
SENSOR-BASED ORIENTATION SYSTEM CROSS-INFERENCE TO
RELATEDAPPLICATIONS The present application claims
priority to U.S. Provisional Patent Application Sena!
No. 60/783,196, entitled, "Sensor-based Orientation
System" filed on March 15, 2006, which is assigned to
the assignee hereof and which is expressly
incorporated herein by reference. BACKGROUND Field
{00:!| The present disclosure relates generally to
orientation systems, and more specifically to a method
and apparatus for sensing roll, pitch and yaw i a
moving body, in addition to linear translation of the
body in three-dimensional space. Background (0002J
There exists a large variety of sensors available for
detecting or measuring physical conditions or
phenomena. A type of sensor commonly deployed in many
industri al commercial, or scientific contexts is a
linear accelerometer. By detecting the direction of
Earth's gravity vector, a linear of "3D" accelerometer
ca be used to measure the translation (linear movement
without angular rotation) of an object, and also which
can sense "tilt" (s ch as angular accelerations
associated with "roll" or pitch"), free-fall, and
shock. Acoelerometers of differing types and
sensitivities may function by exploiting any of a
variety of physical phenomena, such as the rolling of
a small hall, the shifting/fl owing of a conductive or
heavy liquid, the swinging of a pendulum., or other
mechanical means of varying accuracy and. sensitivity.
More sophisticated known linear acceieroraelers may
sense movement through the Earth's magnetic Held, or
exploit other magnetic or optical phenomena. [0003J
However, it presently is difficult or impossible to
ditYerentiate, using conventional, cost-effective
linear accelerometers, between linear motion
(acceleration relative to a ordinary Cartesian
coordinate system) and the change in orientation of a
device and a corresponding change (i.e. angular
acceleration) in roll or pitch. A change 



in the "heading" or yaw of a moving object cannot be
sensed by conventional linearacceierorneiers at all.
Gyroscopes, which are comparatively expensive, complex
and delicate commonly serve as the means for sensing a
shift or change in rotational freedom, such as the
yaw, roll and pitch, of a moveable object. Normally,
three gyroscopes are used, one per axis of rotation,
albeit, the latest developments in
microelectromechanical systems (MEMS) technologies
allowed the development of a twoaxis gyroscope. There
is therefore a need h %the art for a method and means
for reliably measuring movement of a object in ail six
degrees of freedom, including changes in yaw a s well
as roll n pitch, using relatively simple accelerometer
sensors, SUMMARY }0004| mbod ts disclosed herein
address the above stated needs by providing a process
d apparatus for measuring movement in all six degrees
of freedom for practically any moveable object. Three
linear aeeeierometers generate all the data needed for
such measurement Two accelemraeters provide the data
needed to detect changes in position for col ipear two
points associated with those aeeeierometers, while the
third acceierometer, disposed nop-colli nearly to the
fust two, generates data adequate to gauge the change,
if any, in the position or orientation of the
imaginary axis connecting the first two
aeeeierometers. BRIEF DESCRIPTION OF THE DRAWINGS
{QOOSj FIG. 1 is a perspective view of a prior art
accelerometer or ti lt sensor, shown in relation to a
local horizontal plane and with selected coordinate
axes depicted; OG J FECK 2 shows an aspect of the
present disclosure, there being three accelerometer
sensors upon metric board, for use in. measuring
accelerations in relation to six degrees of freedom of
nioti on; }0007| FIG. 3 shows an array of four
vertically aligned accelerometer sensors and the
output data corresponding t the axes of each sensor, a
d also shows two horizontally aligned sensors, one
Inverted relative to the other, also with
corresponding output data; 000 J FJG. 4 is geometric
diagram illustrating the determination of a change in
acceleration on the x-axis of a coordinate system
corresponding to given ang of tilt ; 



{0OO9J FIG. 5 illustrates the output senses of two
aecelerometer-type sensors o a metric board undergoing
a linear translation;0010 Fig. illustrates the
opposing output senses of two acceler ameter-type
sensors on a metric board undergoing a rotation about
an axis S-S; [00111 HG. 7 i s a simple schematic
showing operative connection between three
accelerometer sensors and a clock d MPROC combination;
and jOO12| FIG. 8 is a flowchart depicting an aspect
of the method of the present disclosure. DE TAILED
DESCRIPTION {0013J The presently disclosed method
permits the orientation and linear motion- of a object
to b e sensed and eas red it is contemplated that the
disclosed methodologies will find beneficial
application in a wide variety of fields and
circumstances including, bat not limited to, avionics
and ground transportation, telecommunications, remote
sensing and photography, electronic tracking and
monitoring of persons or cargo, the security of
persons, products, and consumer electronics products.
1. 0014} By the presently disclosed method, the linear
.motion and three-dimensional ori entation of a
selected object can be reliably measured. The motion
and positional data generated thereby can then be
transmitted by any suitable means to other system
components or processors. For example, a measure of an
unwanted change in threedimerisional position can be
provided to, for example, attitude control systems to
permit a deviation from proper orientation (e.g., with
respect to vertical) to be recti ed Or by way of
further example, if the acceleration and orientation
of an object are measured simultaneously to fall
outside predetermined parameters, an alarm system may
be signaled and actuated. I consumer electronics, the
six-ditne sional information can be used to control
gam g devices such as a joystick, allow user
interaction i terms of input and menu selection, and
provide image stabilization for digital still and
video cameras. |00I5j Linear accelerometers, in a
variety of different types and. functionalities, are
widely used in a broad spectrum of scientific at
industrial applications. Threedimensional 



acceleroraeters are commonly available at a number of
different levels of sophistication and expense, and
are among tlie most widely s d microelectromechanical
systems (MEMS) sensors. Fig. 1 shows a conventional
linear accelerometer serving as a iiit sensor. The
accelerometer sensor can sense linear motion (that is
translation in any plane such as the local horizontal
plane); the translation canbe measured with reference
to at least two axes (e.g., K and Yi,). Such an
aeceler ameter also can offer a measure of an object's
tilt (roll or pitch, as suggested in Fig, 1). us w t a
single 3D accelerometer an object s .motion in
Cartesian coordinate space < > ) c n b sensed, and the
direction of gravity can be sensed to estimate the
object's roll (t) and pitch (f) . A marked advantage
of the present method and apparatus is that a trio of
such commonly available and relatively affordable 3D
accelerometers can b e functionally combined to sense
changes i the sixth variable, that of yaw, also
frequently referred to as azimuth or '"'heading" (y) .
(0G1 J Reference is invited to Fig. 2. in accordance
with the present disclosure, two preferably but not
necessarily identical 3D acceiermeters 20, 20* are
deployed i spaced relation on a metric board 22
associated with the object of interest, such as an
automobile, telecommunica io s wireless or
photographic device, aircraft, or the like. The
precise disposition of the two accelerometers 20, 2C L
three di.raensio.nal space is not critical, provided
that their linear distance of separation is fixed, and
significant relative to the distances and degrees of
motion sought to be monitored. In one embodiment, the
accelerometers 2Q, 20' are situated at approximately
diagonally opposite comers of a planar board 22. Each
accelerometer may be regarded to have a local
horizontal piane 25, 25% which planes 25, 25* may be
contained in or parallel to the metric board 22. The
board 22 is secured aboard the object or device (not
shown) whose translations and rotations are to be
sensed and monitored, |0017j This disclosure offers a
method of integrating the output of the first 20 and
second 2 accelerometers with a third accelerometer 23
to provide the sought "sixdimensional" data matrix
Because linear accelerometers provide second momentum
measurements, the locomotion measurements taken by the



acceierometers 2 20% 23 must be integrated once to
obtain the rate of change (in linear or angular
velocities), and then integrated a . second tim to
obtain absolute measures, that is, of change in
position or tilt. j iSf Consideration of Fig. 2
suggests that the only degree of motion that is not
fully detectible b two acceierometers 20, 20* alone is
rotation about the imaginary axis defined by the line
connecting those two accelerometers 20, 20% Depending
upon the orientation of the board 22 in relation to
the object of interest, such a rotation maycorrespond
to change i roll t), pitch (f) or yaw (y), but a
two-sensor device i s inadequate to detect reliably
all three types of rotation. J00191 Fig. 3 graphically
illustrates the output response of aceelerometer
sensors verses orientation relative to gravity. If the
individual orientation of each sensor is noted, the
gravity acceleration is measured with respect to each
axis of sensitivity for each sensor in a array of
sensors. Shown n the Fig. is a array of four sensors
(or, alternatively, a single sensor depicted at. four
dif e re t positions at different times), whose
orientations are observable (note positions of white
comer markers on sensors). The x -y coordinate planes
(defined by the x- and y-axes of sensitivity) of the
sensors are parallel to the gravity vector, so that
the uppermost sensor indicates zero output except for
the acceleration d"e to gravity along the x-axis. The
lowermost sensor in the array likewise shows only the
gravity acceleration, except that the acceleration
measurement is output with an opposite "sense" due to
the inversion of the x -axis relative to the uppermost
sensor. The two side sensors of the array generate
concordant outputs, with the gravi acceleration along
the respective two parallel, but oppositely directed,
y-axes of sensitivity. It should be noted that all
sensor axes are by design perpendicular to each other
and any misalignment results in acceleration
measurement errors.. For the discussion that follows
it is assumed that the sensor axes are perfectly
aligned n  are perpendicular to each other a that the
sensors themselves are positioned in the plane 22 in
such a way that the x , y z axes of sensor 20 are
perfectly aligned with the x y% z axes of sensors 20
and 23, J0G2OJ Fig. 3 also illustrates how a. single
sensor ^v Il output data respecting the sensor's 



z~&xis of sensitivity. In the lower right of the
figure, a single sensor's x coordinate plane is normal
to the gravity vector. Accordingly, the output
corresponding to the x and y axes of sensitivity is
zero, but the acceleration along the z~axis of
sensitivity equals the gravity acceleration constant g
or - g if the sensor inverted to reverse the
directional "sense" of the sensor's z~axis of
sensitivity. J0021.J Fig. 5 suggests that two 3D
accelerometers 20, 20* can sense linear movement, such
as "drop" parallel to a ss-axis 40 (perhaps the
gravity vector), n such circumstance, the acceler
ameters 20, 20* move in the same direction along
generally parallel vectors (indicated by directional
arrows m the figure), mid thus generate similar
outputs  n contrast, and as indicated by FIg.  the two
acceieroraeters 20, 20* can senseorientation (for e
ample respecting any given imaginary axis of rotation
S--S). because they move along oppositely directed
vectors and thus generate opposite outputs. 0022 To
overcome the sensory deficiencies of a
two-accelerometer system, third linear accelerometer
23 is provided. The third accelerometer sensor 23 is
disposed at fixed separation distances from sensor
number one 20 and from sensor number two 20
respectively and is located off the imaginary axis R -
R defined by the location of sensors 20, 20* (i.e.,
tbe three sensors 20. 20* and 23' are within the same
imaginary plane, but r not co-Hnearly arranged. The
additional sensor component 23 permits the observation
and differentiation of "six axis" movement; linear ( v
) and rotational ( ,f, ) . Thus, the three-sensor
array sho in Fig. 2 can effectively detect and
describe all six degrees of motion of the plane (e.g.
the metric board 22) defined by the placement of the
three accelerometers 20, 20*, 23. J0023} Because
accelerometers sense the force of gravity depending on
the orientation of the object mounting the
accelerometer (Fig. 3).. the different axes of an
apparatus according to this disclosure sense and
report the measure of the gravitational force and any
other acceleration experienced by the obj ect  t
should be noted that with respect to this invention
the gravitational force is always present, As
illustrated i Fig. 4, a tilt acceleration is
determined from the product of the sine of an angle t
and the gravitational force  f for example, an
acceleration relative to the x-sxte of sensitivity 



of an accelerometer 20 20\ or 23 is designated as x
then sine x r/g. where g is the acceleration due to
the gravity force (-9.S m/s2) . Accordingly, for one
degree (1) of tilt .in the x axis, there is art
acceleration change relative to the x-axis of a - (1)
g  7.45mg. Therefore, the quality of {lie acceiermeter
generated measurements has to be better than 17.45mg
if the tilt on the order of 1* is to be observed and
reported. (0024) Referring again to Fig. 5, the two 3D
accelerometers or sensors 20, 20*, each has three axes
of sensitivity (.V\J ,S). If the z-axis 40 is aligned
with the gravity vector, in the absence of any
movement sensor number one 20 experiences and reports
accelerations, relative to the axes of sensitivity, of
Og, Og, and Ig, respectively; sensor number two 20
experiences and reports similarly. f there is a i ar
movement along the z~axis 40 only, then both sensors
20:. 20* report accelerations of Og, Og, and a g where
az represents the acceleration due to the movement
along the z-axis 40. Linearmotion and accelerations
relative to the other x and y-ases are analyzed in the
same conceptual framework. (00251 Angular movement is
also detected atid evaluated,  f rotation occurs about
an is S-S (which may or may not. be parallel to one of
a sensor's axes of sensitivity) as shown in Fig. 6,
the two sensors 20 and 20' i-eport changes having
opposite "senses," as suggested by the straight
directional arrows of Fig. 6. Rotation about axis S-S
will cause sensor number one 20 Io experience and
report accelerations, relative to the sensor's axes of
sensitivity, of Og, Og, and az Ig, respectively.
Contrariwise, sensor number two 20 experiences and
reports accelerations, relative to that sensor's axes
of sensitivity of Og, Og, and -az Ig, respectively,
where the accelerator* along the 2-axis is subtracted
from the gravitational acceleration. Notably,
combination of both rotation and linear motion will
cause an imbalance in the magnitudes of the
acceleration along the z~axis. So if the magnitudes of
the respective accelerations a e not reported by the
sensors 20, 20* to be the same, the device indicates a
combination of rotation and linear motion. Again, one
of ordinary skill in the art will immediately
appreciate that the same concept applies to rotation
about other orthogonal axes. }0026j Applying the
foregoing concepts, and using the formula for
acceleration due to 



tilt through an angle in t relation to a sensor's
given axis of sensitivity (sine t x/g (or ayig) and
etc.)), each sensor 20, 20 23 generates an output
signaling how that particular sensor has moved
linearly or rotationally during a selected time
interval. As mentioned, the directions and magnitudes
of the respective accelerometer sensor outputs may
then be measured, and compared and contrasted, by a
CPU to calculate the gross motion of the object whose
position is to be monitored. The output from
acceleronaeters 2 20* alone permits the calculation,
using known algorithms, of the degree to which the
gross object has undergone translations!
non-rotational movement through 3D space; further,
because rotation about one selected axis can be
detected and measured by the two sensors 20, 20*
generating outputs of opposing directional "sense,"
rotation in two degrees of freedom (e.g., roll a d
"pitch") in 3D space also may be calculated. |0027|
The third sensor 23, being located off the axis - R
"connecting" the first two sensors, generates the
output data sufficient to determine whether the axis R
itself has undergone a rotation that is, whether there
has been a rotational change i theunmeastired third
degree of freedom (for example the "yaw" or a imut )
of the metric board 22, and thus of the object of
interest. {0028] A method of monitoring changes in all
six degrees of freedom. ( ) involves assigning initial
coordinates (Xo Y Zo) to each of the three
accelerometer sensors 20, 20', and 23 at time zero
(to) and to then compute changes in the coordinates
based cm any suitably selected coordinate system.
According to the method, the 3D coordinates of each
sensor 20 20', and 23 are initialized, and the object
of interest then permitted to undergo the motion to be
monitored. The output of each of the accelerometer
sensors 20, 20% and 23 is received and used as input
Into a doubleintegral equation to generate the
positional change of each sensor relative to the
selected coordinate system, [0029] An algorithm for
reckoning a positional change, that is, to determine
coordinates associated with a single given sensor at a
subsequent time U., will be O) (XJ, YI,  (Xo, Y Z ) +
Jf (ax, ay az - to) where X is the x-coordinate of a
particular sensor at time zero (to). Yo is the 



y-coordinate of the sensor, and Zo is the z-coordinate
of the sensor, also at the time ero. The integration
of the accelerations in relation to all three
coordinate axes is a calculus? that may be performed
by a processing unit running a program within the
programming skills of a person skilled in the art. The
subsequent coordinates (X , Y Zi) associated with each
of the other two sensors is computed by likewise
running the algorithm of Equation (.1), using as input
the output data of the respective sensor. Since each
sensor with the corresponding coordinates describes
the 3D movement of a point located on the board 22
(and general t takes three points to define plane),
the three sensors and their corresponding coordinates
computed as a function of time describe the change in
the position and. the orientation of the board 22
during the measurement dwell defined as the difference
ti - to . J0030J Reference is made to Fig. 7.
Significant to the optimum performance of the method
is the simultaneous, or near-simultaneous, read-out of
the measurements from all the accelerometer sensors
26, 20*, 23. Simultaneous read-out may be received
andrecorded by means of a digital signal processor and
suitable DRAM. In an. alternative embodiment, the
measurement signals may be received and "time
stamped.' Timestamped data can subsequently be
correlated for further processing, if required, and
incorporation into any of a variety of known motion
detection algorithms, such as those employed in
navigation or image stabilization systems. Fig. 7
illustrates that the separate sensors 20, 20', 23 may
provide data to a processor 32 i operative association
with a common clock 34 to provide coordinated "date
stamping' * of the data received separately from the
sensors 20 20*, 23. By having single reference clock,
accurate relative ti e stamping can be achieved.
Processor 32 re s s a d receives acceleration
measurement data from the sensors 0 20% 23. Because
there may be relative delay in the sensor response,
processor 32 assigns a time stamp to individual
measurements from sensors 20 20' and 23 according to
the reference clock 34. These time stamps are then
used to correlate the measurements and optionally to
interpolate the individual acceierometer measurements
from the sensors 20, 20* d 23 to a common time.
Optionally, processor 32 may also perform some
measurement processiag such as low 



pass filtering the raw measurements to reduce the
measurement noise, integrating raw sensor
measurements, interpolating or any other function
which may be deemed beneficial to motion detection and
propagation, J0031J For an example of the foregoing,
an individual hu an may be considered as the object
whose motion is to be monitored. Human motion y be
estimated to be within the range of about IOHz.
Accordingly, naming the sensors 0 2 23 at a 100Hz
update rate would produce measurements every 10msec,
at 10 times the bandwidth of the oi on being measured
and monitored. Time stamping therefore should be done
with accuracy of less than 5msec to properly align the
measurement from multiple sensors 20 20 23. Notably,
the absolute time is not critical, because any error
therein will be common to the measurements from all
the sensors. The higher the dynamics of the platforra
being tracked the higher sampling rate is needed to
sense and describe the motion, therefore, the better
time stamping is needed. But very preferably the same
clock is used to time st m measurements from different
sensors. (0032| Fig. 8 offers the call flow for a
typical application of the disclosed method, such as
might be used, for example, in an image stabilization
routine. Upon commencing the application, the clock 34
is reset to initialize the common timing for the
system.Simultaneously -with, or very shortly after,
the resetting of the clock at some selected time zero
(to), coordinates for ail toe sensors 20. 20\ 23 are
initialized, e.g., sensor number one 2 coordinates are
initialized to (x, y, z and the coordinates of sensor
number two 20* are initialized to (x> y, f and the
coordinates for sensor number three 23 are initialized
to (x, y z)V The application rtms, and the M l angular
and linear motion (if any) of sensor one 20 is
detected, measured, and transmitted to the processor
32 whereby th data for sensor one 2 is time-stamped
and recorded. The complete motion (if any) of sensor
number two 20' likewise is detected, measured, and
transmitted to the processor 32, and the received data
for sensor two 20' also is timestamped and recorded.
The measurement recording and time stamping is
performed at the sampling rate controlled by the
processor 32. J0033] Referring still to Pig. 8 it is
seen that accurate data processing requires that the 



ti e required for obtaining the respective
measurements is preferably accounted for. Accordingly,
the processor 32 computes the time interval or "delta"
for the measurement dwell for sensor number one 20 as
well as the measurement dwell for sensor number two
20', during a time period (in which translations!
and/or rotational movement may be occurring). The
measurement dwell is defined by the measurement
sampling rate and is equal to t\ -towhere to is the
time stamp of a previous measurement and U Is the time
stamp of the current .measurement. The full
observation period is made up of the dwell periods,
and the positional and rotational changes have to be
integrated over the full observation period to account
for any motion which transpired during this period of
time. For example at !00Hz sampling rate o hundred
dwells each of 10msec duration can be integrated to
generate the change in the linear and rotational
position of the object within i second observation
period. [0034J The positional coordinates for sensor
number one 20 are then calculated at a time t using
the Equation (1) hereinabove. The positional
coordinates for sensor number two 20* are computed.
f(K)35I Finally, the motion detection and measurement
provided by sensor number three 23, can be processed
likewise for six degrees of freedom, observation a
processing. Any change in (x t y) is used to compute,
update, and record the position of the plane 22
defined by the coordinates of the sensors one and two
20, 20 and sensor three 23 permitting the complete
determination of the "new" coordinates attime t i for
the sensors 2 0 and (i.e.., (x., y, and (x y ) j).
This process is repeated while the motion needs to be
observed for the underlying application. The new
application may then be restarted with a clock re-set,
and the coordinates for the sensors 20 20' and 23
re-initialized, d the method repeated as desired.
|003<>l Those of skill the art would understand that
information and signals may be represented using any
of variety of different technologies and techniques.
For example, data, instructions, commands,
information, signals, bits, symbols, and chips thai
may be referenced throughout the above description may
be represented by 



voltages, currents, electromagnetic waves, magnetic
fields or particles, optical fields or particles, or
any combination thereof. (0037] Those of skill would
further appreciate that the various illustrative
logical blocks, modules, circuits, and algorithm steps
described in connection with the embodiments disclosed
herein may be implemented as electronic hardware,
computer software, or combinations of both. To clearly
illustrate this interchangeabUity of hardware and
software, various illustrative components, blocks,
modules, circuits, and steps have been described above
generally in terms of their functionality. Whether
such functionality is implemented as hardware or
software depends upon the particular application and
design constraints imposed on the overall system.
Skilled artisans may implement the described
functionality in varying ways for each particular
application, but such implementation decisions should
not be interpreted as causing a departure from the
scope of the pre sent invention. jfHBSJ The various
illustrative logical blocks, modules, and circuits
described in connection with the embodiments disclosed
herein may be implemented or performed with a general
purpose processor, a Digital Signal Processor (DSP),
an Application Specific Integrated Circuit (ASIC), a
Field Programmable Gate Array (FPGA) or other
programmable logic device discrete gate or transistor
logic, discrete hardware components, or any
combination thereof designed to perform the functions
described herein. A general purpose processor may be a
microprocessor, but in the alternative, the processor
may b e any conventional processor, controller,
microcontroller, or state achine A processor may also
be implemented as a combination of computing devices,
e.g., a combination of a DSP and a microprocessor, a
plurality of.microprocessors, one or .vnore
microprocessors i conjunction with a DSP core, or any
other such configuration. {0039} The steps of a method
or algorithm described in connection with the
embodiments disclosed herein may be embodied directly
in hardware, in a software module executed by a
processor, or in a combination of the two. A software
module may reside in Random Access Memory (RAM), flash
memory, Read Only Memory 



(ROM), Electrically Programmable ROM (EPROM),
Electrically Erasable Programmable ROM (EEPROM),
registers, hard disk, a removable dis CD-ROM, or any
other for of storage medium k ow i the ait. A
exemplary storage medium is coupled to the processor
such the processor cart read information from, and
write information to, the storage medium. n the
alternative, the storage medium may be integral to the
processor. The processor and the storage medium may
reside in a ASIC. The ASC may reside in a user
terminal. In the alternative, the processor and the
storage mediu may reside as discrete components m a
user terminal. }004J The previous description of the
disclosed embodiments is provided to enable any person
skilled in the art to make or use the present
invention. Various modifications to these embodiments
will be readily apparent to those skilled in the art
and the generic principles defined herein may be
applied to other embodiments without departing from
the spirit or scope of the invention. Thus, the
present invention is not intended to be limited to the
embodiments shown herein but i s to be accorded the
widest scope consistent with the principles and novel
features disclosed herein.WHAT IS CLAIMED: CLAIMS A
method for measuring motion and changes in orientation
of an object tn six degrees of freedom, comprising the
steps of: providing o the object a rst and second
linear acceleroroeters disposed a Imaginary axis;
disposing on the object third linear accelerator
disposed off the imaginary axis; measuring with the
first and second linear accelerometers the linear
movement of the object in relation to art -y-
coordinate system; measuring with the first and second
linear accelerometers the angular rotation of the
object in relation to two axes of rotation; and
determining from at least one output of the third
linear accelerator any movement of the imaginary a is
in relation to the x-y-z coordinate system. 


