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INERTIAL ORIENTATION TRACKER HAVING
AUTOMATIC DRIFT COMPENSATION USING AN
AT REST SENSOR FOR TRACKING PARTS OF A
HUMAN BODY
GOVERNMENT RIGHTS

[0001] The US. Government has certain rights in this
invention pursuant to Contract No. AFOSR-90-0020-B,
awarded by the Air Force Office Scienti?c Research and
Contract No. NASA NCC 2-771, aWarded by the National
Aeronautics and Space Administration.

Which it is mounted, Without interaction With radiation,
energy, signals, or physical connections from any other

apparatus.
[0004]

Another draWback With acoustic and outside-in

optical trackers is that they fundamentally only measure
position. Orientation is then computed from the positions of
three ?Xed points on the head. (By “orientation” it is meant
herein the rotational alignment relative to an eXternal refer

ence frame.) Therefore, the angular resolution is limited by
the uncertainty in the position measurements as Well as the
distance betWeen the three ?Xed points on the head. With

100 mm spacing betWeen the ?Xed points, a positional jitter
of 11.0-mm causes an orientational jitter of up to :1.1°.

BACKGROUND

Additionally, since the position tracker is essentially part of

[0002] In connection With many aspects of man and
machine interaction, it is important to track the motions of

the angular orientation tracker, it is not possible to meet
independent speci?cations for the orientation tracker rela
tive to the speci?cations for the position tracker.

parts of a human body. For instance, in virtual reality (“VR”)
applications, the problem of making a fast, accurate, and
economical head-tracker that operates throughout a large
Workspace is crucial. It is also important for other head

[0005]

It is also important to track other body members for

other aspects of man and machine interaction. Most

mounted display (“HMD”) applications. Extensive research

machines require a user instruction input device, typically
actuated by the user’s hand. The head, feet, torso and other

has been devoted to the development of optical, magnetic,
acoustic and mechanical tracking systems, but head-trackers

body parts may also provide input instructions. Persons With

are still one of the Weakest links in eXisting virtual-envi
ronment systems. The fastest and potentially most accurate

trackers are mechanical, but these are typically clumsy and

range-restrictive. The largest tracking range has been
achieved at the University of North Carolina by optoelec
tronic methods, but this type of system is extremely eXpen
sive and dif?cult to install, calibrate, and maintain. This type
of optical tracker is sometimes referred to as an “inside-out”
tracker, because a camera that is mounted on the user is

aimed out toWard light sources mounted on the ceiling.
Ultrasonic trackers are inexpensive, but must sacri?ce speed

special needs, such as paralysis of certain limbs, often use
head and leg motions to complete tasks more typically
conducted by hand motions.

[0006] Inertial navigation systems (“INS”) using acceler
ometers and rate gyroscopes have been used for decades for

ships, planes, missiles and spacecraft. Typically, such appa
ratus have been rather large, at least on the order of 8-10 cm
in diameter and tWice that in length, Weighing on the order

of 10 kg. An inertial navigation system is a type of self
contained tracking apparatus, as that term is used herein. By

to achieve reasonable range and are sensitive to acoustical

“inertial apparatus”, it is meant an apparatus that measures
its oWn motion relative to an inertial reference frame

interference, re?ections, and obstructions. Magnetic trackers

through the measurement of acceleration.

are the most popular because of their convenience of opera

[0007] A basic type of INS is called StrapdoWn INS, and
consists of three orthogonal accelerometers and three
orthogonal rate gyros ?Xed to the object being tracked. The

tion (they don’t even require line of sight), but the maXimum
range is a feW feet and distortions caused by metallic objects
can be problematic. For revieWs of the eXisting four head
tracker technologies, see: Meyer, K., AppleWhite, H. and

Biocca, F., “A survey of position trackers,”Presence,

1(2):173-200, Spring 1992; Ferrin, F., “Survey of helmet

tracking technologies,”SPIE, 1456, Large-Screen-Projec
tion, Avionic, and Helmet-Mounted Displays: 86-94, 1991;
and Bhatnagar, D., Position trackers for head mounted
display systems: A survey, technical resort, University of
North Carolina at Chapel Hill, March 1993, all three of
Which are incorporated herein by reference.

[0003] All of the knoWn trackers (magnetic, optical,
mechanical and acoustical) require interaction With another
component of the apparatus that is located a distance from

the body being tracked. With magnetic trackers, a magnetic
?eld generator is provided, spaced from the tracked body.
With an optical or acoustical tracker, light or sound sources
are provided at knoWn locations. Mechanical trackers are
connected to a reference through an arm-like device. Thus,
none provide a self-contained apparatus for mounting on the

body to be tracked, Which apparatus can track the orientation
of the body Without interaction With radiation or energy from
any other apparatus. Such a self contained tracking appara
tus is desirable. As used herein, a self-contained tracking
apparatus is one that can track the orientation of a body to

orientation of the object is computed by jointly integrating
the outputs of the rate gyros (or angular rate sensors), Whose
outputs are proportional to angular velocity about each aXis.
The position can then be computed by double integrating the
outputs of the accelerometers using their knoWn orienta
tions. If the actual acceleration is T and the acceleration of
gravity is g , then the acceleration measured by the tr1aX1al

accelerometers Will be ?meamed=?+g>. To obtain the
position it is necessary to knoW the direction and magnitude
of E relative to the tracked object at all times in order to

double integrate ?=?me,md-§. Detailed information
about inertial navigation systems is available in the litera
ture, such as BroXmeyer, C., Inertial Navigation Systems,

McGraW-Hill, NeW York, (1964); Parvin, R., Inertial Navi
gation, Van Nostrand, Princeton, N]. (1962); and Britting,
K., Inertial Navigation Systems Analysis, Wiley-Inter
science, NeW York (1971), Which are incorporated herein by
reference.

[0008] A dif?culty With using gyroscopes for head-orien
tation tracking is drift. Drift arises from integrating over
time, a signal that is noisy, or has a bias. Drift Would make
the virtual World appear to gradually rotate about the user’s
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head even When the user is not moving. By measuring the
output of an angular rate sensor While it is at rest, it is
possible to knoW its output bias and subtract the bias from

all subsequent measurements. HoWever, there is inevitably
some random noise produced by the sensor in addition to its
bias. In the short term, the angular drift is a random Walk

With RMS value growing proportional to Vt. HoWever, the
small bias that remains even in a Well-calibrated system
leads to a drift error that groWs as t, Which Will eventually
exceed the BroWnian Motion error that groWs as Vt.

[0009]

Us. Pat. No. 5,181,181, issued on Jan. 19, 1993, to

Glynn, for “Computer Apparatus Input Device for Three

corresponds to at least tWo of the three orientational aspects
of yaW, pitch and roll of a human-scale body, relative to an
external reference frame. The apparatus comprises: a self
contained sensor for generating ?rst sensor signals that
correspond to rotational accelerations or rates of the body
about certain axes relative to said body; a mechanism for

mounting the sensor to the body and, coupled to the sensor,
a signal processor for generating orientation signals relative
to the external reference frame that correspond to the angu
lar rate or acceleration signals, Wherein the ?rst sensor

signals are impervious to interference from electromagnetic,
acoustic, optical and mechanical sources.

Dimensional Information,” discloses a computer input
mouse, Which senses six degrees of motion using three
accelerometers for sensing linear translation and three angu

[0013]

lar rate sensors for sensing angular rotation about three axes.
The disclosure does not acknowledge or address the problem
of drift.

pieZoelectric devices, silicon micro-machined devices, mag

[0010] Complete virtual environment systems also suffer
from a problem that is not directly related to the problem of

tracking body member motions and orientations. A great
deal of graphical rendering is required to present to the user
a visual image of the environment being simulated. The
vieW to be presented depends on the user’s orientation and

In a preferred embodiment that uses rate sensors,

the signal processor also includes an integrator to integrate
the rate signal over time. The rate sensors may be vibrating

neto-hydrodynamic devices or optical devices, to name
several.

[0014] Another preferred embodiment of the invention
further includes a drift compensator, coupled to the angular
rate sensor and the integrator, for compensating for any drift
With respect to time in the rotational orientation signal.

[0015] According to one preferred embodiment, the drift

position. The rendering requires signi?cant computation,

compensator may include a gravitational tilt sensor, or a

Which is time consuming. Typically, the computation can not
begin until the orientation is knoWn. Thus, the speed of

magnetic ?eld sensor, or both.

information acquisition is extremely important. It Would
also shorten the overall system latency if a reliable method

of predicting the user’s orientation in advance existed.
OBJECTS

[0016] The drift compensator, according to another pre
ferred embodiment, includes a veri?er that periodically
measures the orientation of the body by a means different
from using the rotational rate signal and generates an
orientation drift compensation signal based on the veri?ca
tion measurement to reduce the effect of drift.

[0011] Thus the several objects of the invention include to
track the angular orientation of the head (or other body
member) With undiminished performance over an unlimited
range or Working volume. Another object is to track body
member orientation With loW latency, thus preserving the
illusion of presence and avoiding simulator sickness.
Another object is to track body member orientation With loW
output signal noise, so that it Won’t be necessary to reduce
jitter through use of delay-ridden ?lters. Another object is to
track body orientation Without interference problems. Inter
ference sources to be avoided include acoustical, optical,
mechanical and electromagnetic. Another object of the
invention is to predict What the orientation of the body
member Will be a short time in the future, to reduce system
delays When the orientation tracker is used With other
delay-inducing apparatus, such as a graphics rendering
engine in a virtual environment simulator. An additional
object is to resolve body member orientation Without Limi
tation due to the quality or absence of a position sensing
device. Yet another object is to facilitate a modular head

tracking apparatus, using independent orientation and posi
tion tracking modules, thus permitting tailoring each to
independent speci?cations. Another object of the invention
is to track the orientation of a body using a self-contained
sensing apparatus, so that an unlimited number of trackers
may be used in the same area simultaneously Without

performance degradation.
SUMMARY

[0012] In a preferred embodiment, the invention is a self
contained sensor apparatus for generating a signal that

[0017] The veri?er may take into account characteristic
features of human motion, such as the existence of stillness

periods. The drift compensator may be implemented using,
in part, a Kalman ?lter, Which may utiliZe statistical data
about human head motion.

[0018]

The apparatus of the invention may also include an

orientation predictor, that predicts the orientation in Which
the body Will be a short time in the future.

[0019] According to yet another preferred embodiment,
the invention is an apparatus for generating a signal that
corresponds to the orientation of a human-scale body, rela
tive to a reference frame. The apparatus comprises a self
contained ?rst sensor for generating a drift sensitive orien

tation signal that corresponds to the rotational orientation
With respect to at least tWo degrees of freedom of the body
and is impervious to interference from electromagnetic,
acoustic, optical and mechanical sources and is subject to
drift over time. The apparatus also includes a self contained
second sensor for generating a drift compensating orienta

tion signal that corresponds to the rotational orientation With
respect to the at least tWo degrees of freedom of the body and
is impervious to interference from electromagnetic, acous
tic, optical and mechanical sources and Which is relatively
impervious to drift over time, and a mounting mechanism
for mounting the ?rst sensor and the second sensor to the
body. Coupled to said ?rst sensor and said second sensor, a
signal corrector means for generating a corrected rotational
orientation signal based on said drift sensitive and drift

compensating orientation signals.
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[0020] Another preferred aspect of the invention is a
method for generating a signal that corresponds to the

of a computer program for controlling a computer to per

orientation of a human-scale body, relative to a reference

form initialiZation steps;

frame. The method comprises the step of using a ?rst self

contained sensor physically coupled to the body, generating
a drift sensitive orientation signal that corresponds to the
rotational orientation With respect to at least tWo degrees of
freedom of the body and that is impervious to interference

from electromagnetic, acoustic, optical and mechanical
sources and is subject to drift over time. The method also
includes the steps of: using a second self contained sensor

physically coupled to the body, generating a drift compen
sating orientation signal that corresponds to the rotational
orientation With respect to said at least tWo degrees of
freedom of the body and that is impervious to interference

from electromagnetic, acoustic, optical and mechanical
sources and Which is relatively impervious to drift over time;
and generating a corrected rotational orientation signal
based on the drift sensitive and drift compensating orienta

tion signals.
[0021] According to another preferred embodiment, the
method also includes, When generating the corrected rota
tional orientation signal, the step of taking into account
characteristic aspects of human motion, such as the occur
rence of periods of stillness, or statistics about head motions

in particular applications.
[0022] Still another preferred embodiment of the inven
tion is an apparatus for simulating a virtual environment that
is displayed to a user. The apparatus comprises a self
contained orientation sensor for generating an orientation

signal, such as described above, and is impervious to inter

ference from electromagnetic, acoustic, optical and
mechanical sources, a position sensor, a mechanism for

mounting the position and orientation sensors to the body
member, a virtual environment generating means a means

for displaying virtual environment signals to the user and
means for coupling the position sensor and the orientation
sensor to the virtual environment means.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] These and other features, aspects, and advantages
of the present invention Will become better understood With

regard to the folloWing description, appended claims and

accompanying draWings, Where:
[0024] FIG. 1 is a schematic block diagram overvieW of
a preferred embodiment of the apparatus of the invention;
[0025] FIG. 2A is a schematic illustration of an embodi
ment of the apparatus of the invention mounted upon a

[0029]

[0030]

FIG. 4B is a flow chart representation of the steps

FIG. 4C is a ?oWchart representation of the steps

of a computer program for controlling a computer to per

form the main operating steps of measuring Euler angles and

compensating for drift;
[0031] FIG. 5A is a graphical representation of the error
in the pitch angle as determined by a preferred embodiment
of the apparatus of the invention;
[0032] FIG. 5B is a graphical representation of the error
in the roll angle as determined by a preferred embodiment of

the apparatus of the invention;
[0033] FIG. 6A is a graphical representation of the noise
signal generated by an embodiment of the invention attached
to a stationary body;
[0034] FIG. 6B is a graphical representation of the loW
frequency component of the noise signal shoWn in FIG. 6A;
[0035] FIG. 6C is a graphical representation of the noise
signal shoWn in FIG. 6A, With the loW frequency compo
nent removed;
[0036]

FIG. 7A is a graphical representation of the mag

nitude of the transfer function for the pitch aXis of a

preferred embodiment of the apparatus of the invention;

[0037] FIG. 7B is a graphical representation of the phase
of the transfer function for the pitch aXis of a preferred

embodiment of the apparatus of the invention;
[0038]

FIG. 8 is a more detailed vieW of a preferred

embodiment of the apparatus of the invention;
[0039] FIG. 9 is a schematic illustration of an embodi
ment of the apparatus of the invention mounted upon a

user’s hand;
[0040] FIG. 10 is a block diagram illustration of basic
components of a Wireless embodiment of the apparatus of

the invention;
[0041] FIG. 11 is a block diagram illustration of basic
components of an embodiment of the invention using ori

entation and position prediction modules;
[0042]

FIG. 12 is a block diagram illustration of an

orientation predictor.
DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

user’s head, along With a head mounted display;

[0043] In its most basic form, a preferred embodiment of
the invention is an inertial angular orientation tracking

[0026]

apparatus. (The invention does not produce position infor
mation, only angular orientation information.) Drift sensi

FIG. 2B is a schematic illustration of another, more

compact embodiment of the apparatus of the invention,
mounted on a user’s head;

tive sensors, such as angular rate sensors, produce a signal

[0027] FIG. 3 is a schematic block diagram illustration of
a preferred embodiment of the apparatus of the invention

that is integrated to give a signal that represents angular
position. The angular position signal may drift, due to

partially embodied by a computer With a memory and an

input output device;

integration of a bias or noise in the output of the rate sensors.

To correct this drift, compensating sensors, such as gravi
metric tilt sensors and sometimes also geomagnetic heading

FIG. 4A is a schematic flow chart illustration of an

sensor(s) periodically measure the angular position, and this

overvieW of the steps of a computer program for controlling

directly measured position signal is used to correct the drift

[0028]

a computer, that may constitute a portion of a preferred

of the integrated position signal. The direct angular position

embodiment of the apparatus of the invention;

sensors cannot be used alone for dynamic applications
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because the gravitational sensors are also affected by non

gravitational accelerations, and therefore only accurately
re?ect angular position When under the in?uence of no

non-gravitational accelerations. Some suitable compensat
ing sensors, such as pendulous inclinometers, also take
longer to settle than Would be desirable for a stand alone
sensor to deliver continuous orientation signals.

[0044] Typically, the drift sensitive sensors are angular
rate sensors, (these include: rate gyroscopes and vibrating

piezoelectric, magneto-hydrodynamic, optical and micro
machined silicon devices) the output from Which are inte
grated once. HoWever, other suitable drift sensitive sensors
include linear accelerometers used to sense angular rate,
gyroscopic angular position sensors (With no need to inte

grate) and angular accelerometers (integrated tWice).
[0045] Similarly, typically the compensating sensors are
inclinometers and compasses. HoWever, other suitable com
pensating sensors include accelerometers. For purposes of

simplifying the folloWing discussion, the embodiment dis
cussed uses angular rate sensors as the drift sensitive sensors
and a Z-aXis inclinometer and a compass as the compensat

ing sensors. HoWever, the other types of sensors mentioned

member, such as a head, is shoWn in FIG. 2. A head band
202 is Worn around the user’s head 210. The head band 202
supports a sensor array bracket 206 through a rigid connec
tor 208. The sensor array bracket 206 supports three drift

sensitive angular rate sensors 2041; 204p and 204y, Which,
together constitute the set of angular rate sensors 104, shoWn
in FIG. 1. A tWo aXis inclinometer 210i constitutes one of

the set of compensating angular position sensors 110, shoWn
in FIG. 1, the other being a magnetic compass 210m.
[0050] The support is shoWn schematically as an arm 208
for simplicity of discussion in FIG. 2A. HoWever, a more

practical arrangement supports all of the hardWare encased
in a small container 232 closer to the head, on a support
surface approximately a skull cap 220 as shoWn in FIG. 2B.
In the embodiment shoWn in FIG. 2B, all of the sensors are

arranged in the container 232 in an orientation that is
suitable for measuring the desired orientation and rates. The
arrangement of the components as shoWn in FIG. 2A is
convenient for discussion and is referred to beloW.

[0051] For some applications of the apparatus of the
invention, a display unit 212 may be provided, Which is
controlled by a display controller, not shoWn, Which uses the

are also intended to be included as alternate embodiments of

angular orientation information generated by the apparatus

the invention.

of the invention to generate images, such as a representation

[0046] The present invention may be applied toWard track
ing the head and other body parts With appropriate modi?

through. Such a head mounted display (“HMD”) is not

cations. HoWever, for simplicity, this discussion focuses on
tracking the head and suitable apparatus therefore.

[0047] A schematic con?guration for a generic embodi

of a room With a representation of the user passing there

necessary, for instance, in non-virtual reality applications
Where the head is simply used for giving input instructions
to a machine or computer. Such uses include input devices
for individuals Who have lost use of their hands or feet.

ment of the invention is shoWn in FIG. 1. A set of drift

sensitive angular rate sensors 104 continuously generate
signals F that correspond to the rate of change of the angular
orientation of the individual sensors. (The sensors them
selves are discussed in more detail beloW.) The rate sensors
104 are connected to an integrator module 106, Which jointly

integrates the signal F that represents the set of angular rates
using a suitable method, such as the Euler method or a

quaternion method or using Direction Cosine Matrices. The
output of the integration module is a signal D, Which
represents a set of orientation angles, Which correspond
roughly to the orientation of the body to Which the rate

[0052]

In one preferred embodiment, the drift sensitive

angular rate sensors 104 are three orthogonally-mounted

integrated circuit rate gyros, sold by Systron-Donner Inertial
Division of Concord Calif., under the tradename “Gyro
Chips.” Each rate gyro produces a DC voltage output
linearly proportional to angular velocity in the range
:1000°/s. The drift compensating angular position sensors
110 comprise a tWo-aXis electrolytic ?uid inclinometer 210i,
sold by The Fredericks Co. of Huntington Valley, Pa., under
the trade designation 0717, and a ?uXgate compass 210m,
sold by Etak of Menlo Park, Calif., under the trade desig

sensors are attached, as eXplained beloW. This orientation

nation 02-0022. The inclinometer 210i is a gas bubble in a

signal is passed to a drift compensation module 108.
[0048] A set of drift compensating angular position sen

liquid, 1A1“ in diameter, With ?ve electrodes to sense resis
tance changes When the bubble is tilted in either the front
back or right-left direction. A small electronic circuit con

sors 110 is also provided. This set of position sensors
generates a signal S that is related to the angular orientation

verts the resistance changes to voltage signals that
correspond to the angular orientation in both the front-back
direction and the right-left direction.

of the body to Which the rate sensors are attached, as

eXplained beloW. This signal S is also provided to the drift
compensation module 108. The drift compensation module
uses the angular position signal S to generate a signal C that
represents the angular orientation corrected for errors in the

[0053] The ?uXgate compass 210m measures magnetic
?eld strength in tWo orthogonal horiZontal directions. Theo
retically, one magnetic ?eld component, combined With the

angular orientation signal D output from the integrator 106,

knoWn tilt, provides enough information to compute heading

Which errors may have arisen due to drift or other causes.

direction (yaW). HoWever, one or tWo additional aXes may

The corrected angular orientation signal C is fed back to the
integration module 106 for transforming the coordinates of
the angular velocities. The corrected angular orientation
signal C is also provided as an output to Whatever equipment
is connected to the angular orientation apparatus, requiring
this information. Such equipment can comprise a virtual
reality system, a computer, a teleoperator, etc.

be provided to enhance the robustness of the measurement

[0049] A schematic representation of hoW the apparatus
shoWn in FIG. 1 Would be mounted upon a human body

and/or the simplicity of computation. The ?uXgate compass
generates an electrical signal that corresponds to the angular
yaW orientation, i.e., about the yaW aXis, that is vertical,
relative to the room, as shoWn.

[0054] The integrator performs an integration, such as by
Euler angles or quaternions, upon the drift sensitive angular
rate signals F, to generate a signal that corresponds to the
angular orientation, attributable to the continuous angular
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rate measurements. In the Euler angle method, the body

drift compensator 108 generates a set of signals over time

referenced angular rates are ?rst converted to Euler angle

that gradually approach the correct signal.

derivatives, using the following Well knoWn equations:
1p=P+Q sin 1]) tan 0+R cos 1]) tan 0

(1)

6=Q cos w-R sin 1])

(2)

¢=Q sin 1]) sec 0+R cos 1]) sec 0

(3)

[0055] Where P, Q and R represent the angular velocities
of an object around the x, y and Z axes ?xed to the object,

respectively. According to the coordinate convention used in
aeronautics, the x-axis points forWard, y points right, and Z
points doWn. P, Q, and R can be thought of as the outputs of
three orthogonal angular rate sensors mounted on the object.

[0060] The sensor assembly shoWn in FIGS. 1, 2A and 2B
is connected to analysis apparatus, as shoWn schematically
in FIG. 3. The sensor assembly 112 consists of all the
sensors shoWn in FIGS. 1 and 2A, ?rmly ?xed to a bracket,
With care taken to ensure the orthogonality of the three

GyroChips. Aprototype assembly measures 2“><2 1A1“><3 1A1“

(5.1 cm><5.7 cm><8.25 cm) and Weighs about 1 pound (0.4
kg). (This assembly may be too large for many applications.
A second prototype has been made, Which measures

2“><2“><1 “ (5.1 cm><5.1 cm><2.5 cm) and Which Weighs only

The Euler angles 4), 0 and 11), respectively, represent yaW,

4 OZ. (100 g) and may be mounted in a small container as
shoWn in FIG. 2B. The second prototype uses angular rate

pitch, and roll angles, Which are de?ned as the amount of
counter-clockWise rotation applied about the Z, y, and X

sensors from JR Inc., Japan, sold under trade designation
NEJ-1000. Each is 3A1“><1 “ (1.9 cm dia.><2.54 cm) long. The

body-axes in that sequence (starting from a knoWn initial
orientation) to get to the body’s current orientation. The
sequence of applying the rotations matters. In other Words,
the operation of rotation in 3 dimensions is not commutative.

NEJ-1000 uses a vibrating equilateral triangular prism With
a pieZoelectric ceramic vibrator on one face and pieZoelec
tric sensors on the other tWo faces.

[0056] Equations 1-3 provide the rates of change of the
Euler angles, Which can then be integrated by the integrator
106 to obtain the updated Euler angles.

[0061] The sensors are coupled, for instance through a
cable, to an electronics board 302, Which provides appro
priate poWer supplies for all the sensors, and converts all
their outputs into buffered DC voltages. These signals are
provided to another electronic module 314, Which scales the

[0057] A simple, and typical procedure for integration in

analog signals and provides anti-aliasing ?ltering. A data

a computer is, after each time step At, to set the folloWing:

acquisition board 304, such as is sold by Data Translation,
Marlboro, Mass., under trade designation DT2814, converts
the analog signals to digital signals. The data acquisition
board may be installed in an Intel 80386 microprocessor

based personal computer 306, With appropriate memory 308,
[0058] Alternatively, a higher order Runga-Kutta integra
tion method may be used if needed. The increments applied
at time t depend (through Equations 1-3) on the values of the
Euler angles 4), 0 and 11) time t. If those values Were taken
simply as the values computed as the result of the previous
integration step, then the accumulation of a little bit of error
each cycle Would cause the next increment used to be Wrong,
and the error drift rate Would accelerate exponentially. To

prevent this undesirable result, the Euler angles used in
Equations 1-3 are taken from the signals output from the
drift compensator 108.
[0059] According to a preferred embodiment of the inven
tion, the compensating angular position sensors and com
pass are used periodically, at times When the user’s head is

not moving. (As mentioned, they cannot alone be used all of

the time, because they provide inaccurate position signals
When they are accelerating.) Head pauses normally happen
at least once every ten seconds. The ?uid-?lled inclinometer

settles to a ?xed location that indicates pitch and roll
orientation Within about 1A second after motion has ceased.

At that moment, the absolute head orientation (With respect
to the tWo inclinometer measured axes) is knoWn With high
accuracy. The ?uxgate compass also provides a measure
ment of the orientation of the head With respect to the tWo
axes that it measures, Within the same 1A second. This

compass information and inclinometer information is used
to reset the signals that are output from the drift compensator

108, Which signals represent the angular orientation of the
head. Thus all of the drift that has accumulated since the
beginning, or last reset, is removed. To prevent sudden
orientation shifts from jarring the user, the drift is removed
from the output gradually, rather then all at once. Thus, the

and input/output devices 310 for user instructions. The
connection 316 betWeen the A/D converter 304 and the
processor 306 may be a physical bus, or it may include a

telemetry transmitter and receiver pair.

[0062] The computer is typically con?gured, using soft
Ware, as an integrator coupled With a drift compensator,

shoWn in FIG. 1. Suitable softWare that accomplishes this

con?guration is shoWn schematically by How charts in
FIGS. 4A, 4B and 4C.

[0063] An overall vieW of the operating steps of the
invention is shoWn by the How chart of FIG. 4A. The
process begins 402 and initialiZes 404 the hardWare. Hard
Ware initialiZation includes steps such as choosing a clock

speed, activating peripheral devices and setting up inter
rupts. Next, initialiZation steps 406 are conducted, shoWn in
more detail in FIG. 4B. These steps, discussed in more detail

beloW, establish the rest position, from Which orientation is
measured and measure biases for the rate sensors. After the

initialiZation steps, the Euler angles are reset 408 to Zero (as
they may be non-Zero after the initialiZation steps are

performed). Next, the main operating steps 410 are per
formed. The operating steps are shoWn in more detail With
reference to FIG. 4c.

[0064] The main operating steps generate a set of signals
that correspond to the output orientation angles. Typically,
the operating steps are repeated again and again through a
loop, until a command has been received. During the execu
tion of the operating steps, the user may generate com
mands, or a command may be generated by the host com
puter to Which the orientation tracker is connected. If a
command is received, as shoWn in the overall operation ?oW

chart (FIG. 4A), the command is parsed 412.

