bowling ball
movement). Continuous input requires the user to be engaged
while the self-propelled device moves. Examples of continu-
ous input include the user operating a virtual steering feature
or joy stick as a mechanism for controlling the self-propelled
device in its movement. As mentioned with some other
embodiments, the user input may correspond to multiple
actions performed by the user, including actions that include
the use of different input interfaces or mechanisms on the
computing device 750. For example, the user input can cor-
respond to user actions on the touchscreen display, the user
moving the computing device about the gesture, the user
interacting with the camera to the computing device, the user
providing speech input from a microphone of the computing
device, and/or the user operating buttons and/or mechanical
switches on the computing device.

[0185] The user input is communicated to the self-pro-
pelled device (1030). In one embodiment, the computing
device 750 interprets the input of the user, and then signals
interpreted input to the self-propelled device 710. In varia-
tions, the self-propelled device 710 interprets the input of the
user, based on data signals received from the computing
device 750.
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[0186] The self-propelled device 710 may respond to the
user input, by, for example, moving in a direction and/or in
accordance with the velocity specified by the user input
(1040). Other actions, such as spinning, performing other
movements, changing state of one or more devices, etc. can
also be performed, depending on the interpretation of the user
input.

[0187] The computing device 750 may receive the feed-
back from the self-propelled device 710 (1050). The nature
and occurrence of the feedback may be based on the program-
matic configuration of the self-propelled device 710 and the
computing device 750. For example, the feedback communi-
cated from the self-propelled device 710 to the computing
device 750 may include information that identifies position,
orientation and velocity of the self-propelled device, either at
a particular instance or over a given duration of time. As an
alternative or addition, the feedback may include or state
information about the self-propelled device 710, and/or read-
ings from one or more sensors on the self-propelled device.
Furthermore, depending on the implementation, the feedback
may be communicated either continuously or discretely. In
the latter case, for example, the self-propelled device 710 may
perform an action, such as moving to a particular position,
and then communicate its position and orientation to the
computing device 750. Alternatively, the self-propelled
device 710 may continuously update the computing device
750 on this orientation and/or position and/or velocity, as well
as state other information. Numerous variations are possible,
depending on the programmatic configuration of the self-
propelled device 710.

[0188] In response to receiving the feedback, the comput-
ing device 750 updates, modifies or generates new contextual
user interfaces that reflects a change in the representation of
the self-propelled device (1060). Specifically, once the self-
propelled device 710 moves, its representation of the user
interface on the computing device 750 may reflect the move-
ment. For example, the contextual user interface of the com-
puting device may reflect the movement of the self-propelled
device 710 in a manner that is not video (or at least not solely
video), but rather computer-generated (e.g., animated,
graphic, etc.). As an addition or alternative, other information
communicated with the feedback (e.g., the state of the self-
propelled device 710) may also be reflected in the user inter-
face of the computing device 750. For example, if the self-
propelled device 710 is illuminated, its virtual representation
of'the user interface of the computing device 750 may change
to reflect that illumination.

[0189] FIG. 14A through FIG. 14C, discussed below, pro-
vide further examples and extensions of embodiments in
which the self-propelled device is represented in a virtual
context on the controller device.

[0190] User Control Orientation

[0191] FIG. 11A through FIG. 11C illustrate an embodi-
ment in which a user interface of a controller is oriented to
adopt an orientation of a self-propelled device, according to
one or more embodiments. In embodiments shown, a self-
propelled device 1102 maintains a pre-determined reference
frame that indicates, for example, a forward facing direction.
With reference to FIG. 11A, the self-propelled device 1102 is
shown to be spherical, although other form factors may be
adopted (including crafts or vehicles). As a spherical device,
however, self-propelled device 1102 is relatively featureless
and lacks structure that would otherwise indicate to the
observer what the device’s frame of reference is, such as what
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the forward-facing direction of the device is. In order to
identify the frame of reference, the self-propelled device
1102 can optionally include an outwardly visible marker
1104 or surface feature that identifies the frame of reference.
For example, the marker 1104 can correspond to a light-
emitting component that illuminates to mark a forward-fac-
ing surface 1106 of the device. The light-emitting component
can, for example, correspond to a light emitting diode (LED)
that resides with the exterior of the device, or alternatively,
within the interior of the device so as to illuminate the for-
ward-facing surface 1106 from within the (e.g., the exterior of
the device may be translucent).

[0192] The device 1102 can maintain its own frame of
reference, using resources that reside on the device. For
example, device 1102 may utilize sensors such as a magne-
tometer (determine north, south, east west), an IMU (see FIG.
8D), a GPS, and/or stored position or state information in
order to determine its frame of reference.

[0193] FIG. 11B illustrates a controller device 1120 for
controlling the self-propelled device 1102. The controller
device 1120 includes a display screen 1121 on which a user-
interface feature 1122 is provided to enable control of the
self-propelled device 1102. The user-interface feature 1122
may enable the user to enter, for example, directional input in
order to steer the self-propelled device 1102. According to
embodiments, the orientation of the user-interface feature
1122 is calibrated to match the orientation of the self-pro-
pelled device 1102, based on the frame of reference main-
tained on the self-propelled device 1102. For example, the
user-interface feature 1122 may include a marker 1124 that
serves as a point of contact for interaction with the user. The
relative orientation of the marker 1124 on the user-interface
feature 1122 may be set to match the orientation of the marker
1104 of the self-propelled device 1102. Thus, in the example
provided, the forward-facing orientation of the self-propelled
device 1102 may be directed west, and the user may maintain
the forward-direction by keeping the marker 1124 in the west
direction.

[0194] According to embodiments, the orientation of the
self-propelled device 1102 with respect to the device’s inter-
nal frame of reference dictates the orientation of the user-
interface 1122 (e.g., the direction of the marker 1124). For
example, FIG. 11C can serve as an illustration of the control-
ler 1120 being rotated (e.g., the user moves the controller
while holding it) relative to the self-propelled device 1102.
The marker 1124 of the user-interface 1122 may be set to the
orientation of the marker 1104 on the self-propelled device
1102, so that, for example, the west direction remains for-
ward-facing.

[0195] FIG. 11D illustrates a method for calibrating a user-
interface for orientation based on an orientation of the self-
propelled device, according to an embodiment. While refer-
ence is made to elements of FIG. 11A through FIG. 11C for
purpose of illustrating suitable elements or components for
performing a step or sub-step being described, an embodi-
ment such as described by FIG. 11D may be readily employed
with other forms of devices.

[0196] The self-propelled device 1102 operates to deter-
mine its orientation, relative to an internal frame of reference
that is determined from resources of the device (1150). The
self-propelled device 1102 can determine its orientation in
response to events such as the self-propelled device 1102 (i)
being switched on, (ii) being connected wirelessly to the
controller device 1120, (iii) after a set duration of time, (iv)
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after user input or command, and/or (v) after a designated
event, such as a bump that makes the device “lost™.

[0197] The self-propelled device 1102 signals information
to the controller 1120 that indicates the orientation of the
self-propelled device 1102 relative to the device’s frame of
reference (1160). The information may be signaled wirelessly
through, for example, BLUETOOTH or other forms of wire-
less communication mediums.

[0198] The controller 1120 may initiate a program or appli-
cation to control the self-propelled device 1102 (1170). For
example, a control program may be operated that initiates the
controller 1120 in connecting with the self-propelled device
1102. The program may generate a user-interface 1122 that
displays content in the form of a virtual controller for the
self-propelled device 1102. The virtual controller can include
a marker or orientation that indicates front/back as well as
left/right.

[0199] Based on the information received from the self-
propelled device 1102, the controller 1120 configures the
user-interface 1122 so that the marker or orientation is
aligned or otherwise calibrated with the orientation main-
tained on the device (1180). For example, as a result of the
calibration or alignment, both the self-propelled device 1102
and the controller 1120 recognize the frontal direction to be in
the same direction (e.g. north or west).

[0200] Numerous variations may be provided to the
examples provided. For example, the user-interface 1122 can
include alternative steering mechanisms, such as a steering
wheel or virtual joystick (see also FIG. 12A). The manner in
which the user-interface 1122 can be configured to provide
directional input can also be varied, depending on, for
example, the virtual model employed with the user-interface
(e.g., steering wheel or joystick).

[0201] Controller Interface and Usage Scenarios

[0202] FIG. 12A and FIG. 12B illustrate different inter-
faces that can be implemented on a controller computing
device. In FIG. 12A, content corresponding to a steering
mechanism is illustrated to control the velocity and direction
of a self-propelled device. In FIG. 12B, content correspond-
ing to a gaming interface (e.g., golf) is depicted that shows a
representation of the self-propelled device in the form of a
golf ball. The user can interact with the devices shown (e.g.,
take golf swing with the controller/computing device) to
direct the self-propelled device to move. In turn, the content
generated on the computing device can be reconfigured or
altered. In particular, the representation of the self-propelled
device can be affected. For example, the golf ball may be
depicted as moving when the self-propelled device moves.
[0203] FIG. 13A through FIG. 13C illustrate a variety of
inputs that can be entered on a controller computing device to
operate a self-propelled device, according to an embodiment.
In FIG. 13A and FIG. 13B, the user can be prompted by
graphic features 1302 to place fingers on a given area of a
display screen 1304. For example, two finger positioning can
beused for a golf example, and three finger positioning can be
used for a bowling example. With fingers placed, the device
1300 can be moved in an arc motion to simulate a golf stroke
or bowler arm motion (FIG. 13C). The examples illustrate
cases in which multiple types of input are combined and
interpreted as a set of commands with one or more parameters
(e.g., parameters dictating direction and velocity or position
of the self-propelled device). For example, a guided touch
screen input (first type of input) performed concurrently with
movement of the controller device (second type of input) in an
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arc fashion can be interpreted as a command to move the
self-propelled device in a given direction for a designated
distance (e.g., for golfing or bowling examples).

[0204] Virtual Object Representation and Interaction
[0205] Some embodiments enable the self-propelled
device to be virtually represented on an interface of the con-
troller device. In such embodiments, the degree to which the
self-propelled device and its virtual representation are linked
may vary, depending on desired functionality and design
parameters. For example, in gaming applications, some
events that occur to the self-propelled device (e.g., bumps)
may be conveyed and represented (e.g., virtual bump) with
the device representation.

[0206] With reference to FIG. 14A, the self-propelled
device 1400 may be operated in a real-world environment,
and virtually represented by a graphic object 1412 that is part
of'the user-interface of the controller device 1402. The imple-
mentation may be provided by executing a corresponding
program or instruction set on each of the self-propelled device
1400 and controller device 1402 (e.g., a game). Based on the
implemented instruction set, a relationship can be established
between the self-propelled device 1400 and the virtual repre-
sentation 1412. The relationship can be established by way of
the self-propelled device 1400 signaling state information
1405 to the controller device 1402, and the controller device
signaling control information 1415 based on user-input and
virtual events.

[0207] As described with other embodiments, the self-pro-
pelled device 1400 may operate in a three-dimensional refer-
ence frame and the controller device 1402 may operate in a
two-dimensional reference frame. The self-propelled device
1400 can include a three-dimensional controller that pro-
cesses two-control information 1415 (e.g., user input and
virtual events) in its three-dimensional reference frame. The
three-dimensional environment of the self-propelled device
1400 may be represented two-dimensionally on the controller
device 1402.

[0208] Examples of the relationships can include: (i) the
self-propelled device 1400 communicates its state (e.g., posi-
tion information) to the controller device 1402, which reflects
a corresponding change in the position of the virtual object
1412—for example, both the self-propelled device and the
controller device 1402 may trace a similarly shaped path; (ii)
the user can enter input that moves or changes position of the
virtual representation 1412, and this change is reflected by
real-world movement of the self-propelled device 1400; (iii)
an event that occurs to the self-propelled device 1400 is
conveyed and/or represented in the virtual environment of the
virtual representation 1412—for example, the self-propelled
device may collide with an object, causing lateral movement
or stoppage, and this event may be communicated virtually
with the object 1412 being bumped, stopped or even made to
change color to reflect the event; and (iv) an event that occurs
to the virtual environment of the virtual representation 1412 is
conveyed to the self-propelled device—for example, a virtual
collision between the virtual representation 1412 and another
virtual object (e.g., wall, zombie, etc. in gaming environment)
may result in the movement of the virtual object 1412 being
changed, and this change may be communicated as control
input to the self-propelled device 1402 which can shake, stop
or move unexpectedly to simulate the virtual collision).
Numerous variations may be implemented with respect to the
manner in which the self-propelled device is linked to a
virtual environment.
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[0209] FIG. 14B and FIG. 14C illustrate an application in
which a self-propelled device acts as a fiducial marker,
according to an embodiment. In the example shown, a gaming
environment is provided in which the user can steer the self-
propelled device through, for example, tilting or movement of
the controller computing device 1430. While the self-pro-
pelled device is moved, the controller computing device dis-
plays content that includes both virtual objects 1432 and the
representation 1434 of the self-propelled device. Based onthe
rules and object of the game, the user can steer the self-
propelled device and cause the virtual representation 1434 to
move on the screen in a manner that reflects the real move-
ment of the self-propelled device. As noted in FIG. 14A,
events such as collisions between the self-propelled device
1430 and its environment, can be communicated and repre-
sented with the virtual representation 1434 and its environ-
ment. Likewise, events that occur between the virtual repre-
sentation 1434 and the virtual environment (e.g., wall or
zombie collision) can be communicated and implemented on
the self-propelled device 1402 (e.g., the device may veer left).
[0210] FIG. 15illustrates an interactive application that can
be implemented for use with multiple self-propelled devices,
depicted as spherical or robotic balls, under an embodiment.
In FIG. 15, system 1500 creates an ad-hoc network to arrange
a number of self-propelled robotic balls into a desired pattern
on a planar surface 1515. For example, the balls may be
automatically arranged into a character, word, logo, or other
meaningful or visually interesting arrangement. Five robotic
balls 1510, 1512, 1514, 1516, and 1518 are shown for illus-
tration, but this does not imply any limit to the number of
robotic ball devices that can be included.

[0211] Video camera 1502 captures images of the robotic
balls on surface 1515 and relays the image to computer/
controller 1506 using data link 1504. Computer/controller
1506 executes an application designed to identity the robotic
balls and instruct each robotic ball in moving to its desired
position. Computer controller 1506 forms an ad-hoc network
via link 1506 with robotic balls 1510, 1512, 1514, 1516, and
1518 to send instructions to each ball. Link 1506 can, in one
embodiment, be a link to a single ball, and each ball is com-
municated with in turn. In another embodiment, link 1506
connects to two or more of the robotic balls, or is a broadcast
channel to all robotic balls.

[0212] One task controller 1506 performs is identification
of each ball and its location. To perform this task, in one
embodiment controller 1506 sequentially instructs each ball
to emit a unique signal detectable by camera 1502 in conjunc-
tion with controller 1506 and associated application software.
The signal may be detectable by a human or not. For example,
a ball 1510 emits a certain color or pattern of light. In one
embodiment, the ball’s light pattern is modulated in a manner
detectable by video camera 1502 and controller 1506. In
another embodiment, every ball in the array is instructed to
simultaneously emit its own unique identification signal or
light pattern.

[0213] Once every robotic ball on surface 1515 has been
identified and located by controller 1506, controller 1506
issues a set of movement instructions to each robotic ball to
move it into the desired location.

[0214] FIGS. 16A and 16B illustrate a method of collision
detection, according to an embodiment. In FIG. 16A, colli-
sion event 1600 occurs when self-propelled device 1602 col-
lides with fixed object 1604. A collision event causes a sudden
negative acceleration in self-propelled device 1602. Device
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1601, in one embodiment, is equipped with multi-axis accel-
erometers for sensing acceleration. The data from the accel-
erometer sensors shows a distinctive pattern indicating a col-
lision event has occurred. In one embodiment, collision
detection occurs in onboard processing of device 1602. If
self-propelled device 1602 has established a network connec-
tion with another device, either a controller or another self-
propelled device, then collision detection can occur in any
connected device.

[0215] FIG. 16B shows a more complex case of a collision
event 1620 between two self-propelled devices 1622 and
1624. In the event of a collision between two self-propelled
devices, it may be the case that one was in motion or that both
were in motion, prior to the collision. Detection of a collision
between two self-propelled devices requires that a processor
receive data from both devices, and that the data be tagged to
allow time-correlation of collision events. If two collision
events occur at the nearly the same time in two self-propelled
devices, it is inferred that the two devices were involved in a
collision event—they collided with each other. Further filter-
ing is possible, for example to determine if the two devices
were in close proximity, or if either was moving toward the
other at the time the collision event was detected. Filtering
increases the probability of accurately detecting a collision
event from acceleration data. Collision detection can be use-
ful in games and in applications that require detection of walls
and obstacles.

CONCLUSION

[0216] One or more embodiments described herein provide
that methods, techniques and actions performed by a comput-
ing device are performed programmatically, or as acomputer-
implemented method. Programmatically means through the
use of code, or computer-executable instructions. A program-
matically performed step may or may not be automatic.
[0217] One or more embodiments described herein may be
implemented using programmatic modules or components. A
programmatic module or component may include a program,
a subroutine, a portion of a program, or a software component
or a hardware component capable of performing one or more
stated tasks or functions. As used herein, a module or com-
ponent can exist on a hardware component independently of
other modules or components. Alternatively, a module or
component can be a shared element or process of other mod-
ules, programs or machines.

[0218] Furthermore, one or more embodiments described
herein may be implemented through the use of instructions
that are executable by one or more processors. These instruc-
tions may be carried on a computer-readable medium.
Machines shown or described with FIGs below provide
examples of processing resources and computer-readable
mediums on which instructions for implementing embodi-
ments of the invention can be carried and/or executed. In
particular, the numerous machines shown with embodiments
of the invention include processor(s) and various forms of
memory for holding data and instructions. Examples of com-
puter-readable mediums include permanent memory storage
devices, such as hard drives on personal computers or servers.
Other examples of computer storage mediums include por-
table storage units (such as CD or DVD units), flash memory
(such as carried on many cell phones and personal digital
assistants (PDAs)), and magnetic memory. Computers, ter-
minals, network enabled devices (e.g., mobile devices such as
cell phones) are all examples of machines and devices that
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utilize processors, memory and instructions stored on com-
puter-readable mediums. Additionally, embodiments may be
implemented in the form of computer-programs, or a com-
puter usable carrier medium capable of carrying such a pro-
gram.

[0219] Although illustrative embodiments have been
described in detail herein with reference to the accompanying
drawings, variations to specific embodiments and details are
encompassed by this disclosure. It is intended that the scope
of the invention is defined by the following claims and their
equivalents. Furthermore, it is contemplated that a particular
feature described, either individually or as part of an embodi-
ment, can be combined with other individually described
features, or parts of other embodiments. Thus, absence of
describing combinations should not preclude the inventor(s)
from claiming rights to such combinations.

[0220] While certain embodiments of the inventions have
been described above, it will be understood that the embodi-
ments described are by way of example only. Accordingly, the
inventions should not be limited based on the described
embodiments. Rather, the scope of the inventions described
herein should only be limited in light of the claims that follow
when taken in conjunction with the above description and
accompanying drawings.

What is claimed is:

1. A method for operating a self-propelled device, the
method comprising:

maintaining, on the self-propelled device, a frame of ref-

erence about an X-, y- and z-axis;
processing an input to control the self-propelled device,
wherein the input is based on the x- and y-axis;

controlling the self-propelled device in its movement,
including controlling the self-propelled device about
each of the x-, y- and z-axis, based on the input.

2. The method of claim 1, wherein the self-propelled
device is dynamically unstable when in movement about one
or more of the x-, y- or z-axis, and wherein controlling the
self-propelled device includes processing feedback from
movement of the self-propelled device to compensate for the
self-propelled device’s instability about the z-axis.

3. The method of claim 1, wherein processing the feedback
includes processing input from a gyroscope.

4. The method of claim 1, wherein processing the feedback
includes processing input from an accelerometer.

5. The method of claim 1, wherein processing the feedback
includes processing input from an inertial measurement unit.

6. The method of claim 1, wherein the self-propelled
device is spherical.

7. The method of claim 1, wherein the input is received
wirelessly from a controller device.

8. The method of claim 7, wherein the input is generated
from a user interaction with a two-dimensional user interface
provided on the controller device.

9. The method of claim 8, wherein the two-dimensional
user interface is a graphic user interface that is generated on a
display screen of the controller device.

10. The method of claim 9, wherein the graphic user inter-
face includes a steering mechanism.

11. A system comprising:

a controller device;

a self-propelled device, operable to move under control of

the controller device, the self-propelled device main-
taining a frame of reference about an x-, y- and z-axis;
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wherein the controller device provides an interface to
enable a user to enter two-dimensional control input
about the x- and y-axes; and

wherein the self-propelled device processes the control

input from the controller device in order to maintain
control relative to the x-, y- and z-axes.

12. The system of claim 11, wherein the self-propelled
device is dynamically unstable when in movement about one
or more of the X-, y- or z-axes, and wherein the self-propelled
device includes processing feedback from movement of the
self-propelled device to compensate for the self-propelled
device’s instability about the one or more of the x-, y- or
Z-axes.

13. The system of claim 12, wherein the self-propelled
device processes feedback from a gyroscope.

14. The system of claim 12, wherein the self-propelled
device processes feedback from an accelerometer.

15. The system of claim 12, wherein the self-propelled
device processes feedback from an inertial measurement unit.

16. The system of claim 11, wherein the self-propelled
device is spherical.

17. The system of claim 11, wherein the controller device
is a multifunctional wireless device.

18. The system of claim 17, wherein the controller device
is a smart phone or a tablet.

19. The system of claim 11, wherein the controller device
generates the input from a user interaction with a two-dimen-
sional user interface provided on the controller device.
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20. The system of claim 19, wherein the two-dimensional
user interface is a graphic user interface that is generated on a
display screen of the controller device.

21. The system of claim 20, wherein the graphic user
interface includes a steering mechanism.

22. A self-propelled device comprising:

a drive system to move the self-propelled device; and

a control system to:

maintain a frame of reference about an x-, y- and z-axes;

process a control input from as controller device that is
specific to the x- and y-axes;

use the control input to implement control on the drive
system relative to the x-, y- and z-axes in moving the
device.

23. The self-propelled device of claim 22, wherein the
control system processes feedback from movement of the
self-propelled device to compensate for the self-propelled
device’s instability about one or more of the X-, y- or z-axes.

24. The self-propelled device of claim 23, wherein the
control system implements an inertial measurement unit to
generate the feedback based on input from a set of sensors.

25. The self-propelled device of claim 23, wherein the set
of sensors include one or more of a gyroscope and/or accel-
erometer.

26. The self-propelled device of claim 22, wherein the
self-propelled device includes a spherical housing.
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