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3D POINTING DEVICES WITH
ORIENTATION COMPENSATION AND

IMPROVED USABILITY

RELATED APPLICATIONS

This application is a continuation of application Ser. No.
11/119,719, filed May 2, 2005 now U.S. Pat. No. 7,158,118,
which is related to, and claims priority from, U.S. Provi­
sional Patent Application Ser. No. 60/566,444 filed on Apr.
30, 2004, entitled "Freespace Pointing Device", the disclo­
sure of which is incorporated here by reference. This appli­
cation is also related to, and claims priority from, U.S.
Provisional Patent Application Ser. No. 60/612,571, filed on
Sep. 23, 2004, entitled "Free Space Pointing Devices and
Methods", the disclosure of which is incorporated here by
reference. This application is also related to, and claims
priority from, U.S. Provisional Patent Application Ser. No.
60/641,410, filed on Jan. 5,2005, entitled "Freespace Point­
ing Devices and Methods for Using Same", the disclosure of
which is incorporated here by reference. This application is
also related to U.S. patent applications Ser. Nos. 11/119,987,
11/119,688, and 11/119,663, entitled "Methods and Devices
for Removing Unintentional Movement in 3D Pointing
Devices", "Methods and Devices for IdentifYing Users
Based on Tremor", and "3D Pointing Devices and Meth­
ods", all of which were filed concurrently here with and all
of which are incorporated here by reference.

BACKGROUND

The present invention relates generally to handheld,
pointing devices and, more specifically to three-dimensional
(hereinafter "3D") pointing devices and techniques for tilt
compensation and improved usability associated therewith.

Technologies associated with the communication of infor­
mation have evolved rapidly over the last several decades.
Television, cellular telephony, the Internet and optical com­
munication techniques (to name just a few things) combine
to inundate consumers with available information and enter­
tainment options. Taking television as an example, the last
three decades have seen the introduction of cable television
service, satellite television service, pay-per-view movies and
video-on-demand. Whereas television viewers of the 1960s
could typically receive perhaps four or five over-the-air TV
channels on their television sets, today's TV watchers have
the opportunity to select from hundreds, thousands, and
potentially millions of channels of shows and information.
Video-on-demand technology, currently used primarily in
hotels and the like, provides the potential for in-home
entertainment selection from among thousands of movie
titles.

The technological ability to provide so much information
and content to end users provides both opportunities and
challenges to system designers and service providers. One
challenge is that while end users typically prefer having
more choices rather than fewer, this preference is counter­
weighted by their desire that the selection process be both
fast and simple. Unfortunately, the development of the
systems and interfaces by which end users access media
items has resulted in selection processes which are neither
fast nor simple. Consider again the example of television
programs. When television was in its infancy, determining
which program to watch was a relatively simple process
primarily due to the small number of choices. One would
consult a printed guide which was formatted, for example, as
series of colunms and rows which showed the correspon-

2
dence between (1) nearby television channels, (2) programs
being transmitted on those channels and (3) date and time.
The television was tuned to the desired channel by adjusting
a tuner knob and the viewer watched the selected program.
Later, remote control devices were introduced that permitted
viewers to tune the television from a distance. This addition
to the user-television interface created the phenomenon
known as "channel surfing" whereby a viewer could rapidly
view short segments being broadcast on a nnmber of chan-

10 nels to quickly learn what programs were available at any
given time.

Despite the fact that the nnmber of channels and amount
of viewable content has dramatically increased, the gener­
ally available user interface, control device options and

15 frameworks for televisions has not changed much over the
last 30 years. Printed guides are still the most prevalent
mechanism for conveying progranlilling information. The
multiple button remote control with up and down arrows is
still the most prevalent channel/content selection mecha-

20 nism. The reaction of those who design and implement the
TV user interface to the increase in available media content
has been a straightforward extension of the existing selec­
tion procedures and interface objects. Thus, the nnmber of
rows in the printed guides has been increased to accommo-

25 date more channels. The number of buttons on the remote
control devices has been increased to support additional
functionality and content handling, e.g., as shown in FIG. 1.
However, this approach has significantly increased both the
time required for a viewer to review the available informa-

30 tion and the complexity of actions required to implement a
selection. Arguably, the cumbersome nature of the existing
interface has hampered commercial implementation of some
services, e.g., video-on-demand, since consumers are resis­
tant to new services that will add complexity to an interface

35 that they view as already too slow and complex.
In addition to increases in bandwidth and content, the user

interface bottleneck problem is being exacerbated by the
aggregation of technologies. Consumers are reacting posi­
tively to having the option of buying integrated systems

40 rather than a number of segregable components. An example
of this trend is the combination television/VCR/DVD in
which three previously independent components are fre­
quently sold today as an integrated unit. This trend is likely
to continue, potentially with an end result that most if not all

45 of the communication devices currently found in the house­
hold will be packaged together as an integrated unit, e.g., a
television/VCR/DVD/internet access/radio/stereo unit.
Even those who continue to buy separate components will
likely desire seamless control of, and interworking between,

50 the separate components. With this increased aggregation
comes the potential for more complexity in the user inter­
face. For example, when so-called "universal" remote units
were introduced, e.g., to combine the functionality of TV
remote units and VCR remote units, the number of buttons

55 on these universal remote units was typically more than the
nnmber of buttons on either the TV remote unit or VCR
remote unit individually. This added number of buttons and
functionality makes it very difficult to control anything but
the simplest aspects of a TV or VCR without hunting for

60 exactly the right button on the remote. Many times, these
universal remotes do not provide enough buttons to access
many levels of control or features unique to certain TVs. In
these cases, the original device remote unit is still needed,
and the original hassle ofhandling multiple remotes remains

65 due to user interface issues arising from the complexity of
aggregation. Some remote units have addressed this problem
by adding "soft" buttons that can be progranlilled with the
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SUMMARY

Systems and methods according to the present invention
describe 3D pointing devices which enhance usability by
transforming sensed motion data from a first frame of
reference (e.g., the body of the 3D pointing device) into a
second frame ofreference (e.g., a user's frame of reference).
One exemplary embodiment of the present invention
removes effects associated with a tilt orientation in which the
3D pointing device is held by a user.

According to an exemplary embodiment of the present
invention, a handheld, pointing device includes a first rota­
tional sensor for determining rotation of the pointing device
about a first axis and generating a first rotational output
associated therewith, a second rotational sensor for deter­
mining rotation of the pointing device about a second axis
and generating a second rotational output associated there­
with, an accelerometer for determining an acceleration ofthe
pointing device and outputting an acceleration output asso­
ciated therewith and a processing unit for receiving the first
and second rotational outputs and the acceleration output

screen.
One technique for performing this mapping is to use the

body frame of the device as the frame of reference for
mapping detected motion of the 3D pointing device into
intended motion of the cursor. The term "body frame" refers
to a set of axes associated with the body of the object being
moved as described in more detail below. Using the body
frame of reference to perform the mapping, however, has
certain drawbacks. For example, it requires the user to hold
the device in a certain orientation in order to obtain the
cursor movement he or she desires. For example, if the user
holds the device on its side and moves the device left to
right, the cursor will move vertically, not horizontally, on the
screen.

Accordingly, the present invention describes methods and
devices for processing the data received from sensor(s) in a
manner which addresses these and other problems associ­
ated with conventional 3D pointing devices.

the 3D pointing device to another device. Thus "3D point­
ing" differs from, e.g., conventional computer mouse point­
ing techniques which use a surface, e.g., a desk surface or
mousepad, as a proxy surface from which relative move­
ment of the mouse is translated into cursor movement on the
computer display screen. An example of a 3D pointing
device can be found in U.S. Pat. No. 5,440,326.

The '326 patent describes, among other things, a vertical
gyroscope adapted for use as a pointing device for control-

10 ling the position of a cursor on the display of a computer. A
motor at the core of the gyroscope is suspended by two pairs
of orthogonal gimbals from a hand-held controller device
and nominally oriented with its spin axis vertical by a
pendulous device. Electro-optical shaft angle encoders sense

15 the orientation of a hand-held controller device as it is
manipulated by a user and the resulting electrical output is
converted into a format usable by a computer to control the
movement of a cursor on the screen of the computer display.

However, the freedom of use associated with 3D pointers
20 creates additional challenges. For example, since there is

generally no proxy surface on which a 3D pointing device
rests, the orientation of the handheld control device may
vary considerably from user to user or even use to use. If a
3D pointing device is used to, for example, control the

25 movement of a cursor displayed on a screen, then some
mapping is performed between the detected movement of
the handheld device and the movement of the cursor on the

expert commands. These soft buttons sometimes have
accompanying LCD displays to indicate their action. These
too have the flaw that they are difficult to use without
looking away from the TV to the remote control. Yet another
flaw in these remote units is the use of modes in an attempt
to reduce the number of buttons. In these "moded" universal
remote units, a special button exists to select whether the
remote should communicate with the TV, DVD player, cable
set-top box, VCR, etc. This causes many usability issues
including sending commands to the wrong device, forcing
the user to look at the remote to make sure that it is in the
right mode, and it does not provide any simplification to the
integration of multiple devices. The most advanced of these
universal remote units provide some integration by allowing
the user to program sequences of commands to multiple
devices into the remote. This is such a difficult task that
many users hire professional installers to program their
universal remote units.

Some attempts have also been made to modernize the
screen interface between end users and media systems.
However, these attempts typically suffer from, among other
drawbacks, an inability to easily scale between large col­
lections ofmedia items and small collections ofmedia items.
For example, interfaces which rely on lists of items may
work well for small collections of media items, but are
tedious to browse for large collections of media items.
Interfaces which rely on hierarchical navigation (e.g., tree
structures) may be speedier to traverse than list interfaces for
large collections of media items, but are not readily adapt­
able to small collections of media items. Additionally, users 30

tend to lose interest in selection processes wherein the user
has to move through three or more layers in a tree structure.
For all of these cases, current remote units make this
selection processor even more tedious by forcing the user to
repeatedly depress the up and down buttons to navigate the 35

list or hierarchies. When selection skipping controls are
available such as page up and page down, the user usually
has to look at the remote to find these special buttons or be
trained to know that they even exist. Accordingly, organiz­
ing frameworks, techniques and systems which simplifY the 40

control and screen interface between users and media sys­
tems as well as accelerate the selection process, while at the
same time permitting service providers to take advantage of
the increases in available bandwidth to end user equipment
by facilitating the supply of a large number of media items 45

and new services to the user have been proposed in U.S.
patent application Ser. No. 10/768,432, filed on Jan. 30,
2004, entitled "A Control Framework with a Zoomable
Graphical User Interface for Organizing, Selecting and
Launching Media Items", the disclosure of which is incor- 50

porated here by reference.
Of particular interest for this specification are the remote

devices usable to interact with such frameworks, as well as
other applications and systems. As mentioned in the above­
incorporated application, various different types of remote 55

devices can be used with such frameworks including, for
example, trackballs, "mouse"-type pointing devices, light
pens, etc. However, another category of remote devices
which can be used with such frameworks (and other appli­
cations) is 3D pointing devices. The phrase "3D pointing" is 60

used in this specification to refer to the ability of an input
device to move in three (or more) dimensions in the air in
front of, e.g., a display screen, and the corresponding ability
of the user interface to translate those motions directly into
user interface commands, e.g., movement of a cursor on the 65

display screen. The transfer of data between the 3D pointing
device may be performed wirelessly or via a wire connecting
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Also, the following detailed description does not limit the
invention. Instead, the scope of the invention is defined by
the appended claims.

In order to provide some context for this discussion, an
exemplary aggregated media system 200 in which the
present invention can be implemented will first be described
with respect to FIG. 2. Those skilled in the art will appre­
ciate, however, that the present invention is not restricted to
implementation in this type of media system and that more

10 or fewer components can be included therein. Therein, an
input/output (I/O) bus 210 connects the system components
in the media system 200 together. The I/O bus 210 represents
any of a number of different of mechanisms and techniques
for routing signals between the media system components.

15 For example, the I/O bus 210 may include an appropriate
number of independent audio "patch" cables that route audio
signals, coaxial cables that route video signals, two-wire
serial lines or infrared or radio frequency transceivers that
route control signals, optical fiber or any other routing

20 mechanisms that route other types of signals.
In this exemplary embodiment, the media system 200

includes a television/monitor 212, a video cassette recorder
(VCR) 214, digital video disk (DVD) recorder/playback
device 216, audio/video tuner 218 and compact disk player

25 220 coupled to the I/O bus 210. The VCR 214, DVD 216 and
compact disk player 220 may be single disk or single
cassette devices, or alternatively may be multiple disk or
multiple cassette devices. They may be independent units or
integrated together. In addition, the media system 200

30 includes a microphone/speaker system 222, video camera
224 and a wireless I/O control device 226. According to
exemplary embodiments of the present invention, the wire­
less I/O control device 226 is a 3D pointing device according
to one of the exemplary embodiments described below. The
wireless I/O control device 226 can communicate with the
entertainment system 200 using, e.g., an IR or RF transmit-
ter or transceiver. Alternatively, the I/O control device can be
connected to the entertainment system 200 via a wire.

The entertainment system 200 also includes a system
controller 228. According to one exemplary embodiment of
the present invention, the system controller 228 operates to
store and display entertainment system data available from
a plurality of entertainment system data sources and to
control a wide variety of features associated with each ofthe
system components. As shown in FIG. 2, system controller
228 is coupled, either directly or indirectly, to each of the
system components, as necessary, through I/O bus 210. In
one exemplary embodiment, in addition to or in place of I/O
bus 210, system controller 228 is configured with a wireless

50 communication transmitter (or transceiver), which is
capable of communicating with the system components via
IR signals or RF signals. Regardless of the control medium,
the system controller 228 is configured to control the media
components of the media system 200 via a graphical user
interface described below.

As further illustrated in FIG. 2, media system 200 may be
configured to receive media items from various media
sources and service providers. In this exemplary embodi­
ment, media system 200 receives media input from and,
optionally, sends information to, any or all of the following
sources: cable broadcast 230, satellite broadcast 232 (e.g.,
via a satellite dish), very high frequency (VHF) or ultra high
frequency (UHF) radio frequency communication of the
broadcast television networks 234 (e.g., via an aerial

65 antenna), telephone network 236 and cable modem 238 (or
another source ofInternet content). Those skilled in the art
will appreciate that the media components and media

DETAILED DESCRIPTION

BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description of the invention refers
to the accompanying drawings. The same reference numbers
in different drawings identify the same or similar elements.

and for: (a) converting the first and second rotational outputs
and the acceleration output from a body frame of reference
associated with the handheld pointing device into a user's
frame of reference in order to remove the effects of tilt
associated with the manner in which a user is holding the
handheld, pointing device; and (b) determining data associ­
ated with x and y coordinates which are in tum associated
with movement of a screen cursor, the data based on the
converted first and second rotational outputs and the con­
verted acceleration output, wherein the step of converting
renders the movement of the screen cursor substantially
independent of an orientation in which a user holds the
handheld device.

According to another exemplary embodiment of the
present invention, a method for using a 3D pointing device
includes the steps of detecting movement of the 3D pointing
device and compensating the detected movement by trans­
forming the detected movement from a body frame of
reference associated with the 3D pointing device into an
inertial frame of reference.

According to yet another exemplary embodiment of the
present invention, a 3D, handheld device includes at least
one sensor for detecting movement of the 3D pointing
device and a processing unit for compensating the detected
movement by transfonning the detected movement from a
body frame of reference associated with the 3D pointing
device into an inertial frame of reference.

The accompanying drawings illustrate exemplary
embodiments of the present invention, wherein:

FIG. 1 depicts a conventional remote control unit for an
entertainment system;

FIG. 2 depicts an exemplary media system in which 35

exemplary embodiments of the present invention can be
implemented;

FIG. 3 shows a 3D pointing device according to an
exemplary embodiment of the present invention;

FIG. 4 illustrates a cutaway view of the 3D pointing 40

device in FIG. 4 including two rotational sensors and one
accelerometer;

FIG. 5 is a block diagram illustrating processing of data
associated with 3D pointing devices according to an exem-
plary embodiment of the present invention; 45

FIGS. 6(a)-6(d) illustrate the effects of tilt;
FIG. 7 depicts a hardware architecture of a 3D pointing

device according to an exemplary embodiment of the
present invention;

FIG. 8 is a state diagram depicting a stationary detection
mechanism according to an exemplary embodiment of the
present invention;

FIG. 9 is a block diagram illustrating transfonnation of
sensed motion data from a first frame of reference into a 55

second frame of reference according to an exemplary
embodiment of the present invention; and

FIG. 10 graphically illustrates the transfonnation of
sensed motion data from a first frame of reference into a
second frame of reference according to an exemplary 60

embodiment of the present invention.
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sources illustrated and described with respect to FIG. 2 are
purely exemplary and that media system 200 may include
more or fewer of both. For example, other types of inputs to
the system include AM/FM radio and satellite radio.

More details regarding this exemplary entertainment sys­
tem and frameworks associated therewith can be found in
the above-incorporated by reference u.s. Patent Application
"A Control Framework with a Zoomable Graphical User
Interface for Organizing, Selecting and Launching Media
Items". Alternatively, remote devices in accordance with the
present invention can be used in conjunction with other
systems, for example computer systems including, e.g., a
display, a processor and a memory system or with various
other systems and applications.

As mentioned in the Background section, remote devices
which operate as 3D pointers are ofparticular interest for the
present specification. Such devices enable the translation of
movement, e.g., gestures, into commands to a user interface.
An exemplary 3D pointing device 400 is depicted in FIG. 3.
Therein, user movement of the 3D pointing can be defined,
for example, in terms of a combination of x-axis attitude
(roll), y-axis elevation (pitch) and/or z-axis heading (yaw)
motion of the 3D pointing device 400. In addition, some
exemplary embodiments of the present invention can also
measure linear movement of the 3D pointing device 400
along the x, y, and z axes to generate cursor movement or
other user interface commands. In the exemplary embodi­
ment of FIG. 3, the 3D pointing device 400 includes two
buttons 402 and 404 as well as a scroll wheel 406, although
other exemplary embodiments will include other physical
configurations. According to exemplary embodiments of the
present invention, it is anticipated that 3D pointing devices
400 will be held by a user in front of a display 408 and that
motion of the 3D pointing device 400 will be translated by
the 3D pointing device into output which is usable to interact
with the information displayed on display 408, e.g., to move
the cursor 410 on the display 408 or example, rotation of the
3D pointing device 400 about the y-axis can be sensed by the
3D pointing device 400 and translated into an output usable
by the system to move cursor 410 along the y2 axis of the
display 408. Likewise, rotation of the 3D pointing device
408 about the z-axis can be sensed by the 3D pointing device
400 and translated into an output usable by the system to
move cursor 410 along the X 2 axis of the display 408. It will
be appreciated that the output of 3D pointing device 400 can
be used to interact with the display 408 in a number ofways
other than (or in addition to) cursor movement, for example
it can control cursor fading, volume or media transport (play,
pause, fast-forward and rewind). Input commands may
include operations in addition to cursor movement, for
example, a zoom in or zoom out on a particular region of a
display. A cursor may or may not be visible. Similarly,
rotation of the 3D pointing device 400 sensed about the
x-axis of3D pointing device 400 can be used in addition to,
or as an alternative to, y-axis and/or z-axis rotation to
provide input to a user interface.

According to one exemplary embodiment of the present
invention, two rotational sensors 502 and 504 and one
accelerometer 506 can be employed as sensors in 3D point­
ing device 400 as shown in FIG. 4. The rotational sensors
502 and 504 can, for example, be implemented using
ADXRS150 or ADXRS401 sensors made by Analog
Devices. It will be appreciated by those skilled in the art that
other types of rotational sensors can be employed as rota­
tional sensors 502 and 504 and that the ADXRS150 and
ADXRS401 are purely used as an illustrative example.
Unlike traditional gyroscopes, the ADXRS150 rotational

sensors use MEMS technology to provide a resonating mass
which is attached to a frame so that it can resonate only
along one direction. The resonating mass is displaced when
the body to which the sensor is affixed is rotated around the
sensor's sensing axis. This displacement can be measured
using the Coriolis acceleration effect to determine an angular
velocity associated with rotation along the sensing axis. If
the rotational sensors 502 and 504 have a single sensing axis
(as for example the ADXRSI 50s), then they can be mounted

10 in the 3D pointing device 400 such that their sensing axes
are aligned with the rotations to be measured. For this
exemplary embodiment of the present invention, this means
that rotational sensor 504 is mounted such that its sensing
axis is parallel to the y-axis and that rotational sensor 502 is

15 mounted such that its sensing axis is parallel to the z-axis as
shown in FIG. 4. Note, however, that aligning the sensing
axes of the rotational sensors 502 and 504 parallel to the
desired measurement axes is not required since exemplary
embodiments of the present invention also provide tech-

20 niques for compensating for offset between axes.
One challenge faced in implementing exemplary 3D

pointing devices 400 in accordance with the present inven­
tion is to employ components, e.g., rotational sensors 502
and 504, which are not too costly, while at the same time

25 providing a high degree of correlation between movement of
the 3D pointing device 400, a user's expectation regarding
how the user interface will react to that particular movement
of the 3D pointing device and actual user interface perfor­
mance in response to that movement. For example, if the 3D

30 pointing device 400 is not moving, the user will likely
expect that the cursor ought not to be drifting across the
screen. Likewise, if the user rotates the 3D pointing device
400 purely around the y-axis, she or he would likely not
expect to see the resulting cursor movement on display 408

35 contain any significant x2 axis component. To achieve these,
and other, aspects of exemplary embodiments of the present
invention, various measurements and calculations are per­
formed by the handheld device 400 which are used to adjust
the outputs of one or more of the sensors 502, 504 and 506

40 and/or as part of the input used by a processor to determine
an appropriate output for the user interface based on the
outputs of the sensors 502, 504 and 506. These measure­
ments and calculations are used to compensate for factors
which fall broadly into two categories: (1) factors which are

45 intrinsic to the 3D pointing device 400, e.g., errors associ­
ated with the particular sensors 502, 504 and 506 used in the
device 400 or the way in which the sensors are mounted in
the device 400 and (2) factors which are not intrinsic to the
3D pointing device 400, but are instead associated with the

50 mauner in which a user is using the 3D pointing device 400,
e.g., linear acceleration, tilt and tremor. Exemplary tech­
niques for handling each of these effects are described
below.

A process model 600 which describes the general opera-
55 tion of 3D pointing devices according to exemplary embodi­

ments of the present invention is illustrated in FIG. 5. The
rotational sensors 502 and 504, as well as the accelerometer
506, produce analog signals which are sampled periodically,
e.g., 200 samples/second. For the purposes of this discus-

60 sion, a set of these inputs shall be referred to using the
notation (x, y, z, ay, az), wherein x, y, z are the sampled
output values of the exemplary three-axis accelerometer 506
which are associated with acceleration of the 3D pointing
device in the x-axis, y-axis and z-axis directions, respec-

65 tively, ay is a the sampled output value from rotational
sensor 502 associated with the rotation of the 3D pointing
device about the y-axis and az is the sampled output value
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(5)

�a�y�'�~�a�y�-�C�*�A

a rad/F(a'-offset(I)*scale+dOffset

10
the rotational sensors502 and 504 which are causedby
variancesin linear acceleration.This canbe accomplished
by multiplying the convertedaccelerometerreadingsby a
gainmatrix 610 andsubtracting(or adding)theresultsfrom
(or to) thecorrespondingsampledrotationalsensordata612.
For example,the sampledrotationaldataay from rotational
sensor502 can be compensatedfor linear accelerationat
block 614 as:

wherein aT refers to the value being converted/calibrated,
offset(T) refers to an offset value associatedwith tempera­
ture, scale refers to the conversion factor between the
sampled unit value and rad/s, and dOffset refers to a
dynamicoffsetvalue. Equation(5) may be implementedas
a matrix equationin which caseall variablesare vectors
exceptfor scale.In matrix equationform, scalecorrectsfor
axismisalignmentandrotationaloffsetfactors.Eachofthese
variablesis discussedin more detail below.

Theoffsetvaluesoffset(T) anddOffsetcanbedetermined
in a numberof differentways.Whenthe3D pointingdevice
400 is not beingrotatedin, for example,they-axisdirection,
the sensor502 shouldoutput its offset value. However,the
offset canbe highly affectedby temperature,so this offset

45 valuewill likely vary. Offsettemperaturecalibrationmaybe
perfonnedat the factory, in which casethe value(s) for
offset(T) can be preprograrnmedinto the handhelddevice
400 or, alternatively,offsettemperaturecalibrationmayalso
be learneddynamicallyduringthe lifetime of thedevice.To

50 accomplishdynamic offset compensation,an input from a
temperaturesensor619 is usedin rotationcalibrationfunc­
tion 618 to computethe current value for offset(T). The
offset(T)parameterremovesthemajority of offsetbiasfrom
the sensorreadings.However, negatingnearly all cursor

55 drift at zero movement can be useful for producing a
high-perfonnancepointing device.Therefore,theadditional
factor dOffset, canbe computeddynamicallywhile the 3D
pointing device 400 is in use. The stationary detection
function 608 detennineswhen the handheldis most likely

60 stationaryandwhentheoffsetshouldberecomputed.Exem­
plary techniquesfor implementingstationarydetectionfunc­
tion 608, as well as other uses therefore, are described
below.

An exemplary implementationof dOffset computation
65 employs calibratedsensoroutputswhich are low-passfil­

tered.The stationaryoutputdetectionfunction 608provides
an indicationto rotationcalibrationfunction 618 to trigger

whereinC is the I x3 row vector of rotational sensorsus­
ceptibility to linear accelerationalong eachaxis given in
units/gandA is thecalibratedlinearacceleration.Similarly,
linearaccelerationcompensationfor the sampledrotational

15 dataazfrom rotationalsensor504 canbeprovidedat block
614. The gainmatrices,C, vary betweenrotationalsensors
dueto manufacturingdifferences.C maybecomputedusing
the averagevalue for manyrotationalsensors,or it may be
customcomputedfor eachrotationalsensor.

20 Like the accelerometerdata, the sampledrotationaldata
612 is thenconvertedfrom a sampledunit valueinto avalue
associatedwith a rateof angularrotation,e.g., radians/s,at
function 616. This conversionstepcanalso includecalibra­
tion providedby function 618 to compensatethe sampled

25 rotational data for, e.g., scaleand offset. Conversion/cali­
bration for both ay andaz canbe accomplishedusing, for
example,the following equation:

(2) 40

(1)

(3)

9

�s�~�(�R�1�-�R�2�)�/�2

�A�~�S�*�(�(�M�-�P�)�.�*�G�(�I�)

�p�~�(�R�1�+�R�2�)�/�2

whereinM is a 3xl colunmvectorcomposedof the sampled
outputvalues(x, y, z), P is a 3xl columnvectorof sensor
offsets,andS is a 3x3 matrix that containsboth scale,axis
misalignment,and sensorrotationcompensation.G(T) is a
gain factor that is a function of temperature.The "*,,
operatorrepresentsmatrix multiplicationandthe"*,, opera-
tor representselementmultiplication. The exemplaryaccel­
erometer506 hasanexemplaryfull rangeof +/-2 g. Sensor
offset,P, refersto thesensoroutput,M, for anaccelerometer
measurementof 0 g. Scalerefers to the conversionfactor
betweenthe sampledunit value and g. The actual scaleof
any given accelerometersensormay deviate from these
nominal scalevaluesdueto, e.g.,manufacturingvariances. 30

Accordingly the scalefactor in the equationsabovewill be
proportionalto this deviation.

Accelerometer506 scale and offset deviations can be
measuredby, for example,applying I g of force alongone 35

an axis and measuringthe result, Rl. Thena-I g force is
appliedresulting in measurementR2. The individual axis
scale,s, andthe individual axis offset, p, canbe computed
as follows:

In this simplecase,P is the columnvectorof the p for each
axis, and S is the diagonalmatrix of the lis for eachaxis.

However, in additionto scaleandoffset, readingsgener­
atedby accelerometer506 may also sufferfrom cross-axes
effects. Cross-axeseffects include non-alignedaxes, e.g.,
whereinoneor moreof the sensingaxesof the accelerom­
eter506 as it is mountedin the 3D pointing device400 are
not alignedwith thecorrespondingaxis in the inertial frame
of reference, or mechanical errors associatedwith the
machining of the accelerometer506 itself, e.g., wherein
eventhoughthe axesare properly aligned,a purely y-axis
accelerationforce may result in a sensorreadingalong the
z-axis of the accelerometer506. Both of theseeffects can
alsobemeasuredandaddedto the calibrationperformedby
function 606.

The accelerometer506 servesseveralpurposesin exem­
plary 3D pointing devicesaccordingto exemplaryembodi­
mentsof the presentinvention. For example,if rotational
sensors502 and504 are implementedusing the exemplary
Coriolis effect rotational sensorsdescribedabove,then the
outputof therotationalsensors502 and504will vary based
on the linear accelerationexperiencedby eachrotational
sensor.Thus,oneexemplary useof theaccelerometer506is
to compensatefor fluctuationsin the readingsgeneratedby

from rotationalsensor504associatedwith rotationofthe3D
pointing device400 aboutthe z-axis.

Theoutputfrom theaccelerometer506is providedand,if
the accelerometer506 provides analog output, then the
output is sampledand digitized by an AID converter(not
shown)to generatesampledaccelerometeroutput 602. The
sampledoutputvaluesareconvertedfrom raw units to units
ofacceleration,e.g.,gravities(g), asindicatedby conversion
function 604. The accelerationcalibrationblock 606 pro­
videsthe valuesusedfor the conversionfunction 604. This 10

calibrationof the accelerometeroutput602 caninclude, for
example,compensationfor oneor moreof scale,offset and
axis misalignmenterror associatedwith the accelerometer
506. Exemplaryconversionsfor the accelerometerdatacan
be perfonnedusing the following equation:
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(8)

(7)

[
cas8sin8 ] [a: y]

R= -sin8cas8 . a:z

Thevalue 8 canbenumericallycomputedasa tan 2(y,z) to
preventdivision by zero and give the correct sign. Then,
function 620 can perform the rotation R of the converted/
calibratedinputs ay andaz using the equation:

to rotate the converted/calibratedinputs ay and az to
compensatefor the tilt 8. Tilt compensationas describedin
this exemplaryembodimentis a subsetof a more general
technique for translating sensorreadings from the body
frameofreferenceinto auser'sframeof referenceaccording
to anotherexemplaryembodimentof the presentinvention
which is describedbelow.

Oncethe calibratedsensorreadingshavebeencompen­
satedfor linearacceleration,processedinto readingsindica­
tive of angularrotationof the 3D pointing device400, and
compensatedfor tilt, post-processingcan be performedat
blocks626 and628. Exemplarypost-processingcaninclude
compensationfor various factors such as human tremor.

60 Although tremor may be removedusing severaldifferent
methods,oneway to removetremor is by usinghysteresis.
The angularvelocity producedby rotation function 620 is
integratedto producean angularposition. Hysteresisof a
calibratedmagnitudeis thenappliedto theangularposition.
The derivativeis takenof the outputof thehysteresisblock
to againyield an angularvelocity. The resulting output is
then scaledat function 628 (e.g., basedon the sampling

the userholds the 3D pointing device 400 with an x-axis
rotation of 45 degreesrelative to the exemplary inertial
frameof referenceas illustratedin FIG. 6(a). Assumingthe
samez-axisrotation!:lzis impartedto the3D pointingdevice
400 by a userasin theexampleof FIG. 6(b), thecursor410
will insteadbe translatedin both the x2-axis direction and
theY2-axisdirectionasshownin FIG. 6(d). This is dueto the
fact that the sensingaxis of rotational sensor502 is now
orientedbetweenthe y-axis andthe z-axis (becauseof the

10 orientationof the devicein the user'shand). Similarly, the
sensingaxis of the rotational sensor504 is also oriented
betweenthe y-axis and the z-axis (althoughin a different
quadrant).In order to provide an interfacewhich is trans­
parentto theuserin termsofhowthe3D pointingdevice400

15 is held, tilt compensationaccordingto exemplaryembodi­
mentsof thepresentinventiontranslatesthereadingsoutput
from rotational sensors502 and 504 back into the inertial
frame of referenceas part of processingthe readingsfrom
these sensors into information indicative of rotational

20 motion of the 3D pointing device400.
According to exemplary embodimentsof the present

invention, returningto FIG. 5, this canbe accomplishedby
determiningthe tilt of the 3D pointing device400 usingthe
inputsy andz receivedfrom accelerometer506 at function

25 622. More specifically, after the accelerationdata is con­
vertedandcalibratedasdescribedabove,it canbe low pass
filtered at LPF 624 to provide an averageacceleration
(gravity) valueto the tilt determinationfunction 622. Then,
tilt 8 canbe calculatedin function 622 as:

computationof, for example,themeanof the low-passfilter
output.Thestationaryoutputdetectionfunction608canalso
control whenthenewly computedmeanis factoredinto the
existing value for dOffset. Those skilled in the art will
recognizethat a multitude of different techniquescan be
used for computing the new value for dOffset from the
existingvalue of dOffset and the new meanincluding, but
not limited to, simple averaging, low-pass filtering and
Kalman filtering. Additionally, thoseskilled in the art will
recognizethat numerousvariationsfor offset compensation
of the rotationalsensors502 and504 canbe employed.For
example,the offset(T) function can have a constantvalue
(e.g., invariant with temperature),more than two offset
compensationvaluescanbeusedand/oronly a singleoffset
value canbe computed/usedfor offset compensation.

After conversion/calibrationat block 616,theinputsfrom
the rotationalsensors502 and504 canbe further processed
to rotatethoseinputsinto aninertial frameof reference,i.e.,
to compensatefor tilt associatedwith the mannerin which
the useris holding the 3D pointing device400, at function
620. Tilt correction is anothersignificant aspectof some
exemplaryembodimentsof the presentinvention as it is
intendedto compensatefor differencesin usagepatternsof
3D pointing devices according to the present invention.
More specifically, tilt correction according to exemplary
embodimentsof the presentinvention is intendedto com­
pensatefor the fact that userswill hold pointing devicesin
their handsat different x-axis rotationalpositions,but that
the sensingaxesof therotationalsensors502 and504 in the
3D pointingdevices400 arefixed. It is desirablethatcursor 30

translationacrossdisplay408 is substantiallyinsensitiveto
theway in which theusergrips the3D pointingdevice400,
e.g., rotating the 3D pointing device400 backand forth in
a mannergenerallycorrespondingto the horizontaldimen­
sion (x2-axis) of the display 508 should result in cursor 35

translationalongthex2-axis,while rotatingthe 3D pointing
deviceup anddownin a mannergenerallycorrespondingto
the vertical dimension(Y2-axis) of the display 508 should
result in cursortranslationalong the Y2-axis, regardlessof
the orientationin which the useris holding the 3D pointing 40

device400.
To better understandthe need for tilt compensation

accordingto exemplaryembodimentsof the presentinven­
tion, considerthe exampleshownin FIG. 6(a). Therein,the
user is holding 3D pointing device 400 in an exemplary 45

inertial frame of reference,which canbe definedas having
an x-axis rotational value of 0 degrees,e.g., the inertial
frame of referencecan that in which the 3D devicehas its
bottom substantiallyparallel to a floor of a room in which,
e.g., a televisionis located.The inertial frame of reference 50

can, purely as an example,correspondto the orientation
illustrated in FIG. 6(a) or it can be defined as any other
orientation.Rotationof the3D pointingdevice400 in either
the y-axis or z-axis directionswill be sensedby rotational
sensors502 and504, respectively.For example,rotationof 55

the 3D pointing device400 aroundthe z-axisby anamount
!:lz as shown in FIG. 6(b) will result in a corresponding
cursortranslation!:lx2 in the X2 axis dimensionacrossthe
display408 (i.e., the distancebetweenthe dottedversionof
cursor410 andthe undottedversion).

If, on the other hand, the user holds the 3D pointing
device400 in a differentorientation,e.g.,with someamount
of x-axis rotationrelativeto the inertial frame of reference,
then the informationprovidedby the sensors502 and 504
would not (absenttilt compensation)provide an accurate 65

representationof the user'sintendedinterfaceactions.For
example,referringto FIG. 6(c), considera situationwherein
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55

az) over a predeterminedwindow, e.g., every quarterof a
second.This varianceis thencomparedwith a thresholdto
classifythe3D pointingdeviceaseitherstationaryor active.

Another stationary detection technique according to
exemplaryembodimentsof the presentinvention involves
transformingthe inputs into the frequencydomainby, e.g.,
performing a Fast Fourier Transform (FFT) on the input
data. Then, the data can be analyzedusing, e.g., peak
detectionmethods,to determineif the 3D pointing device

10 400 is either stationary or active. Additionally, a third
categorycanbe distinguished,specificallythe casewherea
useris holdingthe3D pointingdevice400but is notmoving
it (also referredto hereinas the "stable" state.This third
categorycanbedistinguishedfrom stationary(notheld)and

15 activeby detectingthe small movementof the 3D pointing
device400 introducedby a user'shandtremorwhenthe3D
pointing device400 is beingheld by a user.Peakdetection
can also be used by stationarydetectionfunction 608 to
makethis determination.Peakswithin the rangeof human

20 tremor frequencies,e.g., nominally 8-12 Hz, will typically
exceedthe noisefloor of the device(experiencedwhenthe
deviceis stationaryandnot held) by approximately20 dB.

In the foregoingexamples,thevariancesin the frequency
domain were sensedwithin a particular frequency range,

25 however the actual frequencyrangeto be monitoredand
usedto characterizethestatusof the3D pointingdevice400
mayvary. For example,thenominaltremorfrequencyrange
mayshift basedone.g.,theergonomicsandweightofthe3D
pointing device400, e.g., from 8-12 Hz to 4-7 Hz.

According to another exemplaryembodiment of the
presentinvention, stationarydetectionmechanism608 can
include a state machine.An exemplary state machine is
shown in FIG. 8. Therein, the ACTIVE state is, in this
example, the default state during which the 3D pointing

35 device400 is movingandbeingusedto, e.g.,provideinputs
to auserinterface.The3D pointingdevice400canenterthe
ACTIVE stateonpower-upof thedeviceasindicatedby the
resetinput. If the 3D pointing device400 stopsmoving, it
may then enter the INACTIVE state. The various state

40 transitionsillustratedin FIG. 8 canbe triggeredby any of a
numberofdifferentcriteriaincluding,butnot limited to, data
output from one or both of the rotational sensors502 and
504, dataoutput from the accelerometer506, time domain
data, frequencydomain data or any combinationthereof.

45 State transition conditions will be generically referred to
herein using the convention "ConditionstateAstateE". For
example,the3D pointingdevice400will transitionfrom the
ACTIVE state to the INACTIVE state when
condition . inactive occurS.For the solepurposeof illustra-

50 tion, �c�o�n�~�i�d�e�;�. that conditionactive inactive can, in an exem­
plary 3D pointing device 400, �~�c�c�u�r when mean and/or
standarddeviationvaluesfrom boththe rotationalsensor(s)
andtheaccelerometerfall below first predeterminedthresh-
old valuesfor a first predeterminedtime period.

State transitions can be determinedby a number of
different conditionsbasedupon the interpretedsensorout­
puts. Exemplarycondition metrics include the varianceof
the interpretedsignals over a time window, the threshold
betweena referencevalueandthe interpretedsignal over a

60 time window, the thresholdbetweena referencevalue and
the filtered interpretedsignal over a time window, andthe
threshold betweena referencevalue and the interpreted
signal from a start time can be used to determine state
transitions. All, or any combination, of these condition

65 metricscanbeusedto triggerstatetransitions.Alternatively,
othermetricscanalsobeused.Accordingto oneexemplary
embodimentof the presentinvention, a transitionfrom the

(9)
Wy = aey

= �~�t�a�n�-�l�(�~�)at at z

In addition, the parasitic accelerationeffects that are not
measuredby a rotational sensorshould also be removed.
Theseeffectsincludeactuallinearacceleration,acceleration
measureddueto rotationalvelocity androtationalaccelera­
tion, and accelerationdue to humantremor.

Stationary detection function 608, mentioned briefly
above, can operateto determinewhetherthe 3D pointing
device 400 is, for example, either stationary or active
(moving).This categorizationcanbeperformedin anumber
of different ways. One way, according to an exemplary
embodimentof the present invention, is to compute the
varianceof the sampledinput dataof all inputs (x, y, z, ay,

period) and usedto generatea result within the interface,
e.g., movementof a cursor410 on a display 408.

Having provideda processdescriptionof exemplary3D
pointing devicesaccordingto the presentinvention,FIG. 7
illustrates an exemplaryhardwarearchitecture.Therein, a
processor800 communicateswith otherelementsof the 3D
pointing device including a scroll wheel 802, JTAG 804,
LEDs 806, switch matrix 808, IR photodetector810, rota­
tional sensors812, accelerometer814 andtransceiver816.
The scroll wheel802 is anoptional input componentwhich
enablesa userto provide input to the interfaceby rotating
the scroll wheel 802 clockwiseor counterclockwise.JTAG
804 providesthe programmingand debugginginterfaceto
the processor.LEDs 806 providevisual feedbackto a user,
for example,when a button is pressed.Switch matrix 808
receivesinputs, e.g., indications that a button on the 3D
pointingdevice400 hasbeendepressedor released,thatare
thenpassedon to processor800. The optional IR photode­
tector 810 can be provided to enablethe exemplary 3D
pointing device to learn IR codesfrom other remotecon­
trols. Rotationalsensors812 provide readingsto processor
800 regarding,e.g., the y-axis andz-axisrotationof the 3D
pointing device as describedabove. Accelerometer814
provides readings to processor800 regarding the linear
accelerationof the 3D pointing device 400 which can be
usedas describedabove,e.g., to performtilt compensation
and to compensatefor errors which linear acceleration
introducesinto the rotational readingsgeneratedby rota­
tional sensors812. Transceiver816 is usedto communicate
informationto andfrom 3D pointingdevice400,e.g.,to the 30

systemcontroller 228 or to a processorassociatedwith a
computer.Thetransceiver816 canbea wirelesstransceiver,
e.g., operatingin accordancewith the Bluetoothstandards
for short-rangewirelesscommunicationor aninfraredtrans­
ceiver.Alternatively, 3D pointing device400 can commu­
nicatewith systemsvia a wireline connection.

In the exemplaryembodimentof FIG. 4, the 3D pointing
device400 includestwo rotationalsensors502 and504, as
well as an accelerometer506. However, according to
anotherexemplaryembodimentof the presentinvention, a
3D pointing devicecanalternativelyincludejust one rota­
tional sensor,e.g., for measuringangular velocity in the
z-axis direction, and an accelerometer.For suchan exem­
plary embodiment,similar functionality to that described
abovecanbe providedby usingthe accelerometerto deter­
minetheangularvelocity alongtheaxis which is not sensed
by the rotational sensor.For example, rotationalvelocity
aroundthey-axis canbe computedusingdatageneratedby
the accelerometerandcalculating:
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Theconditionsfor statetransitionsmaybesymmetricalor
may differ. Thus, the threshold associated with the
condition . inactivemay be the sameas (or different from)
the �t�h�r�e�s�h�~�r�d�(�s�) associatedwith the conditioninactiveactive'
This enables3D pointing devicesaccordingto the p-;esent
invention to more accurately capture user input. For
example, exemplary embodimentswhich include a state
machineimplementationallow, amongotherthings, for the
thresholdfor transition into a stationary condition to be

10 different than the threshold for the transition out of a
stationarycondition.

Entering or leaving a statecan be usedto trigger other
devicefunctionsaswell. Forexample,theuserinterfacecan
be poweredup basedon a transitionfrom any stateto the

15 ACTIVE state.Conversely,the 3D pointing device and/or
the userinterfacecanbe turnedoff (or entera sleepmode)
when the 3D pointing device transitionsfrom ACTIVE or
STABLE to STATIONARY or INACTIVE. Alternatively,
thecursor410 canbe displayedor removedfrom the screen

20 basedon the transitionfrom or to the stationarystateof the
3D pointing device400.

As mentioned above, exemplary embodimentsof the
present invention processmovementdata received from
sensor(s)in the3D pointingdeviceto convertthis datafrom

25 the frameof referenceof the3D pointingdevice'sbody into
anotherframe of reference,e.g., the user'sframe of refer­
ence.In the exemplaryapplicationof a 3D pointing device
usedto control a userinterfacedisplayedon a screen,e.g.,
a television, the user's frame of referencemight be a

30 coordinate system associatedwith the television screen.
Regardless,translationof the datafrom the body frame of
reference into another frame of referenceimproves the
usabilityof thehandhelddeviceby resultingin anoperation
that is from the user'sperspectiveratherthan the device's

35 perspective.Thus,whentheusermoveshis or herhandfrom
left to right in front of a display while holding the 3D
pointing device, the cursorwill move in the left to right
direction regardlessof the orientationof the 3D pointing
device.

To simplify this discussionan exemplary processing
systemassociatedwith a 3D pointing device is shown in
FIG. 9, e.g.,asdescribedin moredetail above.Therein,the
handheldsystemsensesmotion using one or more sensors
901, e.g., rotational sensor(s), gyroscopes(s),

45 accelerometer(s),magnetometer(s),optical sensor(s),cam­
era(s) or any combinationthereof. The sensors arethen
interpretedin block902to produceanestimateofthemotion
that occurred.The processingblock 903 thentranslatesthe
measuredmotionfrom thenatural(body)referenceframeof

50 the deviceinto the referenceframe of the user.The move­
ment is then mapped904 into meaningfulactionsthat are
interpretedat block 905 forwardedto the systemto produce
a meaningfulresponse,suchasmovinganon-screencursor.

Block 903 convertsdetectedmovementinto thereference
55 frame of the user insteadof the referenceframe of the

device. Orientationmay be representedby many different
mathematicallysimilar methodsincluding Euler angles,a
directioncosinematrix (DCM), or a unit quaternion.Posi­
tion is generallyrepresentedasanoffset from thecoordinate

60 systemorigin in a consistentunit including but not limited
to meters, centimeters, feet, inches, and miles. In one
exemplary embodimentdescribedabove, a 3D pointing
devicemeasuresinertial forces including accelerationand
rotationalvelocity. Theseforcesaremeasuredrelativeto the

65 body of the deviceby sensorsmountedtherein. In orderto
convertthemeasureddatainto the userframe of reference,
the deviceestimatesboth its positionand its orientation.

INACTIVE stateto the ACTIVE stateoccurseitherwhen
(1) a meanvalueof sensoroutput(s)overa time window is
greaterthanpredetenninedthreshold(s)or (2) a varianceof
valuesof sensoroutput(s) overatimewindow is greaterthan
predeterminedthreshold(s)or (3) an instantaneousdelta
between sensor values is greater than a predetermined
threshold.

The INACTIVE state enablesthe stationary detection
mechanism608 to distinguishbetweenbrief pausesduring
whichthe3D pointingdevice400 is still beingused,e.g.,on
the orderof a tenthof a second,andan actualtransitionto
eithera stableor stationarycondition.This protectsagainst
the functionswhich areperformedduring the STABLE and
STATIONARY states,describedbelow, from inadvertently
beingperfonnedwhenthe3D pointingdeviceis beingused.
The 3D pointing device 400 will transition back to the
ACTIVE statewhenconditioninaCtive activeoccurs,e.g.,if the
3D pointing device 400 startsmov1i-tg again suchthat the
measuredoutputs from the rotational sensor(s)and the
accelerometerexceedsthe first thresholdbefore a second
predetermined timeperiod in the INACTIVE state elapses.

The 3D pointing device400 will transitionto either the
STABLE stateor the STATIONARY stateafter the second
predetermined timeperiodelapses.As mentionedearlier,the
STABLE statereflectsthe characterizationof the 3D point­
ing device400 asbeingheldby a personbut beingsubstan­
tially unmoving, while the STATIONARY statereflects a
characterizationof the3D pointingdeviceasnot beingheld
by a person.Thus,anexemplarystatemachineaccordingto
the present invention can provide for a transition to the
STABLE stateafter the secondpredeterminedtime period
has elapsedif minimal movementassociatedwith hand
tremor is presentor, otherwise,transitionto the STATION­
ARY state.

The STABLE and STATIONARY states define times
during which the 3D pointing device 400 can perfonn
variousfunctions.For example,sincethe STABLE stateis
intendedto reflect times when the user is holding the 3D
pointing device 400 but is not moving it, the device can 40

recordthemovementof the3D pointingdevice400whenit
is in the STABLE state e.g., by storing outputs from the
rotational sensor(s)and/or the accelerometerwhile in this
state.Thesestoredmeasurementscanbe usedto determine
a tremorpatternassociatedwith a particularuseror usersas
describedbelow. Likewise, when in the STATIONARY
state,the3D pointingdevice400cantakereadingsfrom the
rotationalsensorsand/orthe accelerometerfor usein com­
pensatingfor offset as describedabove.

If the 3D pointing device 400 starts to move while in
eitherthe STABLE or STATIONARY state,this cantrigger
a return to the ACTIVE state. Otherwise, after measure­
ments are taken, the device can transition to the SLEEP
state.While in the sleepstate,the devicecanentera power
downmodewhereinpowerconsumptionof the3D pointing
device is reducedand, e.g., the samplingrate of the rota­
tional sensorsand/ortheaccelerometeris alsoreduced.The
SLEEPstatecanalsobeenteredvia anexternalcommandso
thattheuseror anotherdevicecancommandthe3D pointing
device400 to enterthe SLEEPstate.

Upon receiptof anothercommand,or if the 3D pointing
device400 beginsto move, the devicecantransitionfrom
theSLEEPstateto theWAKEUP state.Like the INACTIVE
state, the WAKEUP stateprovides an opportunity for the
device to confirm that a transitionto the ACTIVE stateis
justified, e.g., that the 3D pointing device 400 was not
inadvertentlyjostled.
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(crossproductof unit vectors)
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(WbAngle/2), cos(WbAngle/2)]

�A�b�o�d�y�~�A�a�c�c�e�l�e�r�o�m�e�t�e�r�+�U�l�'�x�R�+�U�l�x�( UlxR)

Where* representsmultiplicationand** representsquater­
nion multiplication.Additional stability canbe providedby
constant field vectors including gravity and the earth's
magneticfield and combinedwith the results above. The
combinationcan be achievedusing severalnumericaland
filtering methods including, but not limited to, Kalman
filtering.

A variety of different sensorscouldbe employedas long
as they measuremotion with respectto the body of the
device. Exemplary sensorsinclude accelerometers,rota­
tional sensors,gyroscopes,magnetometersand cameras.
Theuserframedoesnot needto be stationary.For example,
if the user'sframe of referenceis selectedto be the user's
forearm, then the devicewould only respondto wrist and
finger movement.

One skilled in the art will recognizethe commutative
property appliesto the frame of referencetransformations
describedin this invention. Therefore, the order of the
mathematicaloperationscan be alteredwithout materially
affecting the inventiondescribedherein. In addition, many
motionprocessingalgorithmscanoperatein eitherframeof
referenceequivalently, especiallywhen the user frame is
chosento be stationarywith a constantorientation.

In addition to providing easeof use, frame of reference
transformationsaccordingto this exemplaryembodimentof
the present invention can also be used to addressother
challenges in handheld device implementations. For
example,if a sensor(suchasanaccelerometer)is not located
precisely at the centerof rotation in the body frame of
reference,the measuredaccelerationwill include both the
accelerationof the frame andaccelerationcomponentsdue
to the rotationof the frame. Therefore,the measuredaccel­
erationcanfirst be transformedto a different targetlocation
within the body frame of the device using the following
relationship:

Position is then computedas the double integral of the
accelerationin the userframe. The accelerationin the user
frame is the accelerationof the body frame rotatedinto the
userframe by Q above.Normally, the origin is assumedto
bezerowhenthedeviceis first activated,but theorigin may
be resetduring normal operationeither manually or auto­

15 matically.
Generally,whenthe deviceis not moving, Pul

, Pu", Wu,
andWu"are all 0. In this exemplaryembodiment,Pb" and
Wb aremeasured.Although an infinite numberof rotations
Q exist, the minimal rotation can be selectedfrom the

20 availablesetandusedto estimateWu basedon Wb. Alter­
natively, Q may be computedusing an assumedstarting
offsetorientationQo, by integratingWb overtime asshown
using the discretetime integral below:

30

�W�u�~�R�o�t�a�t�e�(�W�b�, Q)

�W�u�'�~�R�o�t�a�t�e�(�W�b�'�, Q)

�P�u�"�~�R�o�t�a�t�e�(�P�b�"�, Q)

�P�u�~�R�o�t�a�t�e�(�P�b�, Q)+Pdelta

�P�u�'�~�R�o�t�a�t�e�(�P�b�'�, Q)

where:
Rotaterepresentsthe quatemionrotation operatorsuch

that Rotate(A, Q) is equal to Q* A Q where Q* is the 25

quaternionconjugateandthe vectorA is a quatemionwith
the complexcomponentequalto A andthe real component
equal to 0;

Pu is the position in the userframe of reference;
Pb is the position in the deviceframe of reference;
I representsthederivative.Therefore,Pul is thederivative

of the position in the userframe of referencewhich is the
velocity in the userframe of reference;

Wu is theangularvelocity of thedevicein bodyanglesin 35

the userframe of reference;
Wb is theangularvelocity of thedevicein bodyanglesin

the body frame of the device;
Pdelta is the difference betweenthe origin of the user 40

frame of referenceand the body frame of referencein the
userframe of referencecoordinatesystem;

Q is thenormalizedrotationquatemionthatrepresentsthe
rotation from the body frame to the userframe. Since the
rotationquatemionto rotatefrom theuserframeto thebody 45

frame is Q*, we could replaceQ with R* where R is the
rotationfrom theuserframeto thebody frame.Note thatQ
canberepresentedin a numberof equivalentforms includ­
ing Euleranglesandthedirectioncosinematrix (DCM), and
the aboveequationsmay vary slightly in their equivalent 50

forms basedupon different representationsof Q. FIG. 10
graphicallyillustratesthetransformationfrom a bodyframe
of referenceto a user'sframe of reference.

During operation,thedeviceestimatesQ in animplemen­
tation dependentmanner to perform this transformation. 55

One exemplary implementation describedabove involves
compensatingfor tilt (i.e., variationsin x-axis roll of the 3D
pointing devicebasedon the mannerin which it is heldby
a user).The orientationis computedby first estimatingthe
accelerationcomponentdue to gravity in the body frame, 60

Ab. By definition, the accelerationvectordue to gravity in
the userframe,Ag, is setto [0, 0, -I]. Sincegravity cannot
estimatethe heading(rotation about the z-axis), the body
frame estimatefor headingis used.Therefore,the rotation
quaternionhas an axis of rotation in the z=O plane. The 65

following is oneof severalmathematicallyequivalentmeth­
ods for computingthe rotationquaternion:

In this exemplaryembodiment,it is assumedthattheuser
frame of referenceis stationaryand has fixed orientation,
although those skilled in the art will appreciatethat this
techniquein accordancewith the presentinvention canbe
readily extendedto the caseswhere the user's frame of
referenceis non-stationaryby eitherdirectly transformingto
the time-varyingframeor by first convertingto a stationary
frame and then converting to the moving frame. For the
stationary, fixed-orientation user frame of reference
example,conversionfrom the body frameto the userframe 10

canbe performedby useof the following equations:
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What is claimedis:
1. A handhelddevicecomprising:
a sensorfor generatinga first output associatedwith

motion associatedof saidhandhelddevice;
an accelerometerfor detectingaccelerationof saidhand­

held deviceandoutputtingat leastone secondoutput;
and

a processingunit for receivingand processingsaid first
output from said sensorand said at least one second
output from saidaccelerometer,

saidprocessingincluding calculating:

wherein8 is associatedwith an orientationin which said
handhelddeviceis beingheld, andA andB arevalues
associatedwith at leastoneof saidfirst outputandsaid
at leastone secondoutput.

2. Thehandhelddeviceof claim 1, whereinsaidsensoris
a camera.

3. The handheld deviceof claim 1, whereinsaidsensor
is a rotational sensor.

4. Thehandhelddeviceof claim 1, whereinsaidsensoris
a magnetometer.

5. Thehandhelddeviceof claim 1, whereinsaidsensoris
an optical sensor.

6. The handhelddeviceof claim 1, whereinsaidacceler­
ometer is a multi-axis accelerometerand wherein said at
leastonesecondoutputincludesavaluey generatedby said
multi-axis accelerometerassociatedwith accelerationof
said handhelddevice in a y-axis direction and a value z
generatedby saidmulti-axis accelerometerassociatedwith
accelerationof saidhandheld devicein a z-axis direction.

7. The handhelddevice of claim 6, whereinsaid multi­
axis accelerometeris a 3-axis accelerometer.

S. The handhelddeviceof claim 6, wherein8 is a value
associatedwith a tilt of said handhelddevice which is
calculatedusing saidy value and saidz value.

9. The handheld deviceof claim S, wherein8 is calcu­
latedas one of

first and then the gesturedeterminedor the gesturecanbe
determinedfirst andthenthe mappingcanbe performed.

The above-described exemplary embodiments are
intendedto be illustrative in all respects,ratherthanrestric­
tive, of the presentinvention. Thus the presentinventionis
capableof manyvariationsin detailedimplementationthat
canbe derivedfrom the descriptioncontainedhereinby a
personskilled in the art. For example,althoughthe forego­
ing exemplaryembodimentsdescribe,amongotherthings,

10 the useof inertial sensorsto detectmovementof a device,
othertypesof sensors(e.g.,ultrasound,magneticor optical)
canbe usedinsteadof, or in additionto, inertial sensorsin
conjunctionwith the afore-describedsignalprocessing.All
such variations and modifications are consideredto be

15 within the scope and spirit of the present invention as
definedby the following claims.No element,act, or instruc­
tion usedin thedescriptionof thepresentapplicationshould
be construedas critical or essentialto the inventionunless
explicitly describedassuch.Also, asusedherein,thearticle

20 "a" is intendedto include one or more items.

30

AuseFRatate(Abady,Q)

whereQ is the rotationfrom the body frameof referenceto
the accelerometerframe of reference.

Unfortunately,differentusershavedifferent valuesfor R.
For example, one user may use the handhelddevice by
rotating their elbow while anothermay use the deviceby
rotatingtheir wrist. In addition, peoplehavedifferent sized
wrists andforearms.For improvedusability this exemplary
embodimentof the handhelddynamicallycomputesRand
moves thebodyorigin suchthat it hasminimal acceleration
componentsdueto angularmotion.Theexemplaryembodi- 25

mentestimatesR by definingR as [Rx, 0, 0] andsolving for
Rx usingandminimizingAbody-Rotate[Ag, Q]. Notethat
many numerical methods exist including recursive least
squaresandKalmanfiltering thatmayperformminimization
to computeRx.

Basedon the foregoing, it will be appreciatedthat the
presentinventiondescribesvarioustechniquesfor mapping
sensedmotion of a handhelddevice from one frame of
reference(e.g.,a body frameof reference)to anotherframe
of reference (e.g., a user's frame of reference). These 35

mappingscanbe independentfrom othermappingsassoci­
atedwith the useof the handhelddevice,e.g., the mapping
of sensedmotion to cursormovementor canbe combined
therewith. Moreover, transformations according to the
presentinventioncanbe perfonnedto transfonnthe sensed40

motion in all threedimensions,for translationalmotionand
rotationalmotionor anysubsetthereof,from theperspective
of eitherthe input sideof themotionequationor the output
side. Additionally, the selectionof the frame of reference
into which the sensedmotion is mappedor transfonnedcan 45

be made in a number of different ways. One example
providedaboveshowsthe secondframe of referencebeing
a user'sframe of referenceassociatedwith the tilt of the
device, however many other variations are possible. For
example,the user may selecthis or her desiredframe of 50

reference,which settingcanbestoredin thehandheldasone
of a plurality of userpreferencesand usedto perfonn the
transfonnation.The second frame of reference can be
selectedbasedon any numberof techniques.The second
frame of referencecanbe selectedbasedupon an explicit 55

command(e.g., buttonor userinterfaceselection)or auto­
maticallythroughuserrecognitiondeterminedby deviceuse
patterns,tremor, andotherbiometrics.

Additionally, althoughsomeof the exemplaryembodi­
mentsdescribeaboveoperateondatain thevelocity domain, 60

the presentinvention is not so limited. Mapping or trans­
formation accordingto the presentinvention can alterna­
tively or additionallybeperfonnedon, for example,position
or accelerationdata and can be for translationalmotion,
rotationalmotionor both.Also theorderofprocessingis not 65

critical. Forexample,if thehandhelddeviceis beingusedto
output gesturecommands,the mappingcan be performed

whereR is the vector from the accelerometerto the target
location, w is the angularvelocity of the body frame of
referenceand WI is the angular accelerationof the body
frame of reference. If the body frame of the device is
constructedsuchthatit lies atR from theaccelerometer,then
it shouldhavezero angularaccelerationeffectsandmay be
more easily usedto computethe devicemovementin the
user frame. This compensatesfor intentional or uninten­
tional misalignment between the accelerometerand the
center of the body frame of reference. In addition, the
estimateof the gravity vectorbecomesmuchsimplersince
therearefewer forcesactingat the centerof rotation.Then,
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24. The systemof claim 22, whereinsaid systemfurther

comprises:
a systemcontroller;
a wirelesstransmitter,disposedin saidhandhelddevice,

for transmittingdatafrom saidhandhelddeviceto said
systemcontroller;

wherein said processing unitis disposedwithin one of
saidhandhelddeviceand said systemcontroller.

25. The systemof claim 24, wherein said sensoris a

26. The systemof claim 24, wherein said sensorIS a
rotational sensor.

27. The systemof claim 24, wherein said sensorIS a
magnetometer.

28. The systemof claim 24, wherein said sensoris an
optical sensor.

29. The systemofclaim24, whereinsaidaccelerometeris
a multi-axis accelerometerand wherein said at least one
secondoutput includesa value y generatedby said multi­
axisaccelerometerassociatedwith accelerationof saidhand
helddevicein a y-axis directionanda valuez generatedby
said multi-axis accelerometerassociatedwith acceleration
of saidhandhelddevicein a z-axis direction.

30. The system of claim 29, wherein said multi-axis
accelerometeris a 3-axis accelerometer.

31. The systemof claim 29, wherein8 is a valueassoci­
atedwith a tilt of saidhandhelddevicewhich is calculated
using saidy value and saidz value.

32.Thesystemofclaim 29, wherein8 is calculatedasone
of 8=tan-1(y/z) andatan2(y,z).

33. The systemof claim 24, whereinsaid first output is
generatedat a samplingrate of 200 samples/second.

34. The systemof claim 24, whereinsaidwirelesstrans­
ceiver is a Bluetooth®transceiver.

35. The systemof claim 24, further comprising:
a plurality of buttons disposedon a housing of said

handhelddevice;andat leastoneLED disposedon said
housing.

36. The system of claim 24, wherein A and Bare
associatedwith different axesof said first output.

37. The systemof claim 24, whereinA andB areposition
datavalues.

38. The systemof claim 24, whereinsaidprocessingunit,
by calculatingR, performsa transformationof translational
motion detectedby at least one of said sensorand said
accelerometerfrom a body frame of reference of said
handhelddeviceinto a user'sframe of reference.

39. The systemof claim 24, whereinsaidprocessingunit,
by calculating R, performs a transformationof rotational
motion detectedby at least one of said sensorand said
accelerometerfrom a body frame of reference of said
handhelddeviceinto a user'sframe of reference.

40. The systemof claim 24, whereinsaidprocessingunit,
by calculatingR, performsa transformationof both trans­
lational motion and rotational motion detectedby at least
oneof saidsensorandsaidaccelerometerfrom abodyframe
of referenceof saidhandhelddeviceinto a user'sframe of

60 reference.
41. The systemof claim 24, whereinsaidat leastone of

said first output and said at least one secondoutput are
processedprior to calculatingR.

42. Thesystemof claim 41, whereinsaidprocessingprior
65 to calculatingR includescompensatingsaidat leastoneof

saidfirst outputandsaidat leastonesecondoutputfor offset
bias.

10 camera.
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wherein8 is associatedwith an orientationin which said
handhelddeviceis beingheld, andA andB arevalues
associatedwith at leastoneof saidfirst outputandsaid
at leastone secondoutput.

and atan2(y,z).
10. The handhelddevice of claim 1, wherein said first

output is generatedat a sampling rate of 200 samples/
second.

11. The handhelddeviceof claim 1, further comprising:
a wirelesstransceiverfor receiving data from said pro­

cessingunit andwirelesslytransmittingsaiddata.
12. The handhelddeviceof claim 11, whereinsaidwire­

lesstransceiveris a Bluetooth®transceiver.
13. Thehandhelddeviceof claim 11, furthercomprising: 15

a plurality of buttons disposedon a housing of said
handhelddevice;andat leastoneLED disposedon said
housing.

14. Thehandhelddeviceof claim 1, whereinA andBare 20

associatedwith different axesof said first output.
15. Thehandhelddeviceof claim 1, whereinA andBare

positiondatavalues.
16. The handhelddevice of claim 1, wherein said pro­

cessingperformsa transformationof detectedtranslational 25

motion of saidhandheld device.
17. The hand held device of claim 1, wherein said

processingperformsa transformationof detectedrotational
motion of saidhandheld device.

18. The handhelddevice of claim 1, wherein said pro- 30

cessingperformsa transformationof both detectedtransla­
tional motion and detectedrotationalmotion of saidhand­
held device.

19. The handhelddeviceof claim 1, saidat leastone of
said first output and said at least one secondoutput are 35

processedprior to calculatingR.
20. The handhelddeviceof claim 19, whereinsaidpro­

cessingprior to calculatingR includescompensatingsaidat
least one of said first output and said at least one second
output for offset bias.

21. The handhelddeviceof claim 19, whereinsaidpro­
cessingprior to calculating R includes converting said at
least one of said first output and said at least one second
output into different units.

22. The handheld deviceof claim 1, whereinsaidhand 45

held deviceis a 3D pointing device.
23. A systemcomprising:
(a) a handhelddeviceincluding:

a sensorfor generatinga first output associatedwith
motion associatedof saidhandhelddevice; and

an accelerometerfor detecting accelerationof said
handhelddeviceand outputtingat leastone second
output; and

(b) a processingunit for receiving and processingsaid
first output from said sensorand said at least one 55

secondoutput from said accelerometer,
saidprocessingincluding calculating:
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wherein8 is associatedwith an orientationin which said
handhelddeviceis beingheld, andA andB arevalues
associatedwith at leastoneof saidfirst outputandsaid
at leastone secondoutput.

25

55

57. The methodof claim 45, further comprising:
disposinga plurality of buttonsandat leastoneLED on

a housingof saidhandhelddevice.
58. The method of claim 45, wherein A and Bare

associatedwith different axesof said first output.
59. Themethodof claim 45,whereinA andB areposition

datavalues.
60. Themethodof claim 45, whereinsaidprocessing,by

calculating R, performs a transformationof translational
motion detectedby at leastoneof saidfirst sensorandsaid
secondsensorfrom a body frame of referenceof saidhand
held deviceinto a user'sframe of reference.

61. Themethodof claim 45, whereinsaidprocessing,by
calculating R, performs a transformation of rotational

15 motion detectedby at leastoneof saidfirst sensorandsaid
secondsensorfrom a body frame of referenceof saidhand
held deviceinto a user'sframe of reference.

62. Themethodof claim 45, whereinsaidprocessing,by
calculating R, performs a transformationof both transla-

20 tional motionandrotationalmotiondetectedby at leastone
of saidfirst sensorandsaidsecondsensorfrom abodyframe
of referenceof saidhandheld deviceinto a user'sframeof
reference.

63. The methodof claim 45, further comprising:
processingsaidat leastoneof saidfirst outputandsaidat

leastone secondoutputprior to calculatingR.
64.Themethodofclaim 63,whereinsaidprocessingprior

to calculatingR includescompensatingsaidat leastoneof
30 saidfirst outputandsaidat leastonesecondoutputfor offset

bias.
65.Themethodofclaim 63,whereinsaidprocessingprior

to calculatingR includesconvertingsaidat leastoneof said
first outputandsaidat leastonesecondoutputinto different

35 units.
66.Themethodofclaim45,whereinsaidhandhelddevice

is a 3D pointing device.
67. A systemcomprising:
meansfor generatinga first outputassociatedwith motion

associatedof a handhelddevice;
meansfor detectingaccelerationof saidhandhelddevice

andoutputtingat leastone secondoutput; and
meansfor processingsaid first output from and said at

leastone secondoutput,
whereinsaidprocessingmeansis also for calculating:
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43. Thesystemof claim41, whereinsaidprocessingprior
to calculatingR includesconvertingsaidat leastoneof said
first outputandsaidat leastonesecondoutputinto different
units.

44. Thesystemof claim24,whereinsaidhandhelddevice
is a 3D pointing device.

45. A methodcomprising:
generating,from a first sensor,a first output associated

with motion associatedof a handheld device;
detecting,by a secondsensor,accelerationof said hand 10

held deviceandoutputtingat leastone secondoutput;
and

processingsaid first output from and said at least one
secondoutput,

saidprocessingincluding calculating:

wherein8 is associatedwith an orientationin which said
handhelddeviceis beingheld, andA andB arevalues
associatedwith at leastoneof saidfirst outputandsaid
at leastone secondoutput.

46. The methodof claim 45, further comprising:
transmittingdatafrom saidhandhelddeviceto a system

controller,whereinsaidprocessingis performedwithin
oneof saidhandhelddeviceandsaidsystemcontroller.

47. The methodof claim 45, whereinsaid first sensoris
a camera.

48. The methodof claim 45, whereinsaid first sensoris
a rotational sensor.

49. The methodof claim 45, whereinsaid first sensoris
a magnetometer.

50. The methodof claim 45, whereinsaid first sensoris
an optical sensor.

51. The methodof claim 45, whereinsaidsecondsensor
is a multi-axis accelerometerandwhereinsaidat leastone
secondoutput includesa value y generatedby said multi - 40

axis accelerometerassociatedwith accelerationof said
handhelddevicein ay-axisdirectionandavaluez generated
by said multi-axis accelerometerassociatedwith accelera­
tion of saidhandheld devicein a z-axis direction.

52. The method of claim 51, wherein said multi-axis 45

accelerometeris a 3-axis accelerometer.
53. The method of claim 51, wherein 8 is a value

associatedwith a tilt of said handhelddevice which is
calculatedusing saidy value and saidz value.

54. The methodof claim 53, wherein8 is calculatedas 50
oneof 8=tan-1(Y/z) and atan 2(y,z).

55. The methodof claim 45, whereinsaid first output is
generatedat a samplingrate of 200 samples/second.

56. The methodof claim 45, whereinsaid stepof trans­
mitting further comprises:

wirelesslytransmittingsaiddatain accordancewith Blue­
tooth®.


