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EyeTap Devices for Augmented,
Deliberately Diminished, or
Otherwise Altered Visual
Perception of Rigid Planar
Patches of Real-World Scenes

Abstract

Diminished reality is as important as augmented reality, and both are possible with

a device called the Reality Mediator. Over the past two decades, we have designed,

built, worn, and tested many different embodiments of this device in the context of

wearable computing. Incorporated into the Reality Mediator is an “EyeTap” system,

which is a device that quanti�es and resynthesizes light that would otherwise pass

through one or both lenses of the eye(s) of a wearer. The functional principles of

EyeTap devices are discussed, in detail. The EyeTap diverts into a spatial measure-

ment system at least a portion of light that would otherwise pass through the cen-

ter of projection of at least one lens of an eye of a wearer. The Reality Mediator

has at least one mode of operation in which it reconstructs these rays of light, un-

der the control of a wearable computer system. The computer system then uses

new results in algebraic projective geometry and comparametric equations to per-

form head tracking, as well as to track motion of rigid planar patches present in the

scene. We describe how our tracking algorithm allows an EyeTap to alter the light

from a particular portion of the scene to give rise to a computer-controlled, selec-

tively mediated reality. An important difference between mediated reality and aug-

mented reality includes the ability to not just augment but also deliberately diminish

or otherwise alter the visual perception of reality. For example, diminished reality

allows additional information to be inserted without causing the user to experience

information overload. Our tracking algorithm also takes into account the effects of

automatic gain control, by performing motion estimation in both spatial as well as

tonal motion coordinates.

1 Introduction

Ivan Sutherland, a pioneer in the �eld of computer graphics, described a
head-mounted display with half-silvered mirrors so that the wearer could see a
virtual world superimposed on reality (Earnshaw, Gigante, & Jones, 1993;
Sutherland, 1968), giving rise to augmented reality (AR).

Others have adopted Sutherland’s concept of a head-mounted display
(HMD) but generally without the see-through capability. An arti�cial environ-
ment in which the user cannot see through the display is generally referred as a
virtual reality (VR) environment. One of the reasons that Sutherland’s ap-
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proach was not more ubiquitously adopted is that he
did not merge the virtual object (a simple cube) with
the real world in a meaningful way. Feiner’s group was
responsible for demonstrating the viability of AR as a
�eld of research, using sonar (Logitech 3-D trackers) to
track the real world so that the real and virtual worlds
could be registered (Feiner, MacIntyre, & Seligmann,
1993a, 1993b). Other research groups (Fuchs, Bajura,
& Ohbuchi; Caudell & Mizell, 1992) also contributed
to this development. Some research in AR also arises
from work in telepresence (Drascic & Milgram, 1996).

However, the concept of the Reality Mediator, which
arises from the �eld of humanistic intelligence (HI)
(Mann, 1997a, 2001a, 2001b) differs from augmented
reality, which has its origins in the �eld of virtual reality.
HI is de�ned as intelligence that arises from the human
being in the feedback loop of a computational process
in which the human and computer are inextricably in-
tertwined. Wearable computing has emerged as the per-
fect tool for embodying HI. When a wearable computer
functions as a successful embodiment of HI, the com-
puter uses the human’s mind and body as one of its pe-
ripherals, just as the human uses the computer as a pe-
ripheral. This reciprocal relationship, in which each uses
the other in its feedback loop, is at the heart of HI.
Within an HI framework, the wearable computer is
worn constantly to assist the user in a variety of day-to-
day situations.

An important observation arising from this constant
use is that, unlike handheld devices, laptop computers,
and PDAs, the wearable computer can encapsulate us
(Mann, 1998). It can function as an information �lter
and allow us to block out material we might not wish to
experience (such as offensive advertising) or simply re-
place existing media with different media. Thus, the
wearable computer acts to mediate one’s experience
with the world. The mediating role of EyeTap and
wearable computers can be better understood by exam-
ining the signal �ow paths between the human, com-
puter, and external world as illustrated in �gure 1.
There exist well known email and Web browser �lters
that replace or remove unwanted advertising, mediating
one’s use of the media. Diminished reality extends this
mediation to the visual domain.

2 EyeTap Devices

Just as half-silvered mirrors are used to create aug-
mented reality, EyeTap devices are used to mediate
one’s perception of reality. EyeTap devices have three
main components:

c a measurement system typically consisting of a cam-
era system, or sensor array with appropriate optics;

c a diverter system, for diverting eyeward bound light
into the measurement system and therefore causing
the eye of the user of the device to behave, in effect,
as if it were a camera; and

c an aremac for reconstructing at least some of the
diverted rays of eyeward bound light. (Thus, the
aremac does the opposite of what the camera does
and is, in many ways, a camera in reverse. The ety-
mology of the word aremac itself arises from spell-
ing the word camera backwards (Mann, 1997c).)

Figure 1. (a) The wearable computer can be used like clothing to

encapsulate the user and function as a protective shell, whether to

protect us from cold or physical attack (as traditionally facilitated by

armor), or to provide privacy (by concealing personal information and

personal attributes from others). In terms of signal �ow, this

encapsulation facilitates the possible mediation of incoming

information to permit solitude and the possible mediation of outgoing

information to permit privacy. It is not so much the absolute blocking

of these information channels that is important; it is the fact that the

wearer can control to what extent, and when, these channels are

blocked, modi�ed, attenuated, or ampli�ed, in various degrees, that

makes wearable computing much more empowering to the user than

other similar forms of portable computing. (b) An equivalent depiction

of encapsulation (mediation) redrawn where the encapsulation is

understood to comprise a separate protective shell.
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A number of such EyeTap devices, together with
wearable computers, were designed, built, and worn by
the authors for many years in a wide variety of settings
and situations, both inside the lab as well as in ordinary
day-to-day life (such as while shopping, riding a bicycle,
going through airport customs, attending weddings,
and so on). This broad base of practical real-life experi-
ence helped us better understand the fundamental issues
of mediated reality.

Although the apparatus is for altering our vision, in
most of the practical embodiments that we built we pro-
vided at least one mode of operation that can preserve
our vision unaltered. This one mode, which we call the
“identity mode,” serves as a baseline that forms a point
of departure for when certain changes are desired. To
achieve the identity mode requirement, the EyeTap
must satisfy three criterion:

c focus: The subject matter viewed through the eyetap
must be displayed at the appropriate depth of focus.

c orthospatiality: The rays of light created by the
aremac must be collinear with the rays of light en-
tering the EyeTap, such that the scene viewed
through the EyeTap appears the same as if viewed
in the absence of the EyeTap.

c orthotonality: In addition to preserving the spatial
light relationship of light entering the eye, we de-
sire that the EyeTap device also preserves the tonal
relationships of light entering the eye.

2.1 Focus and Orthospatiality in
EyeTap Systems

The aremac has two embodiments: one in which a
focuser (such as an electronically focusable lens) tracks
the focus of the camera to reconstruct rays of diverted
light in the same depth plane as imaged by the camera,
and another in which the aremac has extended or in�-
nite depth of focus so that the eye itself can focus on
different objects in a scene viewed through the appara-
tus.

Although we have designed, built, and tested many of
each of these two kinds of systems, this paper describes
only the systems that use focus tracking.

In the focus-tracking embodiments, the aremac has
focus linked to the measurement system (for example,
“camera”) focus, so that objects seen depicted on the
aremac of the device appear to be at the same distance
from the user of the device as the real objects so de-
picted. In manual focus systems, the user of the device is
given a focus control that simultaneously adjusts both
the aremac focus and the “camera” focus. In automatic
focus embodiments, the camera focus also controls the
aremac focus. Such a linked focus gives rise to a more
natural view�nder experience. It reduces eyestrain as
well. Reduced eyestrain is important because these de-
vices are intended to be worn continually.

The operation of the depth tracking aremac is shown
in �gure 2.

Because the eye’s own lens (L3) experiences what it
would have experienced in the absence of the apparatus,
the apparatus, in effect, taps in to and out of the eye,
causing the eye to become both the camera and the
view�nder (display). Therefore, the device is called an
EyeTap device.

Often, lens L1 is a varifocal lens or otherwise has a
variable �eld of view (such as a “zoom” functionality).
In this case, it is desired that the aremac also have a vari-
able �eld of view. In particular, �eld-of-view control
mechanisms (whether mechanical, electronic, or hybrid)
are linked in such a way that the aremac image magni�-
cation is reduced as the camera magni�cation is in-
creased. Through this appropriate linkage, any increase
in magni�cation by the camera is negated exactly by
decreasing the apparent size of the view�nder image.

The operation of the aremac focus and zoom tracking
is shown in �gure 3.

Stereo effects are well known in virtual reality systems
(Ellis, Bucher, & Menges, 1995) wherein two informa-
tion channels are often found to create a better sense of
realism. Likewise, in stereo embodiments of the devices
that we built, there were two cameras or measurement
systems and two aremacs that each regenerated the re-
spective outputs of the camera or measurement systems.

The apparatus is usually concealed in dark sunglasses
that wholly or partially obstruct vision except for what
the apparatus allows to pass through.
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2.2 Importance of the Orthospatial
Criterion

Registration, which is important to augmented-
reality systems (You, Neumann, & Azuma, 1999;
Azuma, 2001; Behringer, 1998), is also important in
mediated reality.

Of the three registration criteria (focus, orthospatial-
ity, orthotonality), an important one is the orthospatial
criteria for mitigation of any resulting mismatch be-

Figure 2. Focus tracking aremac: (a) with a Nearby subject, a point P0

that would otherwise be imaged at P3 in the eye of a user of the device is

instead imaged to point P1 on the image sensor, because the diverter diverts

eyeward bound light to lens L1. When subject matter is nearby, the L1 focuser

moves objective lens L1 out away from the sensor automatically, as an

automatic focus camera would. A signal from the L1 focuser directs the L2

focuser, by way of the focus controller, to move lens L2 outward away from

the light synthesizer. In many of the embodiments of the system that we built,

the functionality of the focus controller was implemented within a wearable

computer that also processed the images. We designed and built a focus

controller card as a printed circuit board for use with the Industry Standards

Association (ISA) bus standard that was popular at the time of our original

design. We also designed and built a PC104 version of the focus controller

board. Our focus controller printed circuit layout (available in PCB format) is

released under GNU GPL, and is downloadable from http://wearcam.org/

eyetap_focus_controller, along with FIFO implementation of serial select servo

controller. (Later, we built some other embodiments that use a serial port of

the wearable computer to drive a separate focus controller module.) The focus

controller drives up to four servos to adjust the position of lenses L2 of a

stereo rig, as well as the two lenses L1. In other embodiments, we used

automatic-focus cameras and derived the signal controlling the servo position

for lens L2 by extracting the similar servo positioning signal from the focus

adjustment of the autofocus camera. At the same time, an image from the

sensor is directed through an image processor (PROC) into the light

synthesizer (SYNTH). Point P2 of the display element is responsive to point P1

of the sensor. Likewise, other points on the light synthesizer are each

responsive to corresponding points on the sensor, so that the synthesizer

produces a complete image for viewing through lens L2 by the eye, after

re�ection off the back side of the diverter. The position of L2 is such that the

eye’s own lens L3 will focus to the same distance as it would have focused in

the absence of the entire device. (b) With distant subject matter, rays of

parallel light are diverted toward the sensor where lens L1 automatically

retracts to focus these rays at point P1. When lens L1 retracts, so does lens

L2, and the light synthesizer ends up generating parallel rays of light that

bounce off the backside of the diverter. These parallel rays of light enter the

eye and cause its own lens L3 to relax to in�nity, as it would have in the

absence of the entire device.

Figure 3. Focus of right camera and both aremacs (as well as

vergence) controlled by the autofocus camera on the left side. In a

two-eyed system, it is preferable that both cameras and both

aremacs focus to the same distance. Therefore, one of the cameras is

a focus master and the other camera is a focus slave. Alternatively, a

focus combiner is used to average the focus distance of both cameras

and then make the two cameras focus at equal distance. The two

aremacs, as well as the vergence of both systems, also track this

same depth plane as de�ned by camera autofocus.
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tween view�nder image and the real world that would
otherwise create an unnatural mapping. Indeed, anyone
who has walked around holding a small camcorder up
to his or her eye for several hours a day will obtain an
understanding of the ill psychophysical effects that result.

The diverter system in EyeTap allows the center of
projection of the camera to optically coincide with the
center of projection of the eye. This placement of the
camera makes EyeTap different from other head-
mounted camera systems that place the camera only
“near to” the eye’s center of projection. We will now
discuss how camera placement of the EyeTap allows it
to work without parallax in a variety of situations, with-
out the limitations experienced by head-mounted cam-
era systems.

It is easy to imagine a camera connected to a televi-
sion screen and carefully arranged in such a way that,
when viewed from a particular viewpoint, the television
screen displays exactly what is blocked by the screen, so
that an illusory transparency results. This illusory trans-
parency would hold only so long as the television is
viewed from this particular viewpoint. Moreover, it is
easy to imagine a portable miniature device that accom-
plishes this situation, especially given the proliferation of
consumer camcorder systems (such as portable cameras
with built-in displays). We could attempt to achieve this
condition with a handheld camcorder, perhaps minia-
turized to �t into a helmet-mounted apparatus, but it is
impossible to align the images exactly with what would
appear in the absence of the apparatus. We can better
understand this problem by referring to �gure 4.

Figure 5 shows, in detail, how, in �gure 4, we imag-
ine that the objective lens of the camera, placed directly
in front of the eye, is much larger than it really is, so
that it captures all eyeward bound rays of light, for
which we can imagine that it processes these rays in a
collinear fashion. However, this reasoning is pure �ction
and breaks down as soon as we consider a scene that has
some depth of �eld.

Thus, the setup of �gures 4 and 5 works for only a
particular viewpoint and for subject matter in a particu-
lar depth plane. Although the same kind of system
could obviously be miniaturized and concealed in ordi-
nary-appearing sunglasses, in which case the limitation

to a particular viewpoint is not a problem (because the
sunglasses could be anchored to a �xed viewpoint with
respect to at least one eye of a user), the other impor-
tant limitation—that such systems work for only subject
matter in the same depth plane—remains.

This problem exists whether the camera is right in
front of the display or off to one side. Some real-world
examples, having the camera to the left of the display,
are shown in �gure 6. In these setups, subject matter
moved closer to the apparatus will show as being not
properly aligned. Consider a person standing right in
front of the camera but not in front of the TV in �gure
6. Clearly, this person will not be behind the television
but yet will appear on the television. Likewise, a person
standing directly behind the television will not necessar-
ily be seen by the camera, which is located to the left of

Figure 4. The small lens (22) shown in solid lines collects a cone of

light bounded by rays 1C and 2C. Consider, for example, eyeward-

bound ray of light 1E, which may be imagined to be collected by a

large �ctional lens 22F (when in fact ray 1C is captured by the actual

lens 22), and focused to point 24A. The sensor element collecting

light at point 24A is displayed as point 32A on the camcorder

view�nder, which is then viewed by a magnifying lens and emerges as

ray 1D into the eye (39). It should be noted that the top of the

nearby subject matter (23N) also images to point 24A and is

displayed at point 32A, emerging as ray 1D as well. Thus, nearby

subject matter 23N will appear as shown in the dotted line denoted

23F, with the top point appearing as 23FA even though the actual

point should appear as 23NA (that is, it would appear as point

23NA in the absence of the apparatus). Thus, a camcorder cannot

properly function as a true EyeTap device.
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the television. Thus, subject matter that exists at a vari-
ety of different depths and is not con�ned to a plane
may be impossible to align in all areas with its image on
the screen.

3 VideoOrbits Head Tracking and Motion
Estimation for EyeTap Reality
Mediation

Because the device absorbs, quanti�es, processes,
and reconstructs light passing through it, there are ex-
tensive applications in creating a mediated version of
reality. The computer-generated information or virtual
light as seen through the display must be properly regis-
tered and aligned with the real-world objects within the
user’s �eld of view. To achieve this, a method of
camera-based head tracking is now described.

3.1 Why Camera-Based Head Tracking?

A goal of personal imaging (Mann, 1997b) is to fa-
cilitate the use of the Reality Mediator in ordinary everyday
situations, not just on a factory assembly line “workcell” or
other restricted space. Thus, it is desired that the apparatus
have a head tracker that need not rely on any special appa-
ratus being installed in the environment.

Therefore, we need a new method of head tracking
based on the use of the camera capability of the appara-
tus (Mann, 1997b) and on the VideoOrbits algorithm
(Mann & Picard, 1995).

3.2 Algebraic Projective Geometry

The VideoOrbits algorithm performs head track-
ing, visually, based on a natural environment, and it
works without the need for object recognition. Instead,
it is based on algebraic projective geometry and a direct
featureless means of estimating the change in spatial
coordinates of successive frames of EyeTap video arising
from movement of the wearer’s head, as illustrated in
�gure 7. This change in spatial coordinates is character-
ized by eight parameters of an “exact” projective (ho-
mographic) coordinate transformation that registers
pairs of images or scene content. These eight parameters
are “exact” for two cases of static scenes: (i) images
taken from the same location of an arbitrary 3-D scene,
with a camera that is free to pan, tilt, rotate about its
optical axis, and zoom (such as when the user stands
still and moves their head); or (ii) images of a �at scene

Figure 5. Suppose the camera portion of the camcorder, denoted

by reference numeral 10C, were �tted with a very large objective lens

(22F). This lens would collect eyeward-bound rays of light 1E and 2E.

It would also collect rays of light coming toward the center of

projection of lens 22. Rays of light coming toward this camera center

of projection are denoted 1C and 2C. Lens 22 converges rays 1E and

1C to point 24A on the camera sensor element. Likewise, rays of light

2C and 2E are focused to point 24B. Ordinarily, the image (denoted

by reference numeral 24) is upside down in a camera, but cameras

and displays are designed so that, when the signal from a camera is

fed to a display (such as a TV set), it shows rightside up. Thus, the

image appears with point 32A of the display creating rays of light

such as the one denoted 1D. Ray 1D is collinear with eyeward-bound

ray 1E. Ray 1D is responsive to, and collinear with, ray 1E that would

have entered the eye in the absence of the apparatus. Likewise, by

similar reasoning, ray 2D is responsive to, and collinear with, eyeward-

bound ray 2E. It should be noted, however, that the large lens (22F)

is just an element of �ction. Thus, lens 22F is a �ctional lens, because

a true lens should be represented by its center of projection; that is,

its behavior should not change, other than by depth of focus,

diffraction, and amount of light passed, when its iris is opened or

closed. Therefore, we could replace lens 22F with a pinhole lens and

simply imagine lens 22 to have captured rays 1E and 2E, when it

actually, in fact, captures only rays 1C and 2C.
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taken from arbitrary locations (such as when it is desired
to track a planar patch, viewed by a user who is free to
move about). Thus, it is well suited for tracking planar
patches with arbitrary view motion, a situation that
commonly arises, for instance, when a sign or billboard
is to be tracked.

It is stressed here that the algorithm presented is used
to track image motion arising from arbitrary relative
motion of the user’s head with respect to rigid planar
patches. Initial placement of computer-generated infor-
mation (for instance, the four corners of the rigid planar
rectangular patch) is assumed to have been completed

by another method. Once placed, however, no further
model or knowledge of the scene is required to track
the location of computer-geneated information.

The featureless projective approach generalizes inter-
frame camera motion estimation methods that have pre-
viously used an af�ne model (which lacks the degrees of
freedom to “exactly” characterize such phenomena as
camera pan and tilt) and/or that have relied upon �nd-
ing points of correspondence between the image frames.
The featureless projective approach, which operates di-
rectly on the image pixels, is shown to be superior in
accuracy and ability to enhance resolution. The pro-

Figure 6. Illusory transparency: Examples of a camera supplying a television with an image of subject matter blocked by the

television. (a) A television camera on a tripod at left supplies an Apple “Studio” television display with an image of the lower

portion of Niagara Falls blocked by the television display (resting on an easel to the right of the camera tripod). The camera

and display were carefully arranged, along with a second camera to capture this picture of the apparatus. Only when viewed

from the special location of the second camera does the illusion of transparency exist. (b) Various cameras with television

outputs were set up on the walkway but none of them can re-create the subject matter behind the television display in a

manner that creates a perfect illusion of transparency, because the subject matter does not exist in one single depth plane.

There exists no choice of camera orientation, zoom setting, and viewer location that creates an exact illusion of transparency for

the portion of the Brooklyn Bridge blocked by the television screen. Notice how the railings don’t quite line up correctly because

they vary in depth with respect to the �rst support tower of the bridge.
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posed methods work well on image data collected from
both good-quality and poor-quality video under a wide
variety of conditions (sunny, cloudy, day, night). These
fully automatic methods are also shown to be robust to
deviations from the assumptions of static scene and no
parallax. The primary application here is in �ltering out
or replacing subject matter appearing on �at surfaces
within a scene (for example, rigid planar patches such as
advertising billboards).

The most common assumption (especially in motion
estimation for coding and optical �ow for computer
vision) is that the coordinate transformation between
frames is translation. Tekalp, Ozkan, and Sezan (1992)
have applied this assumption to high-resolution image
reconstruction. Although translation is the least con-
straining and simplest to implement of the seven coordi-
nate transformations in table 1, it is poor at handling
large changes due to camera zoom, rotation, pan, and tilt.

Zheng and Chellappa (1993) considered the image
registration problem using a subset of the af�ne model:
translation, rotation and scale. Other researchers (Irani
& Peleg, 1991; Teodosio & Bender, 1993) have as-
sumed af�ne motion (six parameters) between frames.
Behringer (1998) considered features of a silhouette.
For the assumptions of static scene and no parallax, the
af�ne model exactly describes rotation about the optical
axis of the camera, zoom of the camera, and pure shear,
which the camera does not do, except in the limit as the
lens focal length approaches in�nity. The af�ne model
cannot capture camera pan and tilt and therefore cannot
properly express the “keystoning” and “chirping” we
see in the real world. (Chirping refers to the effect of
increasing or decreasing spatial frequency with respect
to spatial location, as illustrated in �gure 8.)

This chirping phenomenon is implicit in the proposed
system, whether or not there is periodicity in the subject
matter. The only requirement is that there be some dis-
tinct texture upon a �at surface in the scene.

3.3 Video Orbits

Tsai and Huang (1981) pointed out that the ele-
ments of the projective group give the true camera mo-
tions with respect to a planar surface. They explored the

Figure 7. The VideoOrbits head-tracking algorithm: The new

head-tracking algorithm requires no special devices installed in the

environment. The camera in the personal imaging system simply

tracks itself based on its view of objects in the environment. The

algorithm is based on algebraic projective geometry and provides an

estimate of the true projective coordinate transformation, which, for

successive image pairs is composed using the projective group (Mann

& Picard, 1995). Successive pairs of images may be estimated in the

neighborhood of the identity coordinate transformation of the group,

whereas absolute head tracking is done using the exact group by

relating the approximate parameters q to the exact parameters p in

the innermost loop of the process. The algorithm typically runs at �ve

to ten frames per second on a general purpose computer, but the

simple structure of the algorithm makes it easy to implement in

hardware for the higher frame rates needed for full-motion video.

Mann and Fung 165



group structure associated with images of a 3-D rigid
planar patch, as well as the associated Lie algebra, al-
though they assume that the correspondence problem

has been solved. The solution presented in this paper
(which does not require prior solution of correspon-
dence) also relies on projective group theory.

Table 1. Image Coordinate Transformations Discussed in this Paper

Model Coordinate transformation from x to x9 Parameters

Translation x9 5 x 1 b b [ R2

Af�ne x9 5 Ax 1 b A [ R232, b [ R2

Bilinear x9 5 qx 9xyxy 1 qx9xx 1 qx9yy 1 qx9

y9 5 qy9xyxy 1 qy9xx 1 qy9yy 1 qy9 q* [ R

Projective x9 5
Ax 1 b
cTx 1 1

A [ R232, b, c [ R2

Relative-projective x9 5
Ax 1 b
cTx 1 1

1 x A [ R232, b, c [ R2

Pseudo-perspective x9 5 qx 9xx 1 qx9yy 1 qx9 1 q a x2 1 q b xy
y9 5 qy9xx 1 qy9yy 1 qy9 1 q a xy 1 q b y2 q* [ R

Biquadratic x9 5 qx 9x2x2 1 qx9xyxy 1 qx9y2y2 1 qx9xx 1 qx9yy 1 qx9

y9 5 qy9x2x2 1 qy9xyxy 1 qy9y2y2 1 qy9xx 1 qy9yy 1 qy9 q* [ R

Figure 8. The projective chirping phenomenon. (a) A real-world object that exhibits periodicity

generates a projection (image) with “chirping” (“periodicity in perspective”). (b) Center raster of image.

(c) Best-�t projective chirp of form sin(2 p ((ax 1 b)/(cx 1 1))). (d) Graphical depiction of exemplar

1-D projective coordinate transformation of sin(2 p x1) into a “projective chirp” function, sin(2 p x2) 5

sin(2 p ((2x1 2 2)/(x1 1 1))). The range coordinate as a function of the domain coordinate forms a

rectangular hyperbola with asymptotes shifted to center at the vanishing point x1 5 21/c 5 21 and

exploding point, x2 5 a/c 5 2, and with chirpiness c9 5 c2/(bc 2 a) 5 21�4.
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3.3.1 Projective Flow—A New Technique for
Tracking a Rigid Planar Patch. A method for track-
ing a rigid planar patch is now presented. Consider �rst
one-dimensional systems because they are easier to ex-
plain and understand. For a 1-D af�ne coordinate trans-
formation, the graph of the range coordinate as a func-
tion of the domain coordinate is a straight line; for the
projective coordinate transformation, the graph of the
range coordinate as a function of the domain coordinate
is a rectangular hyperbola (�gure 8(d)).

Whether or not there is periodicity in the scene, the
method still works, in the sense that it is based on the
projective �ow across the texture or pattern, at all vari-
ous spatial frequency components of a rigid planar
patch. The method is called projective-�ow (p-�ow),
which we will now describe in 1-D.

We begin with the well-known Horn and Schunk
brightness change constraint equation (Horn &
Schunk, 1981):

u fEx 1 Et < 0, (1)

where Ex and Et are the spatial and temporal derivatives
respectively of the image E(x), and uf is the optical �ow
velocity, assuming pure translation. Typically, we deter-
mine um which minimizes the error equation (1) as

e flow 5 O
x

~umEx 1 Et!
2 (2)

Projective-�ow (p-�ow), and arises from substitution
of um 5 ((ax 1 b)/(cx 1 1)) 2 x in place of uf in
equation (1).

A judicious weightnig by (cx 1 1) simpli�es the cal-
culation, giving

e w 5 O ~axEx 1 bEx 1 c~xEt 2 x 2Ex! 1 Et 2 xEx!
2. (3)

Differentiating and setting the derivative to zero (the
subscript w denotes weighting has taken place) results in
a linear system of equations for the parameters, which
can be written compactly as

~ O f w f w
T!@a, b, c#T 5 O ~xEx 2 Et! f w (4)

where the regressor is f w 5 [xEx, Ex, xEt 2 x2Ex]
T.

The notation and derivations used in this paper are as

described by Mann (1998, p. 2139). The reader is in-
vited to refer to that work for a more in-depth treat-
ment of the matter.

3.3.2 The Unweighted Projectivity Estimator.
If we do not wish to apply the ad hoc weighting
scheme, we may still estimate the parameters of projec-
tivity in a simple manner still based on solving a linear
system of equations. To do this, we write the Taylor
series of um

um 1 x 5 b 1 ~a 2 bc!x 1 ~bc 2 a!cx 2

1 ~a 2 bc!c 2x 3 1 · · ·
(5)

and use only the �rst three terms, obtaining enough
degrees of freedom to account for the three parameters
being estimated. Letting e 5 ¥ ((b 1 (a 2 bc 2 1)x 1

(bc 2 a)cx2)Ex 1 Et)
2, q2 5 (bc 2 a)c, q1 5 a 2 bc 2

1, and q0 5 b, and differentiating with respect to each
of the three parameters of q, setting the derivatives
equal to zero, and verifying with the second derivatives
gives the linear system of equations for unweighted pro-
jective �ow:

F O x 4E x
2 O x 3E x

2 O x 2E x
2

O x 3E x
2 O x 2E x

2 O xE x
2

O x 2E x
2 O xE x

2 O E x
2

G F q2

q1

q0
G 5 2 F O x 2ExEtO xExEtO ExEt

G (6)

3.4 Planetracker in 2-D

We now discuss the 2-D formulation. We begin
again with the brightness constancy constraint equation,
this time for 2-D images (Horn & Schunk, 1981),
which gives the �ow velocity components in both the x
and y directions:

uf
T Ex 1 Et < 0 (7)

As is well known, the optical �ow �eld in 2-D is un-
derconstrained.1 The model of pure translation at
every point has two parameters, but there is only one
equation (7) to solve, thus it is common practice to

1. Optical �ow in 1-D did not suffer from this problem.
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compute the optical �ow over some neighborhood,
which must be at least two pixels, but is generally taken
over a small block—333, 535, or sometimes larger (for
example, the entire patch of subject matter to be �ltered
out, such as a billboard or sign).

Our task is not to deal with the 2-D translational
�ow, but with the 2-D projective �ow, estimating the
eight parameters in the coordinate transformation:

x9 5 F x9
y9 G 5

A@x, y#T 1 b
cT @x, y#T 1 1 5

Ax 1 b
cTx 1 1 (8)

The desired eight scalar parameters are denoted by p 5

[A, b; c, 1], A [ R232, b [ R231, and c [ R231.
We have, in the 2-D case:

e flow 5 O ~um
T Ex 1 Et!

2 5 O S S Ax 1 b
cTx 1 1

2 x D T

Ex 1 Et D 2

,

(9)

where the sum can be weighted as it was in the 1-D
case:

e w 5 O S ~Ax 1 b 2 ~cTx 1 1!x!TEx 1 ~cTx 1 1!Et D 2

.

(10)

Differentiating with respect to the free parameters A, b,
and c, and setting the result to zero gives a linear solu-
tion:

S O f f T D @a11, a12, b1, a21, a 22, b2, c1, c2#
T

5 O ~xT Ex 2 Et! f
(11)

where

f T 5 @Ex~x, y, 1!, Ey~x, y, 1!,

xEt 2 x 2Ex 2 xyEy, yEt 2 xyEx 2 y 2Ey#

For a more in-depth treatment of projective �ow, the
reader is invited to refer to Mann (1998).

3.5 Unweighted Projective Flows

As with the 1-D images, we make similar assump-
tions in expanding equation (8) in its own Taylor series,
analogous to equation (5). By appropriately constrain-
ing the twelve parameters of the biquadratic model, we
obtain a variety of eight-parameter approximate models.
In estimating the “exact unweighted” projective group
parameters, one of these approximate models is used in
an intermediate step.2

The Taylor series for the bilinear case gives

um 1 x 5 qx 9xyxy 1 ~qx 9x 1 1!x 1 qx 9yy 1 qx 9

(12)
vm 1 y 5 qy 9 xyxy 1 qy 9 xx 1 ~qy 9 y 1 1!y 1 qy 9

Incorporating these into the �ow criteria yields a simple
set of eight linear equations in eight unknowns:

S O
x,y

~f ~x, y! f T~x, y!! D q 5 2 O
x,y

Etf ~x, y! (13)

where f T 5 [Ex(xy, x, y, 1), Ey(xy, x, y, 1)].
For the relative-projective model, f is given by

f T 5 @Ex~x, y, 1!, Ey~x, y, 1!, Et~x, y!#, (14)

and, for the pseudo-perspective model, f is given by

f T 5 @Ex~x, y, 1!, Ey~x, y, 1!,
(15)

~x 2Ex 1 xyEy, xyEx 1 y 2Ey!#.

3.5.1 Four-Point Method for Relating Ap-
proximate Model to Exact Model. Any of the pre-
ceding approximations, after being related to the exact
projective model, tend to behave well in the neighbor-
hood of the identity, A 5 I, b 5 0, c 5 0. In 1-D, the
model Taylor series about the identity was explicitly ex-
panded; here, although this is not done explicitly, it is
assumed that the terms of the Taylor series of the model
correspond to those taken about the identity. In the
1-D case, we solve the three linear equations in three

2. Use of an approximate model that doesn’t capture chirping or
preserve straight lines can still lead to the true projective parameters as
long as the model captures at least eight meaningful degrees of free-
dom.
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unknowns to estimate the parameters of the approxi-
mate motion model, and then relate the terms in this
Taylor series to the exact parameters, a, b, and c (which
involves solving another set of three equations in three
unknowns, the second set being nonlinear, although
very easy to solve).

In the extension to 2-D, the estimate step is straight-
forward, but the relate step is more dif�cult, because we
now have eight nonlinear equations in eight unknowns,
relating the terms in the Taylor series of the approxi-
mate model to the desired exact model parameters. In-
stead of solving these equations directly, a simple proce-
dure is used for relating the parameters of the
approximate model to those of the exact model, which
is called the “four-point method”:

1. Select four ordered pairs (for example, the four
corners of the bounding box containing the region
under analysis, or the four corners of the image if
the whole image is under analysis). Here, suppose,
for simplicity, that these points are the corners of
the unit square: s 5 [s1, s2, s3, s4] 5 [(0, 0)T,
(0, 1)T, (1, 0)T, (1, 1)T].

2. Apply the coordinate transformation using the
Taylor series for the approximate model (such as
equation (12)) to these points: r 5 um(s).

3. Finally, the correspondences between r and s are
treated just like features. This results in four easy-
to-solve equations:

F x9k
y9k G 5 F xk, yk, 1, 0, 0, 0, 2xkx9k, 2ykx9k

0, 0, 0, xk, yk, 1, 2xky9k, 2yky9k G
(16)

@ax 9x , ax 9y, bx 9, ay 9x , ay 9y, by 9, cx , cy#
T

where 1 # k # 4. This results in the exact eight
parameters, p.

We remind the reader that the four corners are not
feature correspondences as used in the feature-based
methods, but, rather, are used so that the two feature-
less models (approximate and exact) can be related to
one another.

It is important to realize the full bene�t of �nding the
exact parameters. Although the approximate model is
suf�cient for small deviations from the identity, it is not

adequate to describe large changes in perspective. How-
ever, if we use it to track small changes incrementally,
and each time relate these small changes to the exact
model (8), then we can accumulate these small changes
using the law of composition afforded by the group
structure. This is an especially favorable contribution of
the group framework. For example, with a video se-
quence, we can accommodate very large accumulated
changes in perspective in this manner. The problems
with cumulative error can be eliminated, for the most
part, by constantly propagating forward the true values,
computing the residual using the approximate model,
and each time relating this to the exact model to obtain
a goodness-of-�t estimate.

3.5.2 Overview of the Algorithm for Un-
weighted Projective Flow. Frames from an image
sequence are compared pairwise to test whether or not
they lie in the same orbit:

1. A Gaussian pyramid of three or four levels is con-
structed for each frame in the sequence.

2. The parameters p are estimated at the top of the
pyramid, between the two lowest-resolution im-
ages of a frame pair, g and h, using the repetitive
method depicted in �gure 7.

3. The estimated p is aplied to the next-higher-reso-
lution (�ner) image in the pyramid, p + g, to make
the two images at that level of the pyramid nearly
congruent before estimating the p between them.

4. The process continues down the pyramid until the
highest-resolution image in the pyramid is
reached.

4 Reality Mediation in Variable-Gain
Image Sequences

Until now, we have assumed �xed-gain image se-
quences. In practice, however, camera gain varies to
compensate for varying quantity of light, by way of au-
tomatic gain control (AGC), automatic level control, or
some similar form of automatic exposure.

In fact, almost all modern cameras incorporate some
form of automatic exposure control. Moreover, next-
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generation imaging systems such as the EyeTap eye-
glasses also feature an automatic exposure control sys-
tem to make possible a hands-free, gaze-activated
wearable system that is operable without conscious
thought or effort. Indeed, the human eye itself incorpo-
rates many features akin to the automatic exposure or
AGC of modern cameras.

Figure 9 illustrates how the Reality Mediator (or
nearly any camera for that matter) takes in a typical
scene.

As the wearer looks straight ahead, he sees mostly sky,
and the exposure is quite small. Looking to the right at
darker subject matter, the exposure is automatically in-
creased. Because the differently exposed pictures depict

overlapping subject matter, we have (once the images
are registered, in regions of overlap) differently exposed
pictures of identical subject matter. In this example, we
have three very differently exposed pictures depicting
parts of the University College building and surround-
ings.

4.1 Variable-Gain Problem
Formulation

Differently exposed images (such as individual
frames of video) of the same subject matter are denoted
as vectors: f0, f1, . . . , fi, . . . , fI21, @i, 0 # i , I.

Each video frame is some unknown function, f ¼, of

Figure 9. Automatic exposure is the cause of differently exposed pictures of the same (overlapping) subject matter, creating the need

for comparametric imaging in intelligent vision systems (Mann, 2001a). (a) Looking from inside Hart House Soldier’s Tower, out through

an open doorway, when the sky is dominant in the picture, the exposure is automatically reduced, and the wearer of the apparatus can

see the texture (such as clouds) in the sky. He can also see University College and the CN Tower to the left. (b) As he looks up and to

the right to take in subject matter not so well illuminated, the exposure automatically increases somewhat. The wearer can no longer

see detail in the sky, but new architectural details inside the doorway start to become visible. (c) As he looks further up and to the

right, the dimly lit interior dominates the scene, and the exposure is automatically increased dramatically. He can no longer see any

detail in the sky, and even the University College building, outside, is washed out (overexposed). However, the inscriptions on the wall

(names of soldiers killed in the war) now become visible.
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the actual quantity of light, q(x) falling on the image
sensor:

fi 5 f S kiq S Aix 1 bi

cix 1 di
D D , (17)

where x 5 (x, y) denotes the spatial coordinates of the
image, ki is a single unknown scalar exposure constant,
and parameters Ai, bi, ci, and di denote the projective
coordinate transformation between successive pairs of
images.

For simplicity, this coordinate transformation is as-
sumed to be able to be independently recovered (for
example, using the methods of the previous section).
Therefore, without loss of generality, images considered
in this section will be taken as having the identity coor-
dinate transformation, which corresponds to the special
case of images differing only in exposure.

Without loss of generality, k0 will be called the refer-
ence exposure and will be set to unity, and frame zero
will be called the reference frame, so that f0 5 f (q).
Thus, we have

1
k i

f 21~ fi ! 5 f 21~ f0!, @i, 0 , i , I. (18)

The existence of an inverse for f follows from a semi-
monotonicity assumption. Semimonotonicity follows
from the fact that we expect pixel values to either in-
crease or stay the same with increasing quantity of illu-
mination, q.

Photographic �lm is traditionally characterized by the
so-called “density versus log exposure” characteristic
curve (Wyckoff, 1961, 1962). Similarly, in the case of
electronic imaging, we may also use logarithmic expo-
sure units, Q 5 log(q), so that one image will be K 5

log(k) units darker than the other:

log~ f 21~ f1~x!!! 5 Q 5 log~ f 21~ f2~x!!! 2 K. (19)

Because the logarithm function is also monotonic, the
problem comes down to estimating the semimonotonic
function F¼5 log( f 21¼) and the scalar constant K.
There are a variety of techniques for solving for F and K
directly (Mann, 2000). In this paper, we choose to use a
method involving comparametric equations.

4.1.1 Using Comparametric Equations. Vari-
able-gain image sequences, fi, are created by the re-
sponse, f, of the imaging device to light, q. Each of
these images provides us with an estimate of f differing
only by exposure, k. Pairs of images can be compared by
plotting ( f (q), f (kq)), and the resulting relationship can
be expressed as the monotonic function g( f (q)) 5 f (kq)
not involving q. Equations of this form are called com-
parametric equations (Mann, 2000). Comparametric
equations are a special case of a more general class of
equations called functional equations (Aczél, 1966).

A comparametric equation that is particularly useful
for mediated-reality applications will now be intro-
duced, �rst by its solution (from which the compara-
metric equation itself will be derived). (It is generally
easier to construct comparametric equations from their
solutions than it is to solve comparametric equations.)
The solution is

f ~q! 5 S e bq a/~e bq a 1 1! D c

, (20)

which has only three parameters (of which only two are
meaningful parameters because b is indeterminable and
may be �xed to b 5 0 without loss of generality). Equa-
tion (20) is useful because it describes the shape of the
curve that characterizes the response of many cameras
to light, f (q), called the response curve. The constants a
and c are speci�c to the camera.

This model accurately captures the essence of the so-
called toe and shoulder regions of the response curve.
In traditional photography, these regions are ignored;
all that is of interest is the linear mid-portion of the
density versus log exposure curve. This interest in only
the midtones arises because, in traditional photography,
areas outside this region are considered to be incorrectly
exposed. However, in practice, in input images to the
reality mediator, many of the objects we look at will be
massively underexposed and overexposed because not
everything in life is necessarily a well-composed picture.
Therefore, these qualities of the model (20) are of great
value in capturing the essence of these extreme expo-
sures, in which exposure into both the toe and shoulder
regions are often the norm rather than an aberration.
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Furthermore, equation (20) has the advantage of being
bounded in normalized units between 0 and 1.

The comparametric equation of which the proposed
photographic response function (20) is a solution, is
given by

g~ f ! 5
Î c f

~ Î c f 1 e2aK!c , (21)

where K 5 log2(k2/k1) is the ratio of the two expo-
sures.

To validate this model, we:

c estimate the parameters a, c, and k of g( f (q)) that
best �t a plot ( f (q), f (kq)) derived from differently
exposed pictures (as, for example, shown in �gure
9), and

c verify our estimate of f by using lab instruments.

Although there exist methods for automatically deter-
mining the a and c and relative gain k from pairs of dif-
ferently exposed images by using comparametric equa-
tions, these methods are beyond the scope of this paper,
and the reader is invited to refer to Mann (2000) for a
full discussion of these methods and of comparametric
equations.

A CamAlign-CGH test chart from DSC Laboratories,
Toronto, Canada (Serial No. S009494), as shown in

�gure 10(a), was used to verify the response function
recovered using the method.

The individual bars were segmented automatically by
differentiation to �nd the transition regions, and then
robust statistics were used to determine an estimate of
f (q) for each of the eleven steps, as well as the black
regions of the test pattern. Using the known re�ectivity
of each of these twelve regions, a set of twelve ordered
pairs (q, f (q)) was determined for each of the nineteen
exposures, as shown in �gure 10(b). Shifting these re-
sults appropriately (by the Ki values) to line them up,
gives the ground-truth, known response function, f,
shown in �gure 10(c).

Thus, equation (21) gives us a recipe for lightening
or darkening an image in a way that looks natural and is
also based on this proven theoretical framework. For
instance, given a pair of images taken with a camera
with a known response function (which is to say that the
a and c are known for the camera), the relative gain be-
tween images is estimated, and either of the pair is light-
ened or darkened to bring it into the same exposure as
the other image. Similarly, any computer-generated in-
formation in a mediated or augmented scene is brought
into the appropriate exposure of the scene.

Figure 10. (a) One of nineteen differently exposed pictures of a test pattern. (b) Each of the nineteen exposures produced eleven

ordered pairs in a plot of f (Q) as a function of Q . (c) Shifting these nineteen plots left or right by the appropriate Ki allowed them all

to align to produce the ground-truth known-response function f (Q).
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4.2 Mediated Reality as a Form of
Communication

The mathematical framework for mediated reality
arose through the process of marking a reference frame
(Mann & Picard, 1995) with text or simple graphics in
which it was noted that, by calculating and matching
homographies of the plane, an illusory rigid planar
patch appeared to hover upon objects in the real world,
giving rise to a form of computer-mediated collabora-
tion (Mann, 1997b). Figure 11 shows images processed
in real time by VideoOrbits.

4.3 Diminished Reality

Diminished reality deliberately removes parts of a
real-world scene or replaces them with computer-
generated information (Mann & Fung, 2001). For in-
stance, deliberately diminished reality has application in
construction. Klinker, Stricker and Reiners (2001) dis-
cuss a number of techniques for interpolating the pixels
behind a diminished object: “Many construction
projects require that existing structures be removed be-
fore new ones are built. Thus, just as important as aug-
menting reality is technology to diminish it” (p. 416).

Real-world “spam” (unwanted and unsoliciated ad-
vertising) typically occurs on planar surfaces, such as
billboards. The VideoOrbits algorithm presented here is
well suited toward diminishing these unwanted and in-
trusive real-world planar objects.

Because the camera response function and exposure
values can be computed automatically in a self-calibrat-
ing system, the computer-mediated reality can take form
by combining the results estimation of the gain using
the camera response function and estimation of the co-
ordinate transformation between frames with the Video-
Orbits methodology for computer-mediated reality.

Figure 12(a, b) shows a nice view of the Empire State
Building spoiled by an offensive jeans advertisement (a
billboard depicting a man pulling off a women’s
clothes). The computer-mediated reality environment
allows the billboard to be automatically replaced with a
picture of vintage (original 1985) mediated-reality sun-
glasses. (See �gure 12(c, d).) By removing the bill-
board, a deliberately diminished version of the scene is
created. The information of the advertisement is now
removed, and computer-generated information is in-
serted in its place, helping to avoid information over-
load.

Figure 11. Mediated reality as a photographic/videographic memory prosthesis: (a) Wearable face recognizer

with virtual “name tag” (and grocery list) appears to stay attached to the cashier (b), even when the cashier is no

longer within the �eld of view of the tapped eye and transmitter (c).
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5 Conclusion

Because wearable computers and EyeTap encapsu-
late users, the technologies mediate a user’s experience
with the world. Having designed, built, worn, and
tested dozens of different embodiments of these devices
for use in ordinary day-to-day life provided us with
much in the way of valuable insight into the concepts of
mediated reality. The resulting Reality Mediators alter
the user’s visual perception of their environment. The
user’s head motion is tracked by the VideoOrbits algo-
rithm, and the camera gain is tracked using compara-
metric equations. This allows for computer-generated
information to be registered both spatially and tonally
with the real world. An extension of the concept of me-
diated reality is the replacement of unwanted informa-
tion, such as advertising, with computer-geneated infor-

mation, giving rise to the notion of a deliberately
diminished reality.
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