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HEAD-MOUNTED PERSONAL VISUAL
DISPLAY APPARATUS WITH IMAGE
GENERATOR AND HOLDER

This application is a divisional of Ser. No. 08/686,843
filed Jul. 12, 1996, now U.S. Pat. No. 5,991,085, incorpo-
rated by reference. This application is a PRO No. 60/001/
151 filed Jul. 14, 1995.

This patent application is based, in part, on U.S. Provi-
sional Application Ser. No. 60/001,151 filed Jul. 14, 1995 by
Eric Tseo, Douglas Donaldson and Robert T. Etter for Head
Tracker for Head-Mounted Display, commonly assigned
herewith and incorporated herein by reference, for which
priority is claimed under 35 U.S.C. 119(e). This patent
application is a continuation of PCT/US95/11344, filed Aug.
31, 1995 which is a continuation-in-part of U.S. patent
application Ser. No. 08/416,919, filed Apr. 21, 1995 which
is the U.S. National Phase of PCT/US94/09819, filed Aug.
31, 1994, commonly assigned herewith, all incorporated
herein by reference. Cross reference is made to U.S. Design
Application Ser. No. 29/027,898, filed Aug. 31, 1994, and
Design Application Ser. No. 29/043,936 filed on Aug. 31,
1995, both incorporated herein by reference.

This invention relates to visual displays which preferably
can combine generated images with a view of the environ-
ment surrounding a user and transmit such combined visual
information to the eye position of the user.

BACKGROUND INFORMATION

It is often desirable to provide people with visual infor-
mation. Frequently, one wishes to superimpose such visual
information upon a view of the real world. In other
applications, it is desired to shield the user from a view of
the environment, providing an exclusive view of the visual
information. Such displays may include a number of com-
ponents including, in a form known as a folded catadioptric
display, an image generator, a beam splitter which receives
the image light from the image generator, often via a series
of lenses and other optic elements and sends a fraction,
designated the reflected fraction, of such image light to a
reflective combiner that is either non-transmissive or both
allows light from the real world to pass through such
combiner and reflects the image light such that both the
real-world light and the image light are transmitted to the
eye of the user through the beam splitter, often via another
series of lenses or other optical elements. The beam splitter
will transmit a fraction, designated the transmitted fraction,
of the image light reflected from the collimator-combiner. In
embodiments in which the combiner is at least partially
transmissive, a fraction of the real-world light is also trans-
mitted by the beam splitter.

Previous devices included a number of additional com-
ponents. Some devices have included corrective optical
elements. Other devices have included a depixelator, e.g., as
described in PCT/US94/01390 filed Feb. 7, 1994 for
“Depixelated Visual Display” (incorporated herein by
reference). Still other devices have included apparatus for
intensifying the visual display such as those described in
PCT/US94/01391, filed Feb. 7, 1994 for “Intensified Visual
Display” (incorporated herein by reference).

In designing a system for providing a generated image to
the eye or eyes of a user, various factors are often in
opposition. Although it is desirable to provide an image
which has high quality so as to not only provide a pleasing
and attractive display for the user but also to reduce
eyestrain, very often the techniques used to produce such a
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high quality image have been contrary to goals of an
apparatus which is lightweight, low-cost, and relatively easy
to design, fabricate and/or repair. Many previous devices
have required expensive and heavy series of optical ele-
ments such as lenses to achieve a desired picture quality.
Other devices have simply accepted a lower-quality image
in order to achieve goals of low-cost or light weight. For
example, some previous devices have failed to provide a flat
focal field to the user. Others have resulted in a poor image
contrast, particularly at high viewing angles of the image.
Many devices have deprived the user of the full image in
order to mask-off unwanted light near the edge of an image
generator.

Accordingly, it would be useful to provide a personal,
visual display apparatus which provides a high quality of
image, which is low cost, lightweight, comfortable and has
increased ease of design, fabrication, repair and the like.

In many uses of a head mounted display, it is desired to
collect information regarding the position, posture,
orientation, attitude, location and/or movement of the user’s
head. This information can be used to control the image
generated to the eyes of the user for a number of purposes,
such as to provide a “virtual reality” or simulated environ-
ment to the user, to allow the user to navigate through
various displayed images to observe a simulated object from
various angles and the like. For example, this information
can be used to control the characteristics of the image shown
in a head-mounted display or other virtual reality device,
such as to produce changes in the image that would corre-
spond to movement of the user’s head. For example, in a
flight simulator program, when the user’s head rotates from
a straight ahead position to a 90° left position, the display
should change from a display simulating a forward view, out
the cockpit window, to a display simulating a view over the
left wing of the aircraft.

Head trackers have been attempted in the past, such as
those described in U.S. Pat. Nos. 5,373,857; and 5,345,944,
However, many previous head trackers have suffered from a
number of deficiencies. In some devices, head trackers were
formed as an integral part of a head-mounted display and
were not readily detachable. This, however, led to head-
mounted displays which are heavier than necessary when
used in applications where head tracking is not needed or
desired. Furthermore, integral head trackers add to the cost
of a head-mounted display in a manner which may be
unnecessary for some uses when head tracking is not
desired.

Some head tracking devices have included mounting
some of the components in positions which do not provide
a desirable balancing of weight in the head-mounted display
device, such that there may be an undesirable neck strain for
the user.

Some previous head trackers provided communication to
the computer which was difficult for the end user to install
and/or awkward in operation. For example, in some devices,
it was required that the user install a card inside the chassis
of a personal computer (PC) which, effectively, meant that
many users would need to make a trip to a computer service
facility.

In a configuration in which communication from the head
tracker to the computer is via a cable which is separate from
the head-mounted display cable, the user must wear a device
which is “tethered” via two separate cables, which can
tangle and inhibit free movement of the user. In devices
where a single cable provides for communication of both
head tracker and video information, the head tracker was not
readily detachable from the head-mounted display.
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In some previous devices, the output from the head
tracker was provided in only a single format and the soft-
ware which employed head tracker information had to be
written so as to accommodate that data format.

In some devices, a head tracker used magnetic sensors.
While magnetic sensors can be useful in many situations,
head tracking information may be distorted by spatial varia-
tions and/or changes in the local magnetic field, such as may
arise from adjustment of earphones or other audio output
devices.

Accordingly, it would be useful to provide a head tracker
which is of modular or detachable construction, can be
located in a well-balanced position, provides for communi-
cation with the computer in a fashion which is easy for the
end user to install and avoids awkwardness of use, reduces
or eliminates errors from magnetic field changes and/or
which provides output in a number of different output
formats.

SUMMARY OF THE INVENTION

One embodiment of the invention is a head-mounted
display (HMD) that can project an image from an image
generator such as a cathode ray tube (CRT) or a liquid
crystal display (LCD) to one or both of the eyes of the
observer or both transmit such an image and combine it with
a direct view of the surrounding environment. The combiner
images a CRT or LCD display surface mounted above the
eye with a simple metallic, dielectric or holographic fold
mirror reflecting the image towards the combiner.

According to one aspect of the present invention, the
device simplifies the imaging optics by reducing the total
number of elements. One embodiment of the invention
consists essentially of an image generator such as a CRT or
LCD, a combiner such as a spherical metallic, dielectric or
holographic combiner or collimator-combiner and a fold
mirror such as a metallic, dielectric or holographic fold
MIITOT.

In one embodiment, few optical elements are needed to
achieve the desired high quality image. Preferably, the visual
display is simplified and made lightweight and less expen-
sive by eliminating the need for certain optic elements such
as relay lenses or additional corrective refractive optics. In
one embodiment, a visual display provides for monochro-
matic and/or three-color display without refractive optics,
such as by using reflective imaging optics only.

Because the weight of the device required for image
display is low, it is possible to include any or all of a number
of additional functions while maintaining a relatively light
device, including functions such as headtracking,
eyetracking, three-dimensional display decoding or other
3-D capability, ability to be used by a wide range of sizes
and shapes of users, comparability with both computer and
video source material, compatability with eyeglasses and the
like.

In one embodiment of the invention, the apparatus pro-
vides a high-quality image while using a lightweight and
visually attractive configuration. In one embodiment, the
apparatus is a glasses-like structure with optics configured to
deliver an image to the user’s eye position, preferably to
deliver generated images to the left and right eyes of a user,
and with temple pieces projecting backward on each side of
the user’s head in the fashion of eyeglasses. A strap may be
used to assist in holding the device in a desired location.
Headphone-like loud speakers are positionable near the
user’s ears to provide simultaneous video and audio to the
user. In one embodiment, a brace is used to contact the user’s
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forehead to further assist in proper positioning and weight-
bearing. This configuration is particularly useful when it is
desired to leave enough space between the apparatus and the
user’s eyes to accommodate ordinary eyeglasses. Preferably,
various controls are available such as being mounted on the
headmountable apparatus. These can include, for example, a
mute button such as an audio and video mute, volume
control, image selector and the like. Preferably, the temple
pieces can be folded, similarly to folding of typical eye-
glasses to achieve a compact storage or carrying configura-
tion.

In one embodiment, the display device is modifiable by
addition, preferably snap-on addition, of further compo-
nents. For example, a light shield may be snapped on to
convert a see-through display into an immersion display.
Head position tracker components can be added to provide
an indication, e.g., to a computer and/or video game device,
of the orientation, movement, and/or location of the user’s
head.

In one embodiment, an optical element is configured to
reduce or eliminate loss of image contrast such as that which
may occur from an image generated by a backlit LCD
display, particularly near the edges of the image. In one
embodiment, a color display with high density is provided
by the combination of a white or monochrome display
coupled with a color shutter. In one embodiment, the shutter
is located spaced from the screen or output plane of the
image generator, and may be positioned substantially imme-
diately in front of the eyes of the user. In another embodi-
ment the shutter is located adjacent to the image generator
output plane or to an optical element, such as a field
curvature correction lens, which is adjacent to the image
generator output plane.

According to one embodiment, shrouds provide proper
shielding, holding and alignment of various components of
the device. A shroud can be configured to not only block
stray light but also to hold, for example, a fold mirror and/or
combiner. In one embodiment, two or more masks are
provided for the image generator to achieve elimination of
unwanted light source angles without masking desired por-
tions of the image. Preferably, such masks are provided as a
unitary piece which can also function to hold other elements
such as the LCD or other image generator, a light source, a
lens, etc. By providing for an adjustment in the position of
such a holder, it is possible to correct positional disparity,
particularly vertical positional disparity between the left and
right image generators when the apparatus is used in a
binocular fashion.

According to one embodiment of the invention, tracking
devices are configured so as to permit the user to attach and
detach the tracking devices as desired. In one embodiment
the head tracker can be mechanically coupled to a head-
mounted display by a simple coupling such as a hook and
loop type of coupling. Preferably, the head tracker can be
located at the back of the head to act as a partial counter-
weight to the video electronics and optics which are typi-
cally mounted near the front of the head. In one embodiment
the head tracker contains pass-through wiring or circuitry so
that a single cable provides communication between the host
computer and the tracker/HMD but such that, when the
tracker is detached, a single cable can be unplugged from the
tracker and coupled to the computer for providing commu-
nication between the computer and the HMD. Preferably
communication with the computer is accomplished via
commonly-available ports such as a serial port, video port,
and/or audio ports, and it is not necessary to install a card or
other hardware device in the host computer.
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Preferably, data is output from the tracker in a variety of
user-selectable formats including hardware- filtered,
hardware- and software-filtered, Euler, and mouse-
emulation formats, in either polled or streaming fashion.

A number of sensor technologies can be used for sensing
head movement or position including magnetic sensors,
inertial sensors and mechanical sensors. In one embodiment,
inertial sensors are used for both yaw sensing and pitch/roll
sensing such as by using a rate gyro for yaw sensing and two
accelerometers for sensing pitch and/or roll, respectively.
Other embodiments include using a rate gyro for detecting
yaw and one or more gravimetric sensors for detecting pitch
and/or roll, and using a magnetic sensor for detecting yaw
and inertial sensors (such as one or more accelerometers) for
detecting pitch and/or roll. In another embodiment, magneto
resistors are used for yaw sensing and gravimetric sensors
are used for pitch and roll sensing. In one particular
embodiment, three pairs of orthogonally-mounted magne-
toresistive sensors, each pair forming two legs of one of
three Wheatstone bridges provide yaw detection. Preferably,
fewer than three normalizing coils are required, such as by
using one normalizing coil for normalizing two of the three
pairs of magnetoresistors.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a head-mounted display
according to one embodiment of the present invention;

FIG. 2 is a front view of the apparatus of FIG. 1;

FIG. 3 is a rear view of the apparatus of FIG. 1;

FIG. 4 is a right side elevational view of the apparatus of
FIG. 1,

FIG. § is a left side elevational view of the apparatus of
FIG. 1,

FIG. 6 is a top plan view of the apparatus of FIG. 1;

FIG. 7 is a top view generally corresponding to that of
FIG. 6 but showing the temple pieces in a folded configu-
ration;

FIG. 8 is a plan view similar to that of FIG. 4 but having
portions cut away to show interior components thereof;

FIG. 9 is a schematic side view showing optical compo-
nents according to one embodiment of the present invention;

FIG. 10 is a perspective view of an optical shroud
according to one embodiment of the present invention;

FIG. 11 is a front view of an the optical shroud of FIG. 10;

FIG. 12 is a side view of the optical shroud of FIG. 10;

FIG. 13A is a bottom plan view of the optical shroud of
FIG. 10,

FIG. 13B is a partially exploded perspective view of the
optical shroud of FIG. 10, fold mirror, combiner and field
curvature correction lens;

FIG. 14A is a schematic, cross-sectional view of a mask
and holder apparatus according to one embodiment of the
present invention;

FIG. 14B is an exploded perspective view of a mask and
holder apparatus according to one embodiment of the
present invention;

FIG. 15 is a perspective view of the apparatus of FIG. 1
showing attachment of additional components;

FIG. 16 is an exploded perspective view of a temple piece
and earphone according to an embodiment of the present
invention;

FIGS. 17A, B, C, D are perspective, rear elevational, side
elevational and top plan views of a head-mounted display
and head tracker, according to one embodiment of the
invention;
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FIG. 18 is an exploded perspective view of the forward
portion of an HMD according to an embodiment of the
present invention;

FIG. 19 is an exploded perspective view of an HMD
forehead brace and upper housing according to an embodi-
ment of the present invention;

FIG. 20 is a perspective view of a strap tensioning device
according to an embodiment of the present invention;

FIG. 21 is a block diagram of electronic components
according to an embodiment of the present invention;

FIG. 22 is a block diagram of an HMD coupled to a VCR;

FIG. 23 is a flow chart showing an example of a drift
compensation process;

FIG. 24 is an exploded perspective view of a strap
tensioning device according to an embodiment of the present
invention;

FIG. 25A is a block diagram of a image generation and
display system including a tracker;

FIG. 25B is a block diagram of a display system including
an HMD;

FIG. 25C is a block diagram of a display system including
an HMD and a tracker;

FIG. 26 is a block diagram of a magnetic tracker system
according to one embodiment of the present invention;

FIG. 27 is a schematic and block diagram of a magnetic
tracker system according to an embodiment of the present
invention;

FIG. 28 is a block diagram of a PC interface device
connected to a PC and peripherals;

FIG. 29 is a schematic/block diagram of an inertial tracker
according to an embodiment of the present invention;

FIGS. 30A-30F are schematic top plan views of the head
of a user showing positions at six times;

FIGS. 31A-31F are schematic representations of the
relationship of a direction indicated by a tracker with respect
to a reference direction corresponding to the times repre-
sented by FIGS. 30A-30F; and

FIG. 32 is a graph of head position angular displacement,
shown in sold line and tracker-indicated displacement,
shown in dash-dot line for time periods corresponding to the
times depicted in FIGS. 30A-30F.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

As depicted in FIG. 1, one embodiment of the present
invention provides a main component 12, preferably con-
taining some or all of the electronics or optics used for the
visual display and left and right temple pieces 144, 14b. The
temple pieces may be used for assisting and holding the
main portion 12 in the desired position to deliver video
output to the user’s eyes. A strap 16 can be provided to
further assist in holding the apparatus in the desired position
with respect to the head 18 of the user. A forehead brace 22
can be provided to further assist in proper positioning of the
main portion 12. The forehead brace 22 is useful to transfer
some of the weight of the apparatus to the user’s forehead.
This may provide a more comfortable configuration than
having substantially all of the weight transferred via other
components such as the temples 14a, 14b, headstrap 16
and/or a nose bridge piece such as may be used in some
devices. As can be seen in FIGS. 4 and 5, the forehead brace
22 extends back a distance 24 from the main portion 12 of
the apparatus. As a result, there is an amount of space 26 or
“eye relief” between the eye position of the user 28 and the
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portion of the apparatus 32 which resides in front of the
user’s eyes, preferably sufficient to accommodate the user’s
eyeglasses, e.g., about one inch or more (in one
embodiment, about 28 mm). In the embodiment depicted in
FIG. 1, the forehead brace 22 includes an upward extending
and slanted bracket portion and a forehead contact portion.
In one embodiment, the forehead contact portion is coupled
so as to be pivotable, e.g. about axis 1902 (FIG. 19). If
desired, the contact plate 1904 may be urged to a desired
pivoted position, e.g. to avoid improper positioning of the
forehead brace during use. A number of devices can be used
to provide such an urging force including springs, elastic
bands or ropes, pneumatic or hydraulic devices, living
hinges and the like. In the depicted embodiment elastic
shock cord 1922 is threaded through openings 19244,
1924b, 1924c, 19244 and anchored through holes 19264,
1926b. In the depicted embodiment the inner surface 1906
of plate 1904 is covered with a pad 1908 which may be
coupled to the plate 1904 via an intermediary connecting
material 1907 such as a hook and loop material (e.g.
Velcro®), an adhesive material or by snaps, spot welding,
peripheral crimping and the like. The plate 1906 includes
receptacles 1910a 19105 (engaging with pivot pins 19124
1912b on the bracket 1914). Providing a spacing device
1908 which is removable from the plate 1906, enables the
user to install pads of various thicknesses, e.g. in order to
adjust the distance which the HMD is positioned in front of
the user’s face, and thus to adjust the amount of eye relief
26, for example, to accommodate children.

A connection is provided for establishing communication
or data transfer to the display apparatus which, in the
depicted embodiment, involves a cable 34 mounted along
the underside of the left temple piece 14b and terminating in
a connector 36. Typically, the connector 36 will be con-
nected to a cable which provides for data transfer or other
communication (directly or via a junction box or an
interface) with a video/audio source 38 (FIG. 17) such as a
computer, a video cassette recorder (VCR), video disk (laser
disk) player (including a portable video disk player), broad-
cast television receiver, television cable or optical fiber
source, gaming device such as Personal Computer (PC)
games, or non-PC game devices, e.g., those available from
Nintendo™, Sega™, Atari™, 3DO™, CD-i™ and the like,
or video telephone service. Preferably, the cable 34 is also
used to deliver power to the apparatus. In other
embodiments, data communication can be made via perma-
nently attached cables (e.g. without using plug-type
connectors) or without using a wire cable, such as by using
a fiber optic cable, or by using wireless communication such
as infrared, or radio communication. In one embodiment, the
HMD is configured to accept a particular type of video
format or signal over the cable 34, such as an NTSG signal.
An NTSG format for a video signal is a format commonly
used in the United States for output from video cassette
recorders and many video games. Most personal computers
output video signals using a VGA (video graphics array)
video output format Thus, in one embodiment, when it is
desired to display video output by the personal computer, an
interface device 506 (FIGS. 5A and 15) is used to convert the
VGA signal to an NTSG signal. As depicted in FIG. 15, the
output from the personal computer 510 is conveyed by a first
cable 511 to the interface device 506 which converts the
VGA signal to an NTSG signal in a manner well known in
the art. The NTSG signal then travels from the interface
device 506 over cable 34 (or, over cable 134 via head tracker
device 100 and then via cable 34) to the optics and elec-
tronics of the HMD 102.
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In some embodiments, it is useful to provide the user with
controls. Although it is possible to provide controls which
are not mounted on the head-mounted unit (such as a remote
control unit or a console) in the depicted embodiment, at
least some controls are on the head-mounted unit. In the
depicted embodiment, a first button 42 can be used to
provide, for example, a mute function. Preferably, activation
of this button provides for both discontinuing display of the
video image which is currently being output and discontinu-
ing the audio being provided to headphones 52 (if any) to
provide both a video mute and an audio mute. However, it
is also possible to provide for controls that mute video only
or that mute audio only. Preferably, the mute control is
configured so that the user can easily turn off at least the
image, without requiring turning off of power to the HMD
or interrupting the stream of data (although, in one
embodiment, the mute button can be configured to simulta-
neously pause the data stream, such as by sending an
interrupt command or other signal to a PC via the serial
port). In one embodiment, the mute control turns off power
for the LCD backlight, LCD and/or audio functions.
Preferably, the current control setting, e.g., monoscopic/3-D,
volume, contrast) are still maintained, allowing the user to
quickly return to viewing e.g., without having to reset the
controls.

In the depicted embodiment, a rocker switch 44 can be
used to provide control of a parameter which varies through
a range, such as volume of the audio. Other items that could
be controlled in this fashion include tint, hue or contrast of
the video image, selection of a video and/or audio source
such as channel selection, image brightness, audio tone (i.e.,
treble/bass control) and the like. A slider switch 46 can be
used, e.g., to select among discrete choices to select left,
right or no relative frame phasing, to select between stereo
and non-stereoscopic views, and the like. In one embodi-
ment a slider switch 46 can switch between standard (non-
3D) display, display of video which is encoded for field
sequential three-dimensional display (3-D) with the right
eye encoded first (3D1) or video encoded for field sequential
3-D with the left eye encoded first (3D2). One or more
visible displays can be provided. In the depicted
embodiment, an LED “power on” indicator is provided. In
one embodiment the indicator light 48 can also provide
information regarding the setting of the slider switch 46,
such as by displaying a first color when the switch 46 is in
the standard setting and a second color when the switch 46
is in one of the two 3D (stereoscopic) settings. If desired, the
electronics can be configured to display, to the eyes of the
user, visual indication, e.g. of status (3D or monocular,
Battery law, Mute on, etc.), alongside or superimposed on
the displayed image such as in the form of illuminated lights,
words or icons. Other controls and/or indicators can also be
used and can be mounted on various surfaces of the head-
mounted apparatus of FIG. 1. If desired, controls can be
mounted on other devices such as hand-held devices and/or
devices worn, e.g. on a belt loop and communicated to the
HMD via infrared, radio or other wireless communication,
cable and the like.

In the depicted embodiment, audio devices such as
earphone-type loudspeakers 52a, 52b are provided. Other
audio devices can be used such as “earbud” devices worn in
the ear. Left and right loudspeakers 524, 52b are preferably
movably attached to the ends of the temple pieces 14a, 14D,
e.g., by pivotable arms 54a, 54b which can be laterally
adjusted in a mounting slot 56a, 56b in each temple 14a,
14b. The speakers 52a, 52b can be held in position by
friction, or detent tighteners 58a, 58b can be used to secure
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the speakers 52a, 52b in the desired position. Cables 624,
62D are used to provide the desired signal to the loudspeaker
52a, 52b.

FIG. 16 depicts another embodiment for providing an
adjustable earphone. In the embodiment of FIG. 16 the
temple piece 1614 includes an outer member 16144 and an
inner member 1614b coupled by rivets or pins 1602a 1602b
to form a hollow structure therebetween. In one
embodiment, the hollow structure can be used to accommo-
date cables, fiberoptics or other communication lines, e.g.
for providing signals to and from the earphones, or other
components, such as a head tracker. In this case, the cables
preferably have sufficient slack to accommodate temple
folding (FIG. 7). In the depicted embodiment an adjustable
arm 1654a connects the temple piece 1614 to an earphone
1652. In the depicted embodiment the earphone 1652 is
made up of an outer cover 16524, a first spacer 1652b, a
transducer or speaker 1652¢, a second spacer 1652d and an
outer cover 1652¢. The interior components 1652b, 1652c,
16524 are held in place by being sandwiched between the
inner and outer cover 1652a, 1652¢ which may be held in
place by clips, latches, adhesives, ultrasonic welding and the
like. In the depicted embodiment the arm 1654 contains a
clip 1604 in its lower end for engaging a rib on the outer
cover 1652a and a hole 1604b in its upper end for accom-
modating a connector which couples the arm 1654 to the
temple piece 1614 in a rotatable and slidable manner. In the
depicted embodiment the coupling of the arm. 1654 to the
temple 1614 is by way of a button 16064, spring 16065,
plate 1606¢, washer 1606d and pin 1606e. When assembled
the spring 16065 normally maintains the plate 1606¢ pressed
against the detent or toothed edges 1608a of a slot 1608b
formed in the outer temple piece 1604a. The surface of the
plate 1606¢ which is adjacent the teeth 1608a and which, if
desired, can be ridged so as to mate with the teeth 16084,
acts to prevent sliding of the plate 1606¢, and thus the
attached arm 1654, within the slot 1608b. The spring 16065
further normally avoids rotation of the arm 1654 about the
coupling axis 1606f e.g. by frictional interaction of the
washer 16064 with the plate 1606¢c. When the user wishes to
adjust the position of the earphone 1652 the user compresses
button 16062 which reduces the pressure of the washer
16064 against plate 1606¢ and of the plate 1606¢ against the
teeth 1608a This reduction in pressure allows the user to
slide the connector assembly and thus the arm 1654 within
the slot 1608) and also to rotate the arm 1654 about axis
1606f. Rotation about axis 1606f adjusts the vertical distance
between the earphone 1652 and the temple 1614 (as well as
the horizontal location) and sliding along slot 16085 adjusts
the horizontal or lateral location of the earphone 1652.

In one embodiment of FIG. 1, the head strap 16 is coupled
to the temples 14a, 14b via left and right strap pivots, loops
or D-rings 174, 17b (FIG. 1). A length and/or tightness
adjustment mechanism such as a buckle, can be provided on
the strap.

Preferably, the temples 14a, 14b are connected to the main
portion 12 using left and right hinges 64a, 64b. The hinges
64a, 64D permit the temple pieces 14a, 14b to be folded in
directions inwardly 66a, 66b to provide the compact con-
figuration depicted in FIG. 7. The compact configuration is
achieved partially by locating much or all of the electronics
associated with the production of the video device in the
main portion 12 (as described more fully below). In one
configuration, there are little or no optical or video elements
or electronics in the temple pieces 14a, 14b (although in
some embodiments these may contain, for example, cables
and connectors). As a result, the temples 144, 14b can be
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folded nearly flat against the main portion 12, as depicted in
FIG. 7, residing underneath the forehead brace 22. Such
compact configuration provides for ease of shipment,
storage, transport and the like. In one embodiment, the
electronics used in generating the image 72 are substantially
all contained in the upper portion of the main section 12 of
the apparatus as depicted in FIG. 8. The electronics used for
this purpose can be those generally well-known in the art for
producing video images, such as the electronics used in
producing video images in the eyepiece of a video recorder
and can include, for example, power supply, timing circuitry
(e.g. to assure that the data which arrives is routed to the
proper position of the image generators), buffer memory or
other memory devices, and/or image processor circuitry.
FIG. 21 depicts, in block diagram fashion, electronic com-
ponents for use in connection with the present invention,
such as may reside, e.g., on circuit board 1806 (FIG. 18) and
the connection to various components of the HMD. In the
depicted embodiment, the video signal, which may be in
NTSC format is input, e.g. by a cable 34, to an NTSC
decoder 2102 of a type well known in the art. The NTSC
decoder 2102 provides image data such as red green blue
(RGB) signals 2104 to the first and second LCDs 72. Normal
display of the data by the LCD 72 is controlled using timing
signals 2106 provided from a LCD timing generator 2108 of
a type well known in the art, which receives timing infor-
mation such as frame synch information from the NTSC
decoder 2102 and/or a programmable logic device 2110
which may be coupled to the NTSC decoder 2102. Special
timing signals 2112, e.g. for three dimensional display, may
be provided directly from the programmable logic device
2110 to the LCD 72. The programmable logic device 2110
receives input from switches such as a power switch, a mute
switch, a volume switch, a video mode switch and the like
2114. The programmable logic device 2110 provides timing
and/or control signals 2116 to the back light device 228, e.g.
for video mute, field sequencing or other purposes. The
programmable logic device 2110 provides volume control
signals 2118 to first and second audio amplifiers 2120 which
receive an audio signal e.g. over cable 34 and output an
amplified signal over cable 62 to the headphones 52. Power,
which may be received over cable 34, is stabilized and/or
transformed to desired voltages e.g. for supplying digital
electronics 124 and/or components such as back lights LCDs
etc. 2124b by a power supply 2126.

The electronic signals constituting the video signal are
converted into an image or a series of images, e.g., simu-
lating motion, by an image generator 74. The image gen-
erator 2 can be any of a plurality of color or monochrome
imaging devices including a cathode-ray tube (CRT), light
emitting diode (LED) array, liquid crystal display (LCD),
field emissive device (FED), as well as laser devices such as
laser diode arrays.

One example of an L.CD that can be used for this purpose
is a 0.7" diagonal LCD of the type commonly used for the
view finder of a camcorder, for example, Model FO7KM200
available from Seiko Epson Corporation. Other sizes and
types of LCDs can also be used such as a 1 inch diagonal
LCD available from Hitachi, Inc. Preferably, an LCD device
includes the capability for being backlit using any of a
number of backlighting devices such as incandescent
lighting, fluorescent lighting, electro-luminescent and ambi-
ent lighting.

Once the image generator 74 generates the optical image,
the light from the image generator is configured by various
optical elements to deliver the desired image to the eye
position 28 of the user. A number of different optical
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configurations can be used for this purpose including those
described in U.S. Ser. No. 08/150,996 filed Nov. 12, 1993
for “Optically Corrected Helmet Mounted Display,” a divi-
sional of U.S. Pat. No. 5,303,085, filed Feb. 7, 1992, both of
which are incorporated herein by reference or PCT appli-
cation No. PCT/US94/09820 for “Personal Visual Display”
filed Aug. 31, 1994, and incorporated herein by reference. In
the embodiment depicted in FIG. 8, the optical devices
include the image generator 74, a field correction device
such as a plano-convex or meniscus lens 76 for providing a
substantially flat field of focus to the user, a fold mirror 78
for reflecting at least a part of the image from the image
generator towards a combiner 82 which reflects at least a
portion of the image received from the fold mirror 78
through the fold mirror 78 and towards the eye position of
the user 28, preferably magnifying the image (e.g., by virtue
of a reflection from its substantially spherical surface) and,
in embodiments where the combiner is at least partially
transparent, combines the image light with light from the
environment to provide the user with a simultaneous view of
the environment and of the generated image. Preferably, the
combiner serves as the primary magnification element for
the image light. An optical element is referred to as being a
“powered” element if it provides image two-dimensional
magnification. Although, for convenience, this item is
referred to as a “combiner”, in some embodiments the
combiner may be used without providing for a combination
of image light with environmental light, as described more
fully below.

In the depicted embodiment, the image generator 2 is
mounted substantially above the fold mirror 1 (meaning
vertically above, when the device is oriented so that the axis
between the eye position 5 and combiner 4 is substantially
horizontal). With reference to this configuration, the image
light travels downward from the image generator 2 towards
the fold mirror 1. The image light is at least partially
reflected by the fold mirror 1 in a substantially horizontal
direction away from the eye of the user 5 and towards the
combiner 4. At the combiner 4, the image light is at least
partially reflected back towards the fold mirror 1. In an
embodiment in which the user will simultaneously view the
image or the environmental light, light from the environ-
ment passes through the substantially transparent combiner
4 and travels along with the image light reflected from the
combiner 4 to produce combined light. In an embodiment in
which the user will view only the generated image, without
being able to view the environment (referred to as an
“immersive” device), the combiner can be substantially fully
reflective and substantially non-transmissive. The image
light and/or the combined light is at least partially transmit-
ted through the fold mirror 1 towards the eye of the user 5.
The amount of light, if any, which passes from the surround-
ing environment to the eyes of the observer can be at least
partially controlled by coatings placed on the surfaces of the
combiner, and the fold mirror.

In one embodiment, the image appears to the user to have
a field of view (for each eye) of about 30°, a fixed focus of
about eleven feet (about 4 m), and a resolution of about
180,000 pixels per LCD panel.

In many applications, it is desired to provide the user with
the impression of a color image. Full color images can be
achieved by displaying discrete color components, such as
red, green and blue components. Most current technologies
for providing a color video image are arranged so that the
various component colors are displaced from one another
either in space or in time. For example, in a typical television
screen, the red, green and blue positions for a given image
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pixel form a pixel triad displaced in space, i.e., which lie
adjacent one another rather than at the same location. This
necessarily increases the average size of the pixel triad with
the result that pixel density is less intense than it would
otherwise be.

Another approach is the approach of displacing the com-
ponent colors in time such that the red, green and blue colors
for a given pixel all are provided in the same location but at
different times. Thus, in a configuration in which it is desired
to provide the colored image at a rate of 60 frames per
second, each frame would be divided into three subframes,
one for each color so that subframes would be presented at
a rate of about 180 times per second in a repeating pattern
ofe.g., ared frame, a green frame, a blue frame, a red frame,
etc.

One method of achieving the displaced-in-time color
image is by using a color shutter. A color shutter is an
electronically-driven device which provides a color filter
over the entire image area and which can be switched
rapidly, e.g., 180 times per second among the three image
colors (red, blue, green). One type of color shutter is that
provided in Tektronix EX100HD 1 inch Color Display
System. Such a color shutter can be mounted directly on the
surface of the screen of a monochrome (or black and white)
video image generator. The monochrome image generator is
then configured to produce a black and white image of the
respective color components of the desired fmal image at,
e.g., 180 frames per second. In this way, to produce the first
(red) subframe, the black and white image generator will
produce a black and white image of the red component of the
first frame of the image and the color shutter will be
configured to transmit only red light. During the next
subframe, Yiso of a second later, the monochrome generator
will generate a black-and-white image of the blue compo-
nent of the image and the color shutter will be configured to
transmit only blue light. During the third subframe, the
monochrome image generator will output a black-and-white
image of the green component of the frame and the color
shutter will be configured to transmit only green light. The
resulting image will appear to be fully colored to the user but
the three colors for a given pixel will be in exactly the same
location, i.e., there will be no physical separation of the
location of the color components of the pixel.

Although a color shutter approach is useful to provide a
high-intensity color image, it has not been previously pro-
vided in the context of a light-weight, high-quality, head-
mounted display. Typically, optical configurations in the past
have used, e.g., a monochrome CRT in conjunction with
relay lens systems to transfer the image from a remotely-
mounted CRT to the user’s eye. This typically resulted in
heavy systems, often of a type that were helmet-mounted
and suitable chiefly for military use.

It has been found that it is difficult to satisfactorily
position and align a color shutter over a substantially curved
surface such as that of lens 86. In most cases it has been
found that such positioning creates a very small viewing
aperture, making the use of the device difficult and uncom-
fortable. Accordingly, one embodiment of the present inven-
tion departs from the approach of positioning a color shutter
directly on an output screen and, instead, positions a color
shutter 88 at a position which is farther along on the optical
path, such as the position depicted in FIG. 9. As depicted in
FIG. 9, the color shutter 88 can be placed between the fold
mirror 78 and the eye position 28 of the user. This avoids the
difficulty of locating the shutter over a curved surface 86 and
avoids placing the color shutter in a region, such as the
region between the fold mirror 78 and the combiner 82,
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which has optical paths going in more than one direction (so
that the filter would conceivably filter the light twice). As
depicted in FIG. 9, if the color shutter 88 is positioned below
the lens 86, it would be necessary to increase the height 92
of the device in order to avoid interfering with or double-
filtering the light between the fold mirror 78 and the com-
biner 82. Increasing the height of the device will result in a
reduction of magnification or reduction of the viewing
aperture.

It has been found that a number of items can detract from
the delivery of a high-quality image to the user. The image
can deteriorate because the image generator or various
optical elements are not located in the correct position with
respect to one another and/or with respect to the user’s eye
position. The image can deteriorate because stray light, i.e.,
light other than that desired to be delivered to the user may
be combined with the image and/or desired environmental
light. In order to achieve the goals of low cost and low
weight while maintaining high quality, an embodiment of
the invention provides for an optical shroud which can be
used for the dual functions of shielding from stray light and
providing for correct positioning of optical elements. In the
embodiment depicted in FIG. 10, the shroud 112 has a top
surface 114 having an opening 116 for entry of the image
light. Beneath the top portion 114 is a chamber 118 defined
by left and right sidewalls 1224, 1225 and floor member 124.
As seen in FIGS. 11 and 13, the side members 1224, 1225
preferably flare outward (i.e., in a direction away from the
eye position, e.g., at an angle 124 (with respect to the
straight-ahead axis of view of the user 128) of between about
10° and about 30°, preferably between about 10° and about
25° and more preferably being about 15°. The top of the
shroud 114 in the depicted embodiment, defines a plane 131
which is substantially parallel to the plane of the image
generator output and the straight-ahead axis of view. In the
depicted embodiment, the floor 124 is flared downward at an
angle 132, with respect to the top plane 131, of between
about 10° and about 25°, preferably between about 10° and
about 20° and more preferably at about 12°. A groove near
the front edge of the floor 134¢ is curved with a curvature
corresponding to that of the combiner. This groove is used,
in conjunction with recesses 134a and 134b, for mounting
the combiner so as to assure that the combiner 82 is located
in the correct position, as depicted in FIG. 13B. After
positioning, the combiner can be held in place by, e.g.
adhesives, ultrasonic welding, interlocking tabs and slots,
latches, gaskets and the like. Ledges 136, 137, 139, defining
an imaginary plane which intersects the sidewalls 1224,
122p along lines running diagonally inside of the sidewalls,
are used for mounting the fold mirror 78 in the correct
position with respect to the other optical components, as
depicted in FIG. 13B. After positioning, the fold mirror can
be held in place by, e.g. adhesives, ultrasonic welding,
interlocking tabs and slots, heat staking, latches, gaskets and
the like. The top 114, floor 124 and sidewalls 122a, 1225,
and particularly, the floor 124 and outside sidewall are useful
in shielding the optics from stray light of types that com-
monly produce image degradation. An example of such stray
light would be light that may bounce upward off the user’s
nose or a light-colored shirt of a user. The shroud also
protects the optical components from dust, abrasion,
scratches and the like, at least on the surfaces of the optics
enclosed within the chamber 118. To assist in protecting the
optics, a transparent dust cover 141 can be positioned e.g.
between the fold mirror 78 and the eye of the user. As seen
in FIG. 1, in one embodiment the left and right shrouds 112
are positioned individually in front of the left and right eyes
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respectively and are spaced apart from one another. This
configuration is believed to provide a number of advantages.
First, it is believed to provide a more pleasing appearance
for many users than a device in which both eyes are covered
by a single shroud structure. Further, it is believed to provide
for less mass or weight than a device which extends across
and in front of both eyes without a space between the two
eyes, while still assisting in shielding from stray light such
as light which may reflect off the user’s nose. Additionally
it is believed that providing separate shrouds 112 results in
a device which is more modular, easier to design, maintain,
repair, and construct than a device which has a unitary
component extending across and in front of both eyes.
Furthermore, providing separate shrouds for the left and
right eyes makes it easier to position and assemble a device
in which there is a powered (or magnifying) reflector 82 for
each eye, typically each with a different center of curvature,
to provide image magnification (preferably both vertical and
horizontal) of left and right images (as opposed to magni-
fying a single image which is delivered to and/or viewed by
the left and right eyes).

In the depicted embodiment, pins 1524, 152b, 152¢ pro-
jecting from the upper surface 114 assist in proper alignment
of a field curvature correction device (when one is provided)
such as plano-convex lens 76, e.g. by mating with corre-
sponding holes 154a, 154b, 154c in the lens 76. The lens 76
can be attached to the shroud 12 by heat staking or heat-
doming the ends of the pins 1524, 152b, 152¢ or by other
means such as adhesives, ultrasonic welding, clamps,
latches and the like. Tabs 1564, 156b, 156¢ are provided for
aligning and/or attaching the shroud 112 to the main portion
12 of the head-mounted display device.

In one embodiment, separate shrouds 112 are provided for
the left and right optics, as depicted, e.g., in FIG. 1, although
a unified shroud can also be used. Although the depicted
embodiment shows recesses 134a, 134b, groove 134,
ledges 136,137, 139 and pins 1524, 152b, 152¢ for aligning
and/or holding various optical components, other devices for
aligning and/or holding can be used such as tabs, ridges,
tracks, rails, spring-mounts, gaskets, latches and the like.
The shroud 112 can be made from a number of components,
including plastic, metal, ceramic, fiber-reinforced resins, and
the like. The shroud 112 may contains holes, slots or other
shapes to facilitate connecting the shroud to other optics
(such as contrast-enhancement optics) in the correct position
with respect to other items in the device.

Another alignment issue is presented by the image gen-
erator. The image generator, must, of course, be correctly
positioned with respect to the other elements such as a field
correction lens 86, (when provided) fold mirror 78, etc.
Certain image generating devices, notably an L.CD array,
suffer from image degradation as a result of transmission of
light peripheral to the image area of the LCD. Typically, an
LCD is backlit and many L.CDs have used a rectangularly-
shaped mask around the edge of the LCD to prevent the
viewer from seeing a bright outline surrounding the active
area of the LED. Because an LCD has a thickness (typically
about 2.5 mm), undesired light, e¢.g., from the backlight,
which is typically not collimated, can travel through the
LCD at an angle other than normal to the output plane to the
LCD and thus a mask on the output plane which went only
up to the active area of the LCD would not fully mask the
undesired light. FIG. 14A depicts a cross-section through a
backlight 202, active LCD area 204, peripheral LCD cir-
cuitry 206, and mask 208. As seen in this configuration, if
the only light traveling through the LCD 204 were traveling
in a normal direction, such as that shown by arrow 210, the
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mask 208 would be fully effective. However, because light
travels from the backlight 202 in directions other than
normal to the plane of the LCD 204, some light 212 will
travel obliquely through the LCD 204, missing the mask
208. For this reason, in previous devices, in order to avoid
the undesired oblique light around the edges of the LCD, the
mask 208 would typically be provided with an opening 214
which was smaller than a fall active area (or the substantially
light transmissive area) of the LCD. This represented a
certain amount of waste of the image generated by the LCDs
since the edge of the LCD image would be masked.

Accordingly, one embodiment of the invention involves
providing at least two masks, one mask 222 (FIG. 14B)
adjacent the output surface of the LED 72 and another mask
224 between the LCD location 226 and the location of the
backlight 228. Preferably, both the first mask 222 and the
second mask 224 have opening or windows 232, 234,
respectively, which are substantially equal and congruent to
the active area of the LCD.

Preferably, the first mask 222 is formed integrally with a
holder 236 which includes sidewalls 237a, 237b, 237¢ for
properly aligning the second masks 222, 224 and/or the LCD
device 72 to provide an accurate and inexpensive way to
perform both masking and proper positioning and alignment
of the masks with respect to the LCD array. Alternatively it
is possible to provide both the masks 222, 224 as part of a
unitary mask/LLCD-holder. In one embodiment, the mask/
holder also contains holes 238a, 238b 238¢ for mounting the
holder to the main portion 12 of the head mounted display
device. It is also possible for the holder 236 to include
devices (such as screw holes, bosses, grooves, rails and the
like, not shown) for mounting items such as the image
source, backlight, lenses, etc.

In one embodiment, the mask/holder 236 is provided with
a means for adjustably mounting the mask/holder within the
main portion 12 of the apparatus. Adjustability is useful, in
this embodiment, in order to avoid image disparity between
the two eye positions. Part of the image disparity results
from the fact that the active area of an LCD due to
manufacturing tolerances, may not be precisely located in
the same position, with respect to the device edges, on every
LCD device. The variability is typically within about +0.25
mm in both horizontal and vertical directions. Although it is
possible to provide for adjustment of both horizontal and
vertical disparity, it has been shown that human vision is not
as sensitive to horizontal disparity (i.e. disparity wherein
corresponding portions of the left and right images appear to
the viewer to be displaced from one another along a left-
right axis) as it is to vertical disparity (i.e. disparity wherein
corresponding portions of left and right images appear to the
viewer to be displaced from one another along an up-down
axis). Accordingly, in the depicted embodiment, in order to
e.g., eliminate eyestrain which can result from vertical
disparity of the left and right images, an optional adjustment
mechanism such a traveling screw arrangement 244a can be
provided for vertical alignment of the two images. By
rotating the screw 224a, the traveler 246a, attached to the
holder 236 will move vertically up and down (i.c. along axis
247) and the desired vertical adjustment can be achieved in
this fashion. Other ways of achieving vertical disparity
adjustment include use of rack and pinion adjustment,
shims, and tilting the combiner (at the cost of introducing
other distortions). A similar adjustment mechanism 244b,
246b can be provided for adjusting the focus of the image for
one eye with respect to the other.

Although it is possible to provide various types of
adjustment, in general it is preferred to minimize the number
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of adjustments required by the end user particularly since
such adjustments may be difficult for the user to make and
since mis-adjustment can result in eye strain or even damage
or injury to the user. In one embodiment, there is substan-
tially no need for a focus adjustment. In one embodiment, it
is possible to provide for a fixed focal length (without the
need for substantial focus adjustment by the user) since the
HMD is compatible with use of eye glasses (e.g. because of
the relatively large eye relief 26). In one embodiment there
is no provision for end-user adjustment of interpupillary
distance. Devices which rely on refractive optics, and par-
ticularly lenses positioned before the eyes of the user, often
require interpupillary distance adjustment since prismatic or
other distortions may result if the refractive optics are not
substantially coaxial with the pupils of the user, e.g., such
that the user is gazing through an edge of the lens, rather
than the center of the lens. In one embodiment of the present
invention, the optics are substantially reflective optics and
provide for a relatively large exit pupil (compared to the exit
pupil provided by typical refractive devices). As a result, a
wide range of interpupillary distances (such as between
about 55 mm and about 60 mm, preferably between about 50
mm and about 70 mm) can be accommodated without the
need for any interpupillary distance adjustment by the end
user. By avoiding the need or opportunity for the end user to
adjust optical factors such as focus or interpupillary
distance, the potential for maladjustment and potential eye
strain is avoided and the cost of designing, maintaining,
repairing and producing the device is lessened.

FIG. 18 depicts another embodiment of the optics portion
of the display device. In this embodiment, the visor housing
is made up of an upper housing section 1802a which mates
with a lower housing 1802b. The lower housing 18020
defines openings 18044, 1804b to which the optical shrouds
1812 are coupled. The optical shrouds 1812 act to both
shield from undesirable stray light and to position various
elements such as fold mirrors 1878a, 1878b reflectors
18824, 1882b and dust covers 1804a, 1804b.

Mask/holder devices 18364, 1836b are positioned in the
openings 18044, 18045 and receive the L.CD or other image
generators 18724, 1872b which are coupled to a circuit
board 1806 or other electronics e.g. via ribbon cable 1873a.
Second masks 18244, 1824b are positioned above the image
generator 18734, 1873b and various components are held in
proper registration and spacing by leaf springs 1808a, 1808b
and cap 1810qa, 18100, e.g., using rivets 1811a—f. Back light
devices 18284, 1828b are positioned above the image gen-
erators in normal use configuration.

As depicted in FIG. 18, thumb slider 1814 engages with
slider switch 1846, mounted on circuit board 1806 e.g. for
selecting standard or 3D viewing modes. Pins or rivets
18164, 1816b, 1816¢, 18164 can be used for coupling the
optical shrouds 18124 18125 to the lower plate 180256 e.g.
via bushings or spacers 18184, 18185, 1818¢, 1818d.

Some uses for a head mounted display make it advisable
to provide the user with a simultaneous view of the envi-
ronment and a generated image. Other uses make it prefer-
able to provide a view of the image alone, exclusive of the
environment. As noted above, in one embodiment the envi-
ronmental view can be provided by using the combiner to
combine image light with light from the environment. It is
possible to provide a fully reflective, substantially spherical
mirror so as to provide an image-only or “immersive”
device. Preferably, however, the apparatus can be used to
provide either type of image as desired by the user. It is
believed to be particularly useful to leave the user with the
option of achieving a view of the environment since users
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may need such a view in order to properly and safely move
while wearing the apparatus and/or to avoid a motion-
sickness-like feeling. In the embodiment depicted in FIG.
15, a shield 302 is configured so that it can snap over the
external area of the combiner 82, thus converting an
environmental-view device (also called “see through?,
“transmissive” or “heads-up”) into an immersive view
device. In one embodiment, the shield 302 still permits the
user to look down, under the shield for a partial view of the
environment (e.g., to view the feet when walking). The
shield can be held in place by a number of mechanisms such
as snaps 304, or by tab and slot devices, hook and loop
devices such as that sold under the trade name Velcro®, or
various latches or pivots (such as a flip-up shield). The shield
302 can be made from a number of materials including
plastics, metals and the like.

In addition to providing for a shield which can be added
or removed mechanically, the transmissivity of light through
the combiner 82 can also be controlled by other devices such
as an electro-mechanically controlled iris, a photochromi-
cally activated coating or an electrically activated coating or
LCD device.

In many uses of a head mounted display, it is desired to
collect information regarding the position, posture, location
and/or movement of the user’s head. This information can be
used to control the image generated to the eyes of the user
for a number of purposes, such as to provide a “virtual
reality” or simulated environment to the user, to allow the
user to navigate through various displayed images to
observe a simulated object from various angles and the like.
A number of tracking devices can be used for this purpose
such as inertial tracking, electromagnetic tracking, Hall
effect tracking, magneto resistance tracking, electrolytic tilt
sensing and flux gate tracking. According to one embodi-
ment of the invention, tracking devices are configured so as
to permit the user to attach and detach the tracking devices
as desired. In the embodiment depicted in FIG. 15, tracking
devices 312, can be attached to either of the temples 144,
14b of the apparatus, e.g., using flexible hook attachments
314, configured to engage the edges of the temples 14a, 14b.
Other attachment devices that can be used include latches,
clamps, and/or hook and loop material (such as that sold
under the trade name Velcro®). One tracking device which
can be used for this purpose is a product sold under the trade
name The Bird™, by Ascension Technology Corp. In the
depicted embodiment, the tracker 312 has its own cable for
transmitting information, e.g., to a computer. It is also
possible to provide for couplers and wiring to route the
tracking information over the HMD cable, to reduce the
number of separate cables involved. Although a snap-on or
otherwise removably mountable tracker leaves the user with
the option of doing without the bulk and weight of trackers
when trackers are not desired, in another embodiment, one
or more trackers can be integrally built into the head-
mounted display device.

As depicted in FIGS. 17A-D, a head tracker 100 may be
coupled to a head-mounted display 102 (HMD) for use in
conjunction therewith. In addition to the HMDs described
herein, a number of HMDs can be used in combination with
the tracker devices disclosed herein. In the embodiment
depicted in FIG. 17A, the head tracker 100 is coupled
physically to the head-mounted display by a strap 104a,
104b, and is coupled electronically by cable 34. The strap
104a, 104b is, preferably, detachably connected to the HMD
102, such as by threading through a slot in the temple pieces
144, 14b of the HMD, and attaching the strap to strap
extensions 1054, 1050 (e.g. via a hook and loop connector,
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such as that sold under the trade name Velcro®), or via
snaps, buckles, latches, and like. The cable 34 is detachably
coupled by a plug 36 so that, by unplugging the plug 36 and
unconnecting the straps 1044, 104b, the tracker 100 can be
removed from the HMD 102. The HMD 102 can be used
without the tracker for a number of applications such as: in
connection with game software or other software which does
not use and/or support tracker input, viewing videos from
non-interactive sources such as video cassette recorders
(VCRs) and the like. When the HMD 102 is used without a
tracker 100, a plain strap (not shown) can extend between
the temples 14a, 14b for use in maintaining position on the
user’s head 18, and the HMD may be coupled to a video or
image generator by connecting the cable 134 to an image
generator, such as a VCR 503 (preferably through a con-
nector block 505 and video and left and right audio cables
507a, 507b, 507¢), or a computer, (preferably through a PC
adapter box or interface 506 which can provide services
such as reducing flicker and/or converting the video format
from a computer-video output format, such as VGA (video
graphics array) to a format used by the HMD, which may be,
e.g., NTSC or PAL). Connector block 505 may be provided
with a power on/off switch 5054 and/or one or more indi-
cator lights 505b, e.g., for indicating power status.
Preferably, the cable 34, 134 or other communication link or
links by which the HMD/tracker is coupled to, an image
source, such as a computer or VCR can be used to commu-
nicate any or all of a number of different items, including
some or all of video data (for generating and controlling the
images to be displayed to the user), audio data (for gener-
ating audio to be heard by the user, e.g. through earphones
54a, 54b, or for conveying audio information, e.g. from a
microphone 1502, to the computer), control information (for
controlling the operation of the HMD/tracker, the format or
contents of the information output by the HMD/tracker, and
the like or for controlling aspects of operation of the image
source such as the PC, VCR, video disk player, etc.), tracker
information (e.g. from a head tracker, eyetracker and the
like), product identification or configuration information
(which may be stored in an on-board memory device such as
a ROM and read, and transmitted, e.g. by a processor, e.g.
to facilitate installation or use of the HMD/tracker, such as
in a “plug-and-play” fashion), power for powering the
HMD/tracker (obtained, e.g., from the PC 510, the VCR 503
or from an AC to DC converter 501, which may be plugged
directly into an AC wall outlet (not shown)), communication
of polling and/or interrupt signals, and the like.

When it is desired to add the tracker 100 to the HMD 102,
the tracker will be physically connected by straps 1044,
104b. The tracker cable 34 will be plugged into a socket in
the HMD 102. Cable 134, via plug 136, is then coupled to
a video generator, such as by plugging into the serial port of
a PC 5144, optionally via PC interface 506. Video signals
(and, where provided, audio signals) received over the cable
134 are passed through the tracker electronics, preferably
substantially unchanged, so that the image and/or audio
information may be provided to the HMD 102. The tracker
100 is powered via power received over the cable 134 (and
provided, in turn, to the HMD) and receives the signals and
provides output to the PC or other tracker-data receiving
apparatus, preferably via PC interface box 506 as described
more thoroughly below.

By providing a tracker 100 which is readily detachable
from the HMD 102, the user is provided with a greater
flexibility and can, if desired, use the HMD 102 without the
tracker 100, and thus with a lighter weight than otherwise,
for uses such as watching movies or viewing computer
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displays from an application which does not need tracker
information. By providing a tracker 100 which is readily
detachable, it is possible to minimize the number of items
which a manufacturer or retailer must maintain in stock
while still providing a broad range of options for the user.
Thus, using this configuration it is possible to, e.g., sell one
or more “video-only” products or “HMD with tracker”
products, and/or a tracker upgrade, if desired, while main-
taining only two types parts in stock (HMDs and trackers).
In one embodiment, a given model of tracker can be attached
to any of a plurality of models of HMDs.

This feature of the invention can be accomplished using
a number of different tracker technologies, including mag-
netic (both sourceless and sourced), optic, inertial and
gravitational sensors, preferably with the technology being
compatible with providing a sufficiently simple coupling
between the HMD and the tracker, in order to achieve ease
of decoupling. In one embodiment described more thor-
oughly below, the tracker combines a 3-axis magnetic sens-
ing system and a 2-axis gravimetric sensing system to
calculate angles for pitch, roll and yaw. As used herein,
“pitch” refers to rotation or pivoting of the head in a medial
axis or plane (a nodding motion), “roll” refers to rotation of
the head in a lateral plane (e.g. leaning the left ear toward the
left shoulder), and “yaw” refers to rotation about the spinal
axis (generally corresponding to compass heading when the
user is generally upright).

In one embodiment the tracker housing 100 also houses a
strap adjustment mechanism e.g. for loosening or tightening
the strap on the user’s head. In the embodiment depicted in
FIG. 24, knob 1402 is coupled to pinion 1404 by holder
1406, pin 1408 and washer 1410. Pinion 1404 engages lower
rack 1414a of strap extension 14164 and upper rack 1414b
of strap extension 1416b. Rotation of knob 1402 in a first
direction 1418a causes the strap extensions to move in
respective directions 14204, 14205 within guideway 1424 so
as to tighten the straps on the user’s head and rotation of
knob 1402 in a second direction 1418b causes the strap
extension to move in respective directions 1422a, 1422b so
as to loosen the straps on the user’s head. The mechanism
may be enclosed in a housing 1424a, 1424b which, if
desired, can also be used to enclose tracker devices and
electronics. In the depicted embodiment, a pad or cushion
109, e.g. foam rubber, lines the inner region of the tracker
100 and contacts the user’s head 111. Preferably the pad 109
is removably attached, such as by a hook and loop material,
snaps or the like, permitting substitution of a different pad
109, e.g. having a different shape or thickness to accommo-
date a particular user’s head size or shape.

In the embodiment depicted in FIG. 20, knob 2006 is
provided for loosening or tightening the strap using a
mechanism as follows. Knob 2006 rotation is transmitted to
shaft 2008 which, via gears 20104, 20105 causes movement
of cam 2012, thereby loosening or tightening straps 1044,
104b. Other loosening and tightening mechanisms can also
be provided, such as mechanisms using motors, levers,
ratchet mechanisms, and the like.

FIG. 25A depicts, in block fashion, the coupling of an
HMD and tracker to a computer 510, via a PC interface 506.
Data and control signals 502 and power 504 are provided
from the PC interface 506. The tracker circuitry 508 passes
the signals through, to and from the HMD 102. Thus, when
the tracker 508 is not connected, the HMD 102 may be
connected directly to the computer 510 (via the PC interface
506) as depicted, e.g. in FIG. 25B. When the HMD is to be
used with an image generator such as a VCR, video disk
player, video receiver and the like, the HMD may be
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connected directly 512, without passing through an interface
or via a junction block 505 (FIG. 22) if desired. The PC
interface 506 is coupled to the computer 510 via at least the
video port 514b. Preferably, the PC interface 506 is also
coupled to the computer via the serial port 514a, (which, in
one embodiment, forms the primary I/O port for tracker
information, but which can be used for, e.g. providing
control and/or configuration signals to the head tracker 100,
HMD 102 and the like), via the audio output port 5144, (e.g.
for outputting audio to headphones 524, 52b which may be
attached to the HMD 102) and, optionally, an audio input
port 514¢, (e.g. for receiving input from a microphone, not
shown, which may, if desired, be coupled to the HMD and/or
which may be used for providing input, e.g. via voice
recognition, recording sounds, telecommunications and the
like). In many situations it is desirable to provide video
and/or audio output to an external video screen or monitor
5154 and/or speakers 515b (e.g. PC and/or multimedia
speakers) and the PC interface 506 provides signal splitters
and/or a pass through 516 of the video and audio output
signals for this purpose, preferably such that the video
and/or audio can be output on the monitor 5154 and/or
speakers 515b at the same time as the identical video and/or
audio is being output on the HMD 102.

In the depicted embodiment, the digital operation of the
tracker is controlled by a microprocessor 522, which, in one
embodiment, can be a Motorola 68HC11DO microproces-
sor. Firmware, e.g., programs for the microprocessor, may
be stored in a programmable read-only memory (PROM)
524, such as, for example, a PSD3-11L. PROM. The micro-
processor receives and processes requests from the host
computer 510 as described more fully below. Microproces-
sor 522 also provides control signals to the coil control 526
and tilt sensors (as described more fully below). Micropro-
cessor 522 is coupled to an electronically-erasable, program-
mable read-only memory (EEPROM) 528, ¢.g., for purposes
of storing and accessing sensor compensation information as
described more thoroughly below. The microprocessor 522
reads tilt and magnetic sensor data from the analog-to-digital
(A/D) converter 532, performs calculations on the data, e.g.,
to output data according to a requested format, and sends
data to the host computer 510.

In the depicted embodiment, two separate pitch-tilt and
roll-tilt sensors are provided, 526, 528, and separate X, Y
and Z orthogonally-mounted magnetic sensor arrays 542a,
542b, 542¢, each with a corresponding analogue filter 5444,
544b, 544c are provided. In the depicted embodiment, a first
normalization coil 546 substantially encompasses the X
sensor 552, and a second normalization coil 548 substan-
tially encompasses both the Y sensor and Z sensor 5424,
542b. By providing one of the normalization coils 548 in
such a configuration that it encompasses two of the sensor
arrays 542a, 542b, the manufacturing process is simplified
since the two coils 546, 548, are more easily mounted on,
e.g., a printed circuit board than if each sensor array 5424,
542b, 542¢ was required to have its own coil.

In addition to a magnetic/gravimetric head tracking sys-
tem as depicted in FIG. 25A, it is also possible to provide
other sensing technology such as an inertial sensing
technology, e.g., of the type depicted in FIG. 25C. In the
embodiment of FIG. 25C, pitch and roll are sensed respec-
tively by accelerometers 562a, 562b, and yaw is sensed
using a rate gyro 562 as described more thoroughly below.

FIG. 26 depicts tracker circuitry in block diagram form. In
the embodiment of FIG. 26, signals from the tilt sensor 662
are demodulated 664, amplified and, optionally, filtered 666
before being provided to a processor 668 via an analog-to-
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digital converter 670. Magnetic sensor 672 are normalized
by pulses 674 generated under control of the processor 668
and the sensor output is amplified 674, demodulated 676 and
filtered 678 before being provided to the processor 668 via
the A/D converter 670.

FIG. 27 depicts an embodiment of tracker circuitry in
somewhat greater detail. For purposes of clarity, power lines
and the like are not shown. In the embodiment of FIG. 27,
each of the sensor arrays 542a, 542b, 542¢ is in a bridge
form, similar to a Wheatstone bridge, with two (variable
resistance) legs of the bridge comprising magnetoresistive
elements such as Model KMZ 10B available from Philips
Electronics. The Y and Z sensors, 542a, 542b, are normal-
ized by a normalizing coil 548 while the X sensors are
normalized by normalizing coil 546. In particular, part of the
magnetic field sensing process involves pulsing normalizing
coils 548, 546, around the magnetic sensors before each
measurement. The microprocessor 522 provides signals that
are decoded in the PROM 524 to generate timing signals 602
(e.g. by enabling various switches) for steering current
through the coils, and also for switching analog switches in
a synchronous demodulator circuit as described more fully
below.

To normalize the magnetic sensors 542a, 542b, 542¢ prior
to measurements, the coils are pulsed to provide strong
magnetic fields that reorient the magnetic domains in the
sensors. To compensate for DC offset and drift, the polarity
of the coil current is alternated at regular intervals and the
sensor outputs measured. The multiplexers 604a, 604D,
define a commutating circuit to provide synchronous recti-
fication and demodulation of the resulting AC signal. Coils
548, 546 are connected in parallel to “totem pole” switch
arrays 606a, 606b. Between pulses, the switches are turned
on, grounding both sides of the coils. For alternate current
pulses, one of these switches is turned off and its corre-
sponding switch on the other totem pole is turned on for a
pre-determined period such as 40 microseconds. The switch
polarities are then reversed and about 3 milliseconds passes
before the sequence is repeated with the other pair of
switches. The current in the two coils 548, 546 approaches
two amps at the end of the pulse duration, so capacitor 610
has been furnished for providing current surges without
putting noise on the 5-volt power bus. The voltage on
capacitor 610 varies by about 600 to 700 mV as it discharges
each coil pulse and recharges between pulses.

The resistors or sensors 542a, 542b, 542¢ behave like
resistor bridges that provide small voltage variations
between two terminals in response to the magnetic field
aligned with the sensor. In the depicted embodiment, the
signal amplitude of the output variation is on the order of 2
mV for fields having a magnitude of the Earth’s magnetic
field. The synchronous demodulator circuit 6044, 6045, used
in conjunction with the polarity-reversing circuit, cancels
both external noise and DC offset and/or temperature offset
drift components in a sensor’s output voltage. The polarity
of each sensor’s output is determined by the orientation of
an orthogonal normalizing field. Because the DC offset for
each sensor maintains its polarity regardless of the normal-
izing pulse polarity, the sensors are “flipped” by the nor-
malizing coil pulse to give alternating polarity to the output.
Therefore, the output from the sensors 5424, 542b, 542¢ can
be AC-coupled and rectified, nulling out offset voltages and
drift. Preferably the normalizing coils are pulsed at intervals
of approximately 3.5 milliseconds with polarity alternated
on each pulse.

The outputs of the sensors are provided to the non-
inverting inputs of dual op amps configured as instrumen-
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tation amplifiers 612a, 612b, 612¢. In the depicted
embodiment, the instrumentation amplifiers 6124, 612b,
612c¢ provide a gain of about 100. The demultiplexers 604a,
604b are configured as double-pole double-throw (DPDT)
switches with outputs cross-wired so as to swap the routing
of the inputs when the switch is toggled. The effect is that of
a full-wave bridge rectifier synchronized to the polarity
signal. When the coils are being pulsed, the demultiplexers
604a, 604D are inhibited from passing signal, to prevent
voltage transients from the sensor produced by the coil pulse
from being passed on to the following stage of the circuit.

Outputs from the demultiplexers 604a, 604b are fed to
inputs of a differential amplifier having a gain of about five.
614a, 614b, 614c. When there is no magnetic field compo-
nent aligned with a given sensor, the corresponding outputs
do not change as its normalizing coil pulses change polarity
and thus the output of the differential amplifier 614a remains
unchanged. When one of the sensors senses a magnetic field
its output voltage shift corresponds in polarity to the polarity
of the normalizing pulse which will be reflected in the output
of the corresponding differential amplifier 614a, 6145, 164c.
Although the sum of the offsets of the magnetoresistor and
the op amp may generate differences of several hundred
millivolts, between the outputs of the dual op amps 6124,
612b, 612c, this difference does not change with the reversal
of the normalizing magnetic field from the coil and is
canceled through the AC coupling 616 and differential
amplifier stages 614 that follow.

The signal from the differential amplifiers 614a are
smoothed by low-pass filters 616a, 616, 616c. In one
embodiment the low-pass filter has a corner frequency of
about 20 Hz and reduces 60 Hz noise by about =20 dB. The
filter is useful for, e.g., attenuating interference from power
line circuits, CRT deflection circuits, and switching tran-
sients. Output from the low-pass filters 616a, 6165, 616¢ are
provided to the analog-to-digital converter 532.

In the depicted embodiment the tilt sensor array 620
contains both the pitch- and roll-tilt sensors. A number of
types of tilt sensors can be used. In one embodiment a tilt
sensor utilizes an electrolytic liquid for determining the
amount of tilt of the tracker. Liquid partially fills an enve-
lope containing 5 electrodes which will be substantially
vertical when the HMD is in normal vertical position. The 5
electrodes form a square pattern with 1 electrode in the
center. As the sensor is tilted, some electrodes are covered
with more electrolyte and the opposing electrodes receive
less coverage. The liquid is resistive in nature and forms
voltage dividers with resistors 622a, 622b, 622¢, 622d. A
voltage such as 5 Vpp drives the center electrode and this
voltage is subsequently attenuated according to the amount
of liquid making contact with the other electrodes. These
outputs are routed to a synchronous demodulator 624 which,
like demodulator 6044, 6045, can be a CMOS switch array
configured as a synchronous full-wave rectifier.

Because the liquid in the tilt sensor is an electrolyte, it is
operated in an AC environment to avoid electrolysis and
plating the electrodes. DC-blocking capacitors 626 prevent
DC flow. A clock signal 628 drives a binary counter 632 to
provide an alternating signal, such as a 2.4 kHz signal for the
tilt sensor control 634.

Output from the demodulator 624 is provided to a differ-
ential amplifier 626a, 626b, and then to a low-pass filter
628a, 628b, similar to the ones used in the magnetic ampli-
fier circuit. Output from the low-pass filter 628a, 628b are
provided to the A/D converter 532. In the depicted
embodiment, the A/D converter provides 10-bit data con-
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versions for the 3 magnetic and 2 tilt measurement voltages.
The microprocessor provides output over a serial output line
642 and receives data over a serial input line 644 via level
translator 646 which may be, e.g., a MAX 202 level trans-
lator. Data received over serial line 644 from the host
computer 510 may be data for specifying the output format
for the tracker data, may be a polling signal to request
transmission of tracker data and the like. Data output from
the tracker over serial line 642 may be in a number of
formats as described more fully below. The microprocessor
522 receives data from the A/D converter, may optionally or
selectively provide further signal modification such as soft-
ware filtering, and outputs data in an appropriate format to
the level translator 646.

In one embodiment, the tracker communicates with the
host computer 510 via an RS232C 3-wire serial interface
(TXD, RXD, GND). Preferably the tracker can communi-
cate at 1200, 2400, 4800, 9600 and 19200 bits per second
(bps). In one embodiment, the head tracker provides a
sample rate of about 250 Hz. The tracker can be queried and
tested using a standard ASCII terminal program. Preferably,
all commands provided to the tracker are printable ASCII
streams. Preferably, the tracker responds to all commands by
transmitting feedback to tell the application in the computer
510 if a command was successfully processed.

One difficulty that has been noted in connection with
magnetic sensors is that the sensors are responsive to
changes in local magnetic field. For example, if there is a
magnet or magnetic source in the vicinity of the head tracker
(such as a loudspeaker or headphone or some other nearby
magnet) movement of such a magnet can be detected by
magnetic sensors and may be interpreted as an indication of
movement of the head, even when the user is maintaining his
or her head in a stationary position. This difficulty can be at
least partially overcome by providing a cancellation or
“bucking” magnet (2100) adjacent each earphone driving
magnet. However, inertial sensors such as rate gyros,
accelerometers, and the like, have the advantage of being
substantially immune to magnetic perturbations and thus are
more accurate, in this sense, than magnetic sensors. It is also
believed that trackers employing inertial sensors may be
provided with fewer circuit elements, and, in general, are
easier to manufacture, design, repair and/or maintain and are
less expensive to produce than magnetic sensor trackers.
Furthermore, when the HMD has circuitry that generates
magnetic fields (e.g., step-up transformers for the HMD
back light), it is preferred to locate magnetic sensors away
from such magnetic sources, e.g., as depicted in FIG. 1, to
avoid magnetic interference. Because inertial sensors sub-
stantially are not subject to magnetic fields, such sensors
could be located adjacent to HMD electronics such as in the
visor region 12 of the HMD. Such a position could permit
the use of less cabling, e.g., elimination of cable 134, and
provide a smaller, more compact design. In one
embodiment, the tracker would be provided integrally with
the HMD and would not be user-detachable. However,
because of the relatively small size and weight of inertial
sensors, as opposed to a magnetic sensor system, there is less
need for user-detachability.

Inertial sensors, however, are not without their own
problems. Rate gyro sensors, for example, are subject to
drift, such as drift arising from sensor output changes in
response to changes in sensor temperature. In some cases,
inertial sensors do not detect very slow and/or low accel-
eration movement. Some inertial sensors will “peg out” or
fail to properly measure the full magnitude of very rapid or
high-acceleration movement. Since, in one embodiment,
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rate values are continuously integrated to generate continu-
ous position values, position values can accumulate and/or
cause undesirable artifacts in the position value. These
errors, particularly if they accumulate through time, can
cause a tracker to output information which does not accu-
rately or correctly indicate the position, attitude, or motion
of the tracker unit. As one example, consider a situation in
which a user is employing an HMD/tracker in connection
with game software which permits the user to move his or
her head so as to view different portions of a virtual
environment. Ideally, if a user is initially looking straight
ahead, then rotates his or her head to the left and then returns
his or her head back to the straight-ahead position, the
tracker will correctly indicate that the starting and ending
head positions are the same and thus the display at the start
and end of this motion will be the same. However, it is
possible for drift or other inaccuracies of an inertial tracker
to create a situation in which, after the user returns his or her
head to the initial position, the tracker outputs information
indicating that the user is a few degrees away from the initial
position (representing the accumulated drift) and thus the
display presented to the user will be slightly skewed or offset
from the desired initial display.

According to an embodiment of the present invention, a
correction is provided for offsetting or overcoming the
problem of such drift. Various approaches can be used for
making this correction. For example, it is possible to provide
some absolute frame of reference such as from a magnetic
sensor, an optical sensor or the like, which will provide an
indication of the amount of drift with respect to some fixed
frame of reference (such as the local magnetic field, a fixed
optical object and the like). Such frame of reference sensor
need not provide the sensitivity and fine discrimination
needed for tracker sensors and thus can be provided at lower
expense than the inertial sensors while still providing suf-
ficient information to overcome problems of drift.

Another approach involves calculation of a long-term
average. In one embodiment, an inertial sensor such as a rate
gyro outputs a signal in volts which can be characterized a
having both a null offset voltage and a sensitivity. Null offset
is the voltage when there is no physical movement being
imparted on the sensor. Sensitivity is the magnitude of
output voltage change for a specific amount of motion of the
sensor. Both null offset voltage and sensitivity may be less
than perfectly stable or may exhibit changes in linearity,
either in time and/or in response to changes in temperature
or other environmental variables. Use of a long-term average
is helpful in addressing instability in the null offset value. In
one embodiment, values output by the rate gyro (or other
sensor) are continuously added-up in an “accumulator”
variable. When this sum is divided by the number of samples
it contains, the result is an average value. If averaged over
a sufficiently large number of samples, the average will be
the (current) null offset, to within the resolution of the
digitizer. In most situations, due to limitations of the
accumulator, the accumulator is reset to zero, such as
periodically, or the average would be each time subtracted
from the accumulator. The long-term average can be calcu-
lated periodically or can be a running average. The long-
term average can also form a basis for determining if the
user’s head is moving. For example, the user’s head can be
determined to be moving if the difference between the sensor
reading and the offset value is greater than a specified
threshold. The threshold can be chosen for a given sensor
noise specification and sensitivity. In one embodiment the
position indication output by the device is not updated when
the device indicates the user’s head is not moving. This
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avoids outputting indications of head position changes
which result from small sensor drift.

Yet another approach, which may be combined with the
long-term average described above, involves the definition
of an initial or reference position. For example, the
apparatus, and associated software, may take, as the refer-
ence position, whatever position is indicated by the tracker
at the time the computer or other apparatus is booted up, at
the time a particular software application initially executes,
at a time selected by the user (e.g., by pressing a key or
button) and the like. Thereafter, if the tracker moves away
from the initial position and subsequently moves back to the
initial position, outputting an indication of an angle (X1)
which differs from the initial position (X0) by no more than
a predetermined angle (e.g., 20°) it would be assumed that
the user has actually returned to the initial position (X0) and
the difference (X1-X0) was caused by drift. It is believed
that, commonly, a user will intend to repeatedly return to an
orientation e.g. aligned with a joystick, keyboard, etc. In this
situation, small departures from such orientation are likely
to represent the effect of sensor drift and correction can then
be applied in an amount equal to the amount of such drift.

One process for using inertial sensors and correcting for
drift begins with the initial powering up of the apparatus
1302 (FIG. 23). A reference direction, e.g., a reference yaw
direction, is defined, e.g., as described above, and stored.
During operation, the process determines whether the head
tracker is currently moving or not moving. This can be done
in a number of ways, preferably based on the historical
average (as described above) or other statistical analysis of
recent tracker output. In one embodiment the tracker is
assumed to be not moving if both (1) the amount of variance
in the tracker output is less than a predetermined threshold
and (2) the current apparent position (based on the sensor
output) is different from the most recent apparent position by
at least a threshold amount In one embodiment, drift is
computed only when the apparatus is in a nonmoving state,
preferably for at least a threshold period of time. If the
tracker is in the nonmoving state, the difference between the
current apparent yaw position (based on the sensor output)
and the reference or initial direction is calculated 1308. It is
then determined whether this difference exceeds a drift
threshold amount 1310. The value of the threshold can be
based on a number of determinations, such as by being
calculated theoretically or empirically. Threshold values
which are relatively small may generate significant “false
negatives”, i.e., indications that there is no drift when in fact
there has been drift of a relatively large magnitude. Thresh-
old values which are relatively large will restrict the user’s
ability to look away from the reference direction since
movements of the head (and thus the tracker) away from the
reference direction by less than a relatively large threshold
will be treated as drift rather than as real movement. In one
embodiment, the threshold is less than about 30°, preferably
between about 5° and about 25°, more preferably between
about 10° and about 20°, and even more preferably between
about 15° and about 20°. If the difference is greater than the
threshold, it is presumed that there has not been drift and the
procedure returns to the moving/not moving determination
1306. If the calculated difference is within the drift threshold
that difference is stored as the yaw correction value 1312 and
the routine returns 1314.

If it is determined that the head tracker is in a moving
state, after calculating the apparent yaw value based on
sensor output 1322, it is determined whether there is a yaw
correction value, and, if so, that value is applied, e.g., by
adding to the calculated yaw value 1326 before the proce-
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dure returns 1328. In one embodiment, the feeding back of
position error is done in specified quanta, and error correc-
tion has little or no noticeable visual artifact.

FIGS. 30A through 30F, 31A through 31F and 22 show an
example of one application of the procedure FIG. 23. At time
T1, (FIGS. 30A and 31A) the head of the user 1002 is
aligned with a reference yaw direction 1004. The reference
direction can be an absolute direction (e.g. magnetic north)
or, in one embodiment, can be an arbitrary direction, e.g.
selectable by the user or the direction at time of boot up. The
tracker outputs data indicating an alignment 1102 parallel
with the reference direction 1004. In the embodiment as
shown FIG. 22, at time T1 the tracker outputs an indication
of 0° displacement from the reference yaw direction 1202.

At time T2, the user has rotated (yawed) his or her head
45° to the left 1006. In the present example it is assumed
that, at this point, there has not yet been any tracker drift and
thus the tracker outputs an indication of a position 1108
which is 45° 1106 from the reference yaw direction 1104 and
this output is shown in FIG. 22 1208.

At time T3, the user has rotated his head 1002 back to the
original position (the same as the position depicted in FIG.
30A), aligned with the reference direction 1004. However, it
is assumed that in the period between time T2 and time T3,
drift has occurred so that the tracker provides an indication
1110 of a direction which is at an angle X1 (1112) with
respect to the reference direction 1004. Thus, angle X1
(1112), shown in FIG. 22 (1212) represents the amount of
error or sensor drift. At time T3, the sensor has just finished
movement (as shown in FIG. 22) and thus the device has not
yet indicated a “not moving status” 1306. As a result, no drift
or yaw correction is calculated at this time.

In the present example, during the period between time T3
and T4, the user maintains his or her head substantially
stationary and there continues to be a certain amount of drift
1112 during this period. However, during the period between
time T3 and T4, it is determined that the tracker is substan-
tially not moving 1306. Accordingly, during the period
between time T3 and T4, the apparatus calculates the value
of angle 1112 and determines that this angle is less than a
threshold angle (e.g., less than 20°). As a result, a “yaw
correction” value is stored. However, the yaw correction
value, in the depicted embodiment, is not applied at this
point. Instead, yaw correction is not applied until the device
is again in a moving state. One advantage of waiting until the
device is in the moving state is that the yaw correction will
be substantially imperceptible to a user since a user will
typically not be able to perceive the application of a yaw
correction during the time in which the tracker and, pre-
sumably the display image, is moving.

During the time period between time T4 and time TS, the
user moves his or her head 1002 45° to the right (FIG. 10E).
It is presumed that the sensor output is still experiencing
some amount of drift and thus the uncorrected sensor output
provides an indication 1122 of an angle 1124 which is X1°
to the left of the true sensor position 1118 (i.e., 45° to the
right of the reference direction 1004). However, because the
yaw correction was applied during the time between time T4
and TS, by adding angle 1112 to the sensor output 1124, the
corrected indication 1128 indicates the correct angle 1118, as
also indicated in FIG. 22 (1218). Thus, when the user later
returns his or her head to the reference direction 1004, the
sensor drift angle 1112 has been applied as a correction and
the sensor output 1032 (after correction) correctly indicates
a zero angular displacement, as depicted in FIG. 22 1232.

The correction method described above can be imple-
mented in a number of ways, including implementing in the
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microprocessor 922, implementing in the host computer
510, or a combination thereof. In addition to or in place of
implementing the correction by software, an analog correc-
tion can be implemented if desired.

FIG. 29 is a block diagram showing a hardware imple-
mentation which provides for inertial sensors. Although the
implementation of FIG. 29 has certain similarities with the
magnetic sensor implementation of FIG. 26, the amount of
circuitry and the number of components provided is much
smaller in the embodiment of FIG. 29. In the depicted
embodiment, output from the rate gyro 562 is amplified by
an amplifier 912 and analog filtered by a low-pass filter 916
before being provided to an analog-to-digital converter 932.
The filtered output provides an indication of yaw angle.
Outputs from accelerometers 562a, 562b indicating pitch
and roll respectively are also provided to analog-to-digital
converter 932 which provides output to a microprocessor
922. The microprocessor 922 can apply sensor correction
data, e.g., for correcting for differences in sensor sensitivity,
e.g., using data stored in an EEPROM 928. Data is processed
in the processor 922, e.g., according to programs stored in a
PROM 924. Processing can include, for example, software
filtering and/or Euler angle calculation and/or encoding such
as ASCII encoding. The processed data can be output, via
level translator 946, in a manner similar to that discussed
above in connection with FIG. 26.

Preferably the microprocessor and/or host computer also
use the roll and pitch sensor data to calculate roll and pitch
angles. One difficulty in previous methods of calculating roll
and pitch angle from tilt sensors has been the amount of
calculation, programming and/or time required to perform
such calculations. According to one embodiment of the
present invention, an improved calculation system is used
which reduces the complexity of the calculation. Preferably,
an indication of roll and pitch angle having acceptable
accuracy is achieved by a process which involves only a
single trigonometric calculation (preferably a cosine value
obtained from a lookup table) and a square root ad ratio
calculation. According to the method, it is recognized that
each of the tilt sensors outputs an indication of a tilt angle
along one of two different, preferably orthogonal, axes and
thus defines a plane (or a family of parallel planes). The first
step in the procedure involves calculating the angle which a
defined plane makes with a reference plane, such as a
horizontal imaginary plane. This is calculated using only one
trigonometric calculation, preferably determining the arc
cosine, preferably using a lookup table. Once it is known the
angle which the plane, defined by the two tilt sensors, makes
with an imaginary horizontal plane, this angle is proportion-
ally distributed between the two sensor axes, in proportion
to the magnitude of the sensor outputs. For example, sup-
pose the two tilt sensors are currently outputting voltages of
one volt and two volts respectively. Suppose the trigono-
metric calculation yields the result that the plane defined by
the two sensors lies at an angle of 30° to the horizontal. By
distributing this angle on the two sensor axes in proportion
to the sensor output values, it is determined that the tilt angle
along the first sensor axis is 10° and the tilt angle along the
second sensor axis is 20°. Although this example is made on
the basis of a linear distribution, in fact a square root ratio
is preferably used for distributing the angle among the
Sensor axes.

One advantage of using an accelerometer for tilt sensing
as opposed to an electrolytic tilt sensor is that an acceler-
ometer has greater accuracy at high tilt angles, being sub-
stantially accurate and linear for angles up to at least about
90°. In contrast, electrolytic tilt sensors often display sig-
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nificant nonlinearity at angles greater than about 30°. In one
embodiment, nonlinearity in the range of about 30° to about
60° is reduced or corrected by using correction factors
obtained from a lookup “table” stored in memory.

A number of devices can be used as the rate gyro.
Preferably, a rate gyro available from Murata Company of a
type used in a hand-held video camera (camcorder), e.g., for
reducing motion or jitter can be used. A number of accel-
erometers can be used such as those commonly available for
use in connection with vehicle air bags or anti-lock brake
systems including devices available from Motorola, Texas
Instruments and/or Analog Devices. Inc.

In one embodiment, data may be output from the tracker
in one of several send modes, one of several data modes, and
one of several formats. The data mode may be ASCII
encoded or binary encoded. The format may be “uncooked”,
“cooked” (software corrected and/or filtered), Euler angle or
mouse emulation. The send mode may be continuous
(streaming), polled or mouse emulation. It is contemplated
that commercial applications will preferably operate in
polled send mode, since, in many circumstances, error
recovery is difficult in continuous mode and serial interrupts
and CPU cycles are wasted.

In continuous (streaming) data send mode, a “start” signal
received from the computer causes the tracker to output a
continuous stream of tracker data in a continuous plurality of
packets. Preferably, each packet has a start header and the
application will read data continuously received and search
for a start header. Preferably, the packet also includes a
checksum. Once the application finds the header, the rest of
the packet is read and the checksum computed. If the
computed checksum does not match the transmitted
checksum, the application rereads the data one byte beyond
where it last found the header and starts the process over
again. Alternatively, the application can stop the continuous
stream by sending a stop command until recognized and
begin reading the stream again after flushing the read
buffers. In polled mode, in response to receipt of a “send”
signal from the host computer, the tracker will output a
single data packet. In one embodiment, the packet size is 12
bytes to 8 bytes depending on the requested format.

In uncooked data format, the data has been digitized by
the analog-to-digital (A-to-D) converter after having been
amplified, filtered, demodulated and rectified as described
above, and is then sent to the host computer either as a
12-byte packet for binary data mode, or as a series of
hexadecimal values encoded in ASCII with (ASCII) spaces
separating each 2-byte ASCII hex value. The uncooked
mode is contemplated primarily for use in debugging.

In the cooked data format, after data is received from the
A-to-D converter, the magnetic vector is scaled, centering it
about 0, and the tilt sensor readings are linearized, based on
internal compensation constants stored in the EEPROM.
Cooked data may be used e.g., when it is desired to perform
angle computations on the host computer rather than the
tracker microprocessor. For cooked data, when the device is
binary data mode, the data is sent in 12-byte packets, while
for ASCII data mode, data is sent in 2-byte ASCII hex
format.

In Euler angle format, in addition to performing “cook-
ing” of the data as described above, the tracker micropro-
cessor computes yaw, pitch and roll angles. In one
embodiment, the magnetic sensor data indicates absolute
orientation with respect to the ambient magnetic field, i.e.
the local magnetic field arising from the Earth’s magnetic
field as perturbed by any local influences such as
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construction, materials, power lines, etc. In the binary data
mode, data is output as 8 bytes of binary data When in the
ASCII data mode, the Euler angle data is transmitted in the
form of ASCII hex with (ASCII) spaces separating each
2-byte ASCII hex value.

In emulation mode, the serial output from the tracker
communicates with a mouse driver device. In this mode the
tracker operates at 1200 bps and simulates a 7-bit data byte
with one stop bit and one start bit by always sending the last
data bit as a simulated stop bit. The output format is that
defined by the Microsoft® mouse serial data format (3-byte
format). While operating in mouse mode, X is determined by
a scaled yaw angle calculation, and Y is determined by a
scaled pitch angle sensing. In one embodiment, two mouse
modes are available. In the first mode, displacement or delta
values are sent whenever the tracker moves with the size of
the delta values depending on how far the tracker has
moved. In the second mode, a reference position is defined,
e.g. when the tracker is first initialized and any movement
away from this reference position results in deltas being
continuously sent until the tracker is moved back within the
threshold near the reference position. The size of the deltas
depends on how far away the tracker is moved from the
reference position. Preferably the user or application can set
mouse sensitivity and threshold values.

In view of the above description, a number of advantages
of the present invention can be seen. The present invention
provides for a high quality image in a head-mounted display
at low cost and low weight. For example, in one embodiment
an HMD according to the present invention has a weight of
about 8 oz (about 200 g). In one embodiment, the HMD, not
including earphones, has a height of about 3 inches (about
7 cm), a width of about 7 inches (about 18 cm) and a length
(not including any straps or tracker) of about 8 inches (about
20 cm) in the unfolded state and about 3.5 inches (about 9
cm) in the folded state, with earphones adding up to about
1.5 inches (about 3 ¢cm) to height (depending on rotation of
arms 54). In one embodiment, the HMD provides a fixed and
relatively large focal length, such as about 3.5 m, and a
somewhat small or convergence depth, such as about 2 m, to
reduce or avoid eyestrain. Preferably there is substantially
100% stereo image overlap of the left and right images.
Preferably, the device can be easily stored and transported,
provides for comfort for the user, because of its low weight
and mounting facility, can provide controls for video and
audio is easily adjustable or configured to accommodate the
user’s head size and ear and eye location, provides a high
intensity, preferably color image, provides for ease of
alignment, manufacture, design and repair, provides for ease
of control by the user such as controlling video, audio or
immersive characteristics and/or permits the user to select
whether tracking is attached. In some embodiments, weight
and cost are minimized or reduced by providing components
which perform multiple functions rather than requiring
multiple components each performing a single function. For
example, reflectors 82 perform the multiple functions of
directing the image light toward the user’s eyes, magnifying
the image and providing for combination of the image light
with environmental light The optical shrouds 112 provide
multiple functions of positioning optical components in the
desired location and preventing stray light. In one embodi-
ment the holder 222 performs the multiple functions of
positioning the LCD 72 in the desired location, masking and,
if desired, adjusting position 246a 246b.

The disclosed head tracker provides for ease and comfort
of use and generates high-speed, accurate data at low cost.
By providing a tracker which the end user can readily detach
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from the HMD, preferably without the need to use tools, the
user can, if desired, easily use the HMD without a tracker
attached (e.g. for uses that do not need and/or support a
tracker), providing a reduction in weight of the device. Since
only a single cable or other link is needed for connection to
the host computer (or other image generator), regardless of
whether or not the tracker is being used, the inconvenience
associated with being tethered by multiple cables or other
links is avoided. Since trackers can be easily attached or
detached, consumers who do not wish to pay for tracking
capability can select to purchase the HMD alone, while still
having the option to later upgrade to a tracker device, and
without requiring the retailer to stock both a tracking HMD
and a non-tracking HMD. Preferably, the tracker is located
on the user’s head substantially opposite the location of the
heaviest portion of the HMD (such as the optics, e.g. located
on or near a visor region) to reduce or eliminate neck strain
by acting as at least a partial counterbalance. Preferably, the
number of components of the system is minimized, by
combining functions, such as by providing a single housing
which contains both the tracker and a headstrap-tensioning
device. By providing for tracker communication through a
computer’s serial port, it is not necessary for the user to
install a card or otherwise access the interior of a host
computer. By providing for a plurality of user-selectable,
preferably software-selectable, output formats, the tracker of
the present invention is more readily used in connection with
a wide variety of current application software, and future
application software can be more readily developed so as to
be compatible with the tracker of the present invention. In
those embodiments in which magnetic sensors are encom-
passed by coils (e.g., normalizing coils in the case of
magnetoresistors or driving coils in the case of flux gate
devices) some embodiments of the present invention use a
single coil to encompass two or more sensors, thus making
construction of the device, e.g. mounting on a printed circuit
board, easier and less expensive to achieve than if a separate
coil were used for each sensor. In one embodiment, use of
inertial sensors, such as accelerometers and/or rate gyros
provide for greater accuracy, less distortion, and greater ease
of fabrication than when using many types of magnetic
Sensors.

A number of variations and modifications of the invention
can also be used. Although the device depicted is binocular,
a monocular device can also be used. More or fewer controls
than those depicted can be used. A number of aspects of the
invention can be used without providing other aspects, for
example, it is possible to provide for the eyeglass-like
fold-up style without providing for a color shutter. It is
possible to provide a user-detachable tracker without pro-
viding a strap-tensioner or vice versa. Although removable
forehead brace pads of various thicknesses have been dis-
closed for adjusting the spacing of the device away from the
head of the user, and thus adjusting the amount of eye relief,
other devices for adjusting eye relief can be provided such
as providing a forehead brace which is linearly slidable in a
fore-aft direction, or with a bracket which is pivotable to
affect distance from the forehead and/or optics which are
mounted to be movable or slidable in a fore-aft direction.

The head mounted display can be combined with or
coupled to other devices such as full-function computers, a
keyboard, microphone or other input device, e.g., as
described generally in U.S. patent application Ser. No.
60/001069 for Ultra Portable Computer filed Jul. 12, 1995,
incorporated herein by reference, depixelators such as those
described in U.S. application Ser. No. PCT/US95/00661,
filed Jan. 18, 1995, for Speckle Depixelator, incorporated
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herein by reference and/or eyetracking such as described in
U.S. application Ser. No. 60/002013 filed Aug. 8, 1995, for
Head Mounted Display with Eye Tracking, incorporated
herein by reference. It is feasible to house or couple image
and/or audio storage devices and/or sources in the HMD so
that a self-contained display device is provided. Images may
be stored in a memory device (e.g., ROM or Flash memory)
magnetic storage devices (such as hard disk or video tape)
optical devices (such as video disks or compact disks) and
the like. Although the PC interface has been depicted as
being separate from the HMD and communicating therewith
via a cable, the PC interface may be incorporated as part of
the HMD if desired, preferably permitting selective bypass-
ing of the video format conversion when this is not needed,
such as in response to activation of a user switch or other
control, or automatically in response to electronic detection
of the type of video format which is received. Other items
may be mounted in or on or coupled to the HMD, such as
decoders, “set top box” devices and the like for permitting
direct coupling to and display of satellite, cable, videophone,
computer networks or similar information outlets.

One embodiment, described above, provides, when the
tracker is being used, a first cable from the tracker to the host
computer and tracker pass-through of image information to
the HMD via a second cable, with the second cable being
used for connection to the host computer when the tracker is
not being used. However, it is also possible to provide for a
cable (or other communications link, such as an infrared,
radio or other wireless link) which couples the HMD to the
host computer or other image source, regardless of whether
the tracker is used, and another, preferably user-
disconnectable, cable or link for sending tracker information
to the HMD (and optionally receiving power, commands,
etc. from the HMD), with the HMD passing-through data
and other signals between the host computer and the tracker,
when the tracker is being used. Although one embodiment
described use of magnetoresistors, other types of magnetic
sensors can be used including flux gate sensors and Hall
effect sensors. Although one embodiment described the use
of rate gyros and accelerometers, other types of inertial
sensors can be used, including two-degree-of-freedom
gyroscopes, fiber-optic gyroscopes and laser gyroscopes and
any of a variety of accelerometers including piezoelectric or
piezoresistive accelerometers, strain-gage sensors, Servo
accelerometers and eddy current probes. Although one
embodiment discloses a single housing for both the head
tracker and the headstrap tensioner, it would be possible to
place these two components in different housings and/or
locations. Although connection of the tracker/HMD to a host
computer is preferably via an external PC interface, it would
be possible for some or all of the PC interface function to be
performed by devices housed in the host PC and/or housed
in the HMD and/or housed in the tracker. Similarly, it would
be possible for some of the devices disclosed as located in
the tracker or the HMD (such as a microprocessor, filters,
power devices), to be located external the tracker and/or
HMD. Although one embodiment includes correcting for
drift by correcting to a reference yaw direction if detected
yaw is sufficiently close to the reference direction, drift can
also be corrected by other methods, such as by correcting a
direction detected by a first (e.g. inertial) sensor to corre-
spond to a direction sensed by a second (e.g. magnetic or
optical) sensor.

Although the invention has been described by way of a
preferred embodiment and certain variations and
modification, other variations and modifications can also be
used, the invention being defined by the following claims.
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What is claimed is:

1. A tracker for use with a head-mounted display, com-
prising:

a housing;

sensors and signal processing circuitry, coupled to said
housing, configured to output first signals which indi-
cate movement or position of said housing;

a coupler configured to couple said housing to the head-
mounted display in such a way that, when the head-
mounted display is positioned on a user’s head, move-
ment of the user’s head causes movement of the
sensors; said tracker being coupled to said head-
mounted display in a position, with respect to the user’s
head, to counterbalance the weight of said head-
mounted display, wherein neck strain is reduced; and

wherein said coupler is configured to permit user removal
of said tracker so that the head-mounted display can be
used without the tracker.

2. A display system, comprising:

a head-mounted display operatively connected to an
image source such that the head mounted display can
receive and display images from the image source;

a tracker which includes
a housing;
sensors and signal processing circuitry, coupled to said

housing, configured to output first signals which
indicate movement or position of said housing;

a fastener configured to removably attach said housing
to the head-mounted display in such a way that,
when the head-mounted display is positioned on a
user’s head, movement of the user’s head causes
movement of the sensors;

wherein said fastener is configured to permit user
removal of said tracker so that the head-mounted
display can be used without the tracker.

3. A display system as claimed in claim 2, wherein said
fastener is a temporary fastener configured to permit the user
to remove the tracker from the head-mounted display with-
out tools.

4. A display system as claimed in claim 2, wherein said
fastener is constructed from Velcro.

5. A display system as claimed in claim 2, wherein said
fastener comprises an electrical connector.

6. A display system as claimed in claim 5, wherein said
electrical connector conveys signals between said head
mounted display and said tracker.

7. A display system as claimed in claim 6, wherein said
electrical connector is the only fastener between said head-
mounted display and said tracker.

8. A display system as claimed in claim 2, wherein said
image source includes a central processing unit.

9. A display system as claimed in claim 2, wherein said
image source is a computer.

10. A display system as claimed in claim 2, wherein said
image source is a game console.

11. A display system as claimed in claim 2, wherein said
image source is a VCR.

12. A display system as claimed in claim 2, wherein said
image source is a DVD player.

13. A tracker for use with a head-mounted display opera-
tively connected to an image source such that the head
mounted display can receive and display images from the
image source comprising:

housing means;

sensors and signal processing means, coupled to said
housing means;
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coupler means for coupling said housing to the head-
mounted display in such a way that, when the head-
mounted display is positioned on a user’s head, move-
ment of the user’s head causes movement of the
Sensors;

wherein said coupler means is configured to permit user
removal of said tracker so that the head-mounted
display can be used without the tracker.

14. A tracker for use with a head-mounted display opera-
tively connected to an image source such that the head
mounted display can receive and display images from the
image source, comprising:

a housing;

sensors and signal processing circuitry, coupled to said
housing, configured to output first signals which indi-
cate movement or position of said housing;

a coupler configured to couple said housing to the head-
mounted display in such a way that, when the head-
mounted display is positioned on a user’s head, move-
ment of the user’s head causes movement of the
Sensors;

wherein said sensors include inertial sensors.

15. A tracker for use with a head-mounted display, com-

prising:

a housing;

sensors and signal processing circuitry, coupled to said
housing, configured to output first signals which indi-
cate movement or position of said housing;

a coupler configured to couple said housing to the head-
mounted display in such a way that, when the head-
mounted display is positioned on a user’s head, move-
ment of the user’s head causes movement of the
sensors; wherein said sensors include inertial sensors
and said inertial sensors include first and second accel-
erometers configured to sense head pitch in first and
second different directions and a rate gyro configured to
sens head rotation substantially about a user’s spinal
axis.

16. A display system comprising:

a head-mounted display;
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at least a first earphone coupled to said head-mounted
display
at least a first bucking magnet adjacent said first earphone

sensors and signal processing circuitry, coupled to said

head-mounted display, configured to output first signals

which indicate movement or position of said head-
mounted display.

17. A display system, comprising:

a head mounted display operatively connected to an

image generator;

a tracker which includes:

a housing;

sensors and signal processing circuitry, coupled to said
housing, configured to output first signals which
indicate movement or position of said housing;

a electrical connector configured to fasten said housing
to the head-mounted display in such a way that,
when the head-mounted display is positioned on a
user’s head, movement of the user’s head causes
movement of the sensors;

a single communication cable which conveys the elec-
trical signals from said tracker to said image
generator, and from said image generator to said
head-mounted display.

18. A display system as claimed in claim 17, wherein said
electrical connector is configured to permit user removal of
said tracker so that the head mounted display can be used
without the tracker.

19. A display system as claimed in claim 17, wherein said
image generator includes a central processing unit.

20. A display system as claimed in claim 17, wherein said
image generator is a computer.

21. A display system as claimed in claim 17, wherein said
image generator is a game console.

22. A display system as claimed in claim 17, wherein said
image generator is a VCR.

23. A display system as claimed in claim 17, wherein said
image generator is a DVD player.

#* #* #* #* #*
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