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1.0 Introduction

In recent years, there has been an explosion of interest in virtual reality systems. Virtual
reality is relevant to many applications involving data visualization, communications, and
immersive entertainment. A similar area, with perhaps even more commercial applications

than virtual reality, is augmented reality.

Augmented reality systems differ from virtual reality systems in that the user is not com-
pletely immersed in the virtual environment. In augmented reality systems, a heads-up dis-
play is used to superimpose computer generated graphics on the user’s view of the real
world. The superimposed images supplement the information available to the user in the
natural scene. For example, an augmented reality system could be used to help a repair
technician find the appropriate adjustment points in a complicated piece of machinery, or to
help a surgeon by superimposing CT data on a patient’s body, essentially giving a surgeon x-

ray vision.

Despite its potential, the development of functional AR systems faces several technical chal-
lenges. In many AR applications, it is crucial that the synthetic images be registered pre-
cisely with the real world. The degree of accuracy required depends on the task, but in many
cases the requirements are quite stringent. Furthermore, many tasks require large motions
of the user’s head, which place demands on the sensors which track head motion. Finally, in
nearly all cases display updates must occur with latency of only fraction of a second. These
technical challenges have prevented the development of viable, inexpensive AR systems for

precise applications.

We present a fast inexpensive augmented reality system designed for use with an optical
see-through head mounted display. The system is designed to track a user’s head position
using a CCD camera as a sensor. The camera is rigidly mounted on the user’s headsup dis-
play, and head position is tracked by observing a reference pattern printed on a nearby wall
or ceiling. By extending the reference pattern, the working volume of the sensor can be

made arbitrarily large. The system software runs on readily available computer hardware,
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and we anticipate that an inexpensive back or waist mounted version could be easily devel-

oped.

2.0 Previous Work

Current augmented reality systems differ from each other primarily in three ways: the dis-
play technology used to overlay synthesized graphics on the user’s field of view, the sensing
technology used to track the user’s head, and the calibration method used to determine sys-

tem parameters.

Many research projects in augmented reality have used optical see-through head mounted
displays [Azuma and Bishop, 1994] [Caudell and Mizell, 1992] [Janin et al., 1994]. These
displays work by optically combining light from the environment with the overlay images.
The combination is done using lenses, half-silvered mirrors, or other optical components.
The principal advantage of this type of display is that the user’s view of the real world is
substantially unobstructed. Consequently, the user has a high resolution, high contrast view
of the workspace. One disadvantage of optical see-through head mounted displays is that
the optics used to combine the images typically have a narrow field of view, and also some-
what decrease the light intensity reaching the user’s eyes. Another disadvantage is that the
software in the augmented reality system has no access to the combined image (natural
scene plus overlay), so correcting registration errors and establishing system calibration are

difficult [Azuma, 1995].

A second category of display system for augmented reality is video based display, which is
typically used in medical augmented reality applications [Taylor et al., 1994] [Taylor
et al., 1992]. In this type of display, the user views the workspace through one or two video
cameras, which may be head mounted. The real and synthesized images are composited as
video signals, and presented to the user through a video display which occludes the user’s
natural view of the environment. While this type of display provides flexibility in video
compositing strategies, and gives the underlying software access to the combined images,

the workspace view lacks the fidelity of natural vision, and the user’s view of the workspace
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is from the perspective of the system video camera(s), which generally doesn’t match that of

the user’s eye(s) [Azuma, 1995].

Four types of sensors have traditionally been used for Head tracking in augmented reality
applications. Mechanical sensors measure the position of the user’s head using an attached
linkage. This type of sensor is typically very accurate, and can meet the bandwidth require-
ments of augmented reality, but is often somewhat cumbersome, and restricts the user’s
range of motion. Magnetic position sensors (polhemus, etc.) have seen wide use in virtual
reality applications, and limited use in augmented reality [Janin et al., 1993] [Caudell and
Mizell, 1992]. These sensors are inexpensive and readily available, but data rates are typi-
cally slow, and their accuracy suffers in applications where a large working volume is
required, or where there are nearby ferromagnetic objects such as steel wall studs. Acoustic
position sensors are inexpensive, fast, and accurate, but latency increases with distance
between the acoustic transmitter and receiver [Meyer et al., 1992]. Optical sensors using
video cameras have the potiential to be inexpensive, fast, accurate, and offer large working
volume. Unfortunately, systems to date either require large arrays of markers, such as
LED:s, to be installed at precise locations in the workspace, or use custom camera hardware
[Azuma and Bishop, 1994], or have limited working volume [Janin et al., 1994]. One dis-
advantage of optical position sensors is that there must be an unobstructed line of sight

between the sensor and target [Meyer et al., 1992].

Calibration strategies typically fall into two categories. In the first strategy, measurements
are taken, often by asking the user to move his/her head until specified points or crosshairs
in the real and synthesized images are aligned, and the measurements are used to calculate
the system parameters directly [Azuma and Bishop, 1994] [Caudell and Mizell, 1992].
These calibration strategies can be made fairly quick, at the expense of vulnerability to mea-
surement errors. Adding redundant measurements, or repeating the measurements, makes
the procedure more robust, but also more time consuming. The biggest disadvantage of this
type of strategy is that the alignment steps are typically cumbersome, requiring the user to
place his head in a calibration jig, or return to a specified point in the workspace. This

makes it hard to recalibrate if the headset is accidentally moved during system operation.

k)
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In the second type of calibration strategy, recovery of system parameters is cast as an opti-

mization problem [Janin et al., 1993]. Calibration constraints, usually point feature matches
in the real and synthesized images are collected, and an optimization routine is used to find

the set of system parameters which most nearly satisfies the constraints.

3.0 Background Information

3.1 Camera Model

We model the sensing camera using the pinhole camera model described in
[Faugeras, 1993]. According to this model, light rays emitted from any point X in the real
world are recorded by the imaging system only when they strike the sensing array, or retinal
plane, of the camera. The imaging optics allow the sensing array to be hit only by rays
which pass through an imaginary point, in 3D space, called the optical center of the camera

(see figure 1). The projected light rays form an image on the retinal plane.

Figure 1: Pinhole Camera Model. The optical center of the camera is denoted by C. Light rays from
objects at 3D coordinates x; and x, intersect the retinal plane, R, at points u; and u,

The geometry of this camera model is most conveniently expressed using 2 and 3 dimen-
sional projective spaces. Projective geometry is a rich area, and we present only a few

details here. For a more complete description, please refer to [Faugeras, 1993].
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Points in an n-dimensional projective space are represented by vectors with n+1 elements.
A point in a three dimensional projective space is represented by a four element vector, and
a point in a two dimensional projective space is represented by a 3 element vector. The
mapping between points and vectors is not one to one; Each point in a projective space can
be represented by many different vectors. Vectors in a projective space are considered to
represent the same point if they are scalar multiples of each other. That is to say, the 3

dimensional projective vectors [1, 2, 4, 1]T and [3, 6, 12, 31T are considered equivalent.

One way to visualize the relationship between points and vectors in projective space is to
imagine that the points are mapped onto an n dimensional hypersphere centered at the ori-
gin. Collinear vectors are considered equivalent, and represent the point which is mapped to

their intersection with the hypersphere.

In this paper, we adopt the convention of representing the 3D point (%, y, z) by the 3 dimen-
sional projective vector [x, v, z, 1] (and its scalar multiples). In this case we say that the

point is expressed in homogeneous coordinates.

We represent linear transformations in projective spaces using matrices, as we do in linear
spaces. We transform a vector in the usual way: by left multiplying it using the appropriate
matrix. A linear transformation from n dimensional projective space to n dimensional pro-
jective space is represented with an n+1 by n+1 matrix. As is the case with projective vec-
tors, two such transformation matrices are equivalent if they are scalar multiples of each

other.

Following figure 2, we define a two dimensional coordinate system (u.,v,) in the retinal
plane, R. This coordinate system is chosen so that light striking R at the (u,,v,) coordinate
(1, j) contributes to the activation of the (i, )™ pixel in the image returned by the camera”.
We also define a 3 dimensional coordinate system (X,¥,Z.) With its origin at the camera’s
optical center, C, and with the z, axis perpendicular to R. We orient the 3 dimensional coor-
dinate system so that X, lies along the same direction as u;_and y, lies along the same direc-
* Implicit in this choice of coordinate system is the assumption that the axes of the camera

imaging array are orthogonal. This assumption is generally valid for modern CCD cam-
eras.
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tion as v,. We permit the units of u, and v, to differ from those of x, y., and z. by two
different scale factors k;, and k,, and denote the point where z, intersects R as (ug,vy). We

can express the projection of a 3D point (x,y.,z.) into the image using homogeneous coor-

dinates [Faugeras, 1993]

- -
xC
u, fk, 0 uy0
~ y
v =1 0 fok, vy O ZC @
1 0 0 10|°
1]

Where { is the distance along z, from C to the plane R, and we use the congruence operator

to denote projective equality (equality up to a scale factor).

(x.y.2)

Figure 2: Placement of Coordinate Axes in Camera Projection Model

3.2 Planar Projection

The previous section discusses the projection of points in 3D space onto the 2D image
plane. The 3D to 2D projection model is conveniently represented using a 3x4 projection

matrix. In this section we consider the implications of our projection model for the projec-

tion of a planar pattern onto the image.
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Recall that in our sensing problem, we recover camera position by observing just such a pro-
jection: a known reference pattern is printed on a planar surface, and then imaged using the
camera. We can represent this planar projection process in homogeneous coordinates using

a 3x3 matrix as described in the following paragraphs.

Following figure 3, we begin by associating a 3D coordinate system (X,,¥p,2,) With the pat-
tern so that the x and y axes lie in the plane of the pattern, and so that the z axis is perpendic-
ular to the plane of the pattern. We construct a 2D coordinate system (u,vy,) with its u and
v axes aligned with x;, and y,. We choose the units of the 3D coordinate system to be the
same as the units of (X.,¥.Z.). The units of the 2D coordinate system are permitted to differ
from those of the 3D coordinate system by a scale factor, kp. We will refer to coordinates

expressed in these coordinate systems as 3D pattern coordinates and 2D pattern coordinates.

Figure 3: Camera and Pattern Coordinate Systems.

Since (X(.¥¢.Ze) and (up,vp) are aligned, points expressed in 2D pattern coordinates can be

written in 3D pattern coordinates using the homogeneous equation.

Fx,] k, 00
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The 3D coordinate frame associated with the pattern differs from the 3D camera coordinate
system by a rigid body transformation, which can be expressed as a 3D rotation about the
origin composed with a translation. We can imagine that the rotation aligns the directions of
the coordinate axes in the two systems, and the translation moves the origins to be coinci-

dent. We can express this relationship using the projective equation.

)CC xp
Vel o 1Y
c ch p
Z, z,
1] _H 3
. R ¢
“" looo 1

where R is a 3x3 (non-homogeneous) rotation mairix, and t is the 3x1 vector of translations

which aligns the origins of the two coordinate systems.

Substituting equation (3) into equation (2), we can write the projective equation which

relates points in pattern coordinates to points in image coordinates.

_,k 0 -
u (fck, 0O uy0 é’ 0 U,
k, 0O
v = 0 fok, vy 0Ty . (;0 v, @
1 0 0 10
(0 0 1 !
or
u, i, fk, O uy0 I:)p: 0
VC chp Vp L'sz 0 fckv VO Och 0 Opg (5)
1 0 0 10
0 0 1]

Where H, is a 3x3 matrix.
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3.3 Planar Projection in Non-Homogeneous Coordinates

In section 4.1, it will be useful to express planar projection as a rational function in non-
homogeneous coordinates. We will be specifically interested in the inverse of the projection

of equation (5). This inverse exists for non-degenerate cases, so we can write

P f
~ -1

v, = H, v, ©

1 1

Recall that our convention is to represent the image point [ul, u2]” using the homogeneous
vector [uy, uy, 1]¥ and its scalar multiples, [owwy, oy, o], By explicitly including the free

parameter 0, we can rewrite equation (6) as a strict equality

o, » Uy,
ov,| = Hp |y, (7
o 1

Since linear transformations in homogeneous coordinates are themselves only defined up to
a scale factor, we can scale the matrix ch'l so that its lower right element is equal to 1.

Consequently, we can write

Oluc hl hz h3 Mp
av,| = |k hs hgl|v, ®)
o hohg 101

Solving for u, and v, we can express the projection as a rational function of 8 parameters,
as desired.
B hyu,+ hzvp + hy

U =
C
h7up + hgvp +1

9
_ h4wp+h5vp+h6 ®

¢ h7up+h8vp+1







