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Abstract

We introduce an active object tracking algorithm
that maintains relative calibration between a camera-
projector pair for augmented-reality applications. The
approach is motivated by the growing use of digital light
projectors for human-computer interaction and novel
display environments. These domains typically require
known relative calibration between the camera and pro-
jector so that events detected in the camera (i.e. a
user pushbutton selection) can correctly impact the pro-
jected display. The tracking algorithm detects both real-
world landmarks and projected fiducials and updates the
transform that will bring them into alignment in each
frame. The active pursuit tracker is demonstrated in
the context of an application that allows users to visu-
alize a virtual volume of three-dimensional data sim-
ply by physically positioning o display plane within the
space.

1 Introduction

Traditional human-computer interaction requires a
keyboard, mouse, and monitor. Although sufficient for
many of our everyday tasks involving a computer, the
paradigm restricts the user’s eyes to the monitor and
hands to the keyboard and mouse. This mode of in-
teraction is often not intuitive and does not lend itself
well to collaborative work, decision making, and visu-
alization. There have been a great number of attempts
to modify or eliminate this mode of interaction over
the past several decades that have been met with vary-
ing amounts of success (for an overview the reader is
referred to [10]).

Recently, projector-based systems have been intro-
duced that are capable of illuminating our environ-
ments with projected information. These systems have
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(a)

Figure 1: Active pursuit tracking involves virtual fidu-
cials that “pursue” their actual coordinates to maintain
registration. (a) The tracker supports collaborative
augmented-reality applications such as a board that
appears to slice a volume of medical data. (b) Close
up of a slice of the Visible Human Body Dataset on a
moving board. Image shows real-world (colored) fidu-
cials, and the projected virtual fiducials.

been successful due to their coupling with other de-
vices such as cameras that register multiple projec-
tors [7, 14], automatically align projected information
with world objects [3, 17], and even track and recognize
user gestures in the projected environment [12, 15].

The work described here advances the capabilities
of these systems through a novel tracking algorithm
that acheives frame-to-frame alignment of a projector-
camera system as the display surface moves. The sys-
tem tracks world target fiducials on the display sur-
face as well as projected virtual fiducials in each frame.
By computing the geometric warp that brings the vir-
tual fiducials into alignment with their camera coor-
dinates, the system remains closely calibrated despite
unknown motion of the display surface. This active
pursuit tracking algorithm is straightforward to imple-
ment, runs at framerate speed, and supports real-time
projector-based augmented reality applications.

The use of active pursuit tracking is demonstrated
using a novel augmented reality application that sup-



ports intuitive visualization of complex volumetric
datasets. A projector-camera pair is first calibrated
to a world coordinate system in which a volumetric
dataset is defined. Figure 1(a) depicts the system in
operation as a user explores an MRI of a brain.

The application demonstrates the robustness and
utility of the active pursuit approach in a working sys-
tem. In this paper, we detail the tracking algorithm
and discuss how it is integrated into the augmented
reality application.

1.1 Related Work

The main contribution of the tracking algorithm is its
ability to continuously register a projector-camera pair
in a manner that is independent of any a-priori cali-
bration information such as epipolar geometry. This
is becoming an increasingly important problem as
researchers begin to explore the benefits of mobile
projector-based displays.

In similar work, Raskar et. al. describes an ap-
proach to recovering projector pose as the projection
from a mobile projector-camera unit translates across
a planar display surface [19]. Laser pens are used to
constantly project four fiducials onto the surface, which
are observed by the camera, thereby allowing for up-
dated correspondences between the two devices. The
mobile unit includes a rigidly mounted camera, projec-
tor, inertial tilt-sensor, and four laser pens and works
well for fiducial updates on stationary display surfaces.

The “Everywhere Displays” project is capable of
correctly projecting information onto multiple display
surfaces by steering the projector frustum via a pan-
tilt mirror [16]. Augmented information is correctly
warped via planar homographies corresponding to the
world planes that are to be illuminated. The approach
assumes fixed display surfaces and generates a table of
appropriate homographies for each pan-tilt configura-
tion. Other researchers have utilized dynamic tracking
in order to correctly illuminate a scene by tracking the
corners of the projector frustum as well as four fixed
points in the world [20].

The active pursuit algorithm was designed to ad-
dress situations in which the display surfaces may be
in motion and continuous registration between cameras
and projectors is required. This precludes fixed physi-
cal fiducials in the world or pre-calibration of a familiy
of homographies for a static scene that can be used by
the methods described above.

In what is perhaps work most similar to our own,
Borkowski et. al. [3] allow a user to move a display
plane that is augmented with a projected image. In
this case, the rigidly mounted projector-camera unit is

also steerable to increase the field-of-view of the ap-
plication. The display plane homography is recovered
by detecting image edges corresponding to the display
screen and deriving a homography from the four image
corners. This recovers a homography from the camera
to the world frame. In order to register the camera to
the projector, a homography from world to projector is
assumed to be known and fixed. Camera to projector
registration results from the composition of these two
homographies. The assumption of a fixed homography
between projector and world is a good approximation
in setups where models of weak-perspective apply; for
example, when the moving display surface is far from
the projector and its surface normal does not devi-
ate significantly from the plane corresponding to the
fixed homography. A key difference between these al-
gorithms and the approach described here is that the
tracker bypasses a world homography or calibration
and directly relates the two devices via a tracked geo-
metric transfer function.

2 Technical Details

We assume that the display surface is planar and reg-
istration can be described by a homography, Hyy, that
transforms pixels from the camera to projector via a
planar projection corresponding to some world plane,
II. Although the tracker must observe a surface for
which a parametric transfer function can be defined,
the planar assumption is not critical. For example,
quadric transfer can be embedded in the tracking algo-
rithm in the case of curved surfaces [18], and tracking
under these conditions is the subject of future work.
Tracking begins with an initial estimate of the ho-
mography between the projector and the camera. As
the plane is moved, registration is maintained by esti-
mating the new planar projective distortion induced by
the planar motion at each frame. This is accomplished
by tracking projected virtual fiducials and printed, real-
world fiducials on the planar display surface and mea-
suring the transfer function that brings the virtual fidu-
cials and their camera counterparts into alignment.

2.1 Initial Projector-Camera Calibra-
tion

An initial geometric transfer function is automatically
discovered during a setup phase in which the display
surface remains stationary. Techniques for recovering
this transform, particularly in the case of a planar dis-
play surface, have previously been introduced in the
context of multi-projector alignment [6] and we use a
similar approach here. A set of known projector points



are illuminated sequentially on a fixed plane Il while
the camera observes those points. Once a set of corre-
spondences have been acquired, the eight free parame-
ters of the 3 x 3 homography matrix are computed us-
ing a least squares approach under the constraint that
|H, || = 1.

The resulting homography is, of course, only appro-
priate for the base plane, IIy, and is discarded as the
planar surface begins to move.

The world fiducials, which are printed on the dis-
play surface with a known color, are then detected via
a simple scanline search for color distribution profiles
that match the known world fiducial colors. Once the
centroid of each fiducial is found in the camera frame,
simple segmentation based on RGB intensity thresh-
olds captures the set of pixels corresponding to each
target. An appearance model of each world fiducial is
represented as a 2D probability distribution of intensi-
ties called the backprojection distribution.

2.2 Active Pursuit Tracking

The active pursuit tracking algorithm is motivated by
the observation that, as the display surface moves out
of the plane for which the current calibration is valid,
a discrepancy between the actual projector correspon-
dences to points on the plane and those computed ac-
cording to the given homography estimates from the
previous frame will be induced. The tracking algorithm
corrects for this discrepancy by using virtual fiducials
that are constantly projected into the scene. Knowing
these projector points and then detecting their camera
image correspondences, the homography Hp, can be
computed, which will describe the mapping of the cur-
rent plane configuration II; in the world to each device.
The tracking algorithm can then carry this new trans-
fer function forward into the next frame. As a result,
virtual fiducials will at most be off by one frame of er-
ror while the projector fiducials “pursue” their actual
positions in each frame via a corrective warp.

The real-world fiducials guide the placement of the
virtual fiducials as they are rendered into the scene. In
order to know how to project these virtual fiducials, the
center of mass of the area bounded by the four world
targets is first computed in camera space. This coordi-
nate is used to define the center of a circle with radius r
on the camera image plane. Four evenly spaced points
Pk, k = 0..3, are computed along the circle, and these
points are rectified by the current homography to pro-
duce the four virtual projector fiducials py:

Pr = Hp Trm, (1)

where m is the center of mass in homogeneous coor-

dinates, and T is the 2D transform that perturbs the
center of mass of the tracked points in the camera frame
by a fixed radius.

The radius r is dynamically computed as a
scaled difference between two choosen world fiducials
throughout tracking. In this way, the world fiducials
act as a constraint that confines the location of the pro-
jected fiducials such that they are easily defined and
localized, thus leading to more robust tracking. This
also helps to prevent virtual fiducials from “falling off”
the edge of the planar surface as it is moved, which
would cause an invalid homography to be computed.
The result of right multiplying T to the homography
is that tracked world points in the camera are trans-
formed to points along an ellipse in the projector space
that is slightly larger than the ellipse that intersects
the real-world fiducials.

Now that the real-world fiducials have been acquired
and virtual targets have been rendered into the scene,
the tracking algorithm must maintain their positions
in the camera frame as the display surface continues to
move.

A search region in the camera frame is centered
around the centroid of each world fiducial, and the
Continually Adaptive Mean Shift Tracking (Camshift)
algorithm [4] is used to recover fiducial centers in the
next frame. The color histogram of each real-world
target captured in the first frame is compared to the
measured distributions in subsequent frames. Camshift
detects the mode of the image probability distribution
by applying mean shift [8] while dynamically adjusting
the parameters of the target distribution. Using the
Coupled Camshift approach to avoid iterative search
for the mode, the tracking algorithm is able to dis-
cover the target mode for each of the tracked fiducials
in a single frame. The result is a set of 2D image loca-
tions that describe the newly estimated feature centers
at frame i. The new center of mass m of the world
fiducial centers is computed and used to derive a new
pre-transform matrix Ty. The new radius r is also
updated.

New projector positions, py, are reprojected into the
scene as:

ﬁk = HHi—lTkm7 (2)

where H;_; is the homography derived from the pre-
vious frame of tracking. Although Equation 2 is simi-
lar to that of Equation 1, it is important to point out
that the direct mapping between projector and camera
pixels is no longer known. Instead, an unknown pla-
nar projective distortion will be present because the
homography being used is only valid for world plane
II;_1, rather than the current planar surface. If motion



is small with respect to the frame rate of the camera,
this distortion will be small and tracking can perform
local search to discover and correct this error. Indeed,
the typical discrepancy can be shown by halting the al-
gorithm during operation and observing the difference
between estimated projector fiducial locations in one
frame and those computed in the next frame. Figure 2
depicts this situation.

= %

Figure 2: Due to unknown motion between frames, re-
projected fiducials will be off by a planar projection
shown here by rendering both the old location (green
dots) and new locations (white dots) given by the ho-
mography for the current position of the plane. Here
a user rotates and translates a plane resulting in an
interframe disparity (black line in inset) of 5 pixels.

At this point, the camera captures a new image,
which now consists of four colored fiducials and four
projected virtual fiducials. The virtual fiducials must
be detected in camera space so that camera-projector
matchpoints can be formed and a new homography
generated. The search space windows of each pro-
jected fiducial is defined by using the camera points
pr recovered from the transform T, as the best predic-
tion for the centers of the localized regions of interest.
Camshift is then initiated within the estimated regions
of interest for each of the virtual points in order to find
their centroids in the camera frame.

Using the correspondences between virtual fiducials
and their images in the camera, a new homography
Hp, is computed using standard DLT methods [13].

Finally, in order to avoid oscillation or instabilities
related to measurement latency, the newly updated
homography is scaled by a dampening factor A that
weighs the contribution of the previous homography
and the newly measured homography in the current
frame. Typically, a A value of 0.4 is used to combine
the estimates.

Hp, = (1-A)«Hp, + A« Hp,_,. (3)

The newly updated homography is then used as
input to the next iteration of the active pursuit
tracker. Real-world fiducials are again tracked using
the Camshift approach as described above while the
next iteration of virtual fiducial tracking is applied us-
ing the newly recovered transform between the two de-
vices.

Figure 3 depicts the tracking algorithm, tracking
four real-world and four virtual fiducials as a planar
surface is moved in front of a projector-camera pair.
The algorithm is able to maintain a geometric trans-
fer function between the two devices under a variety of
conditions.

We have explored the impact of interframe mo-
tion on the homography (and the resulting search re-
gions) and most reasonable interframe motions result
in fairly small image search areas. For example, if
we consider the known homography in frame i — 1,
Hp, , and the homography induced by an interframe
motion that repositions the display surface to a new
plane, II;, then the two homographies are related by
Hp, = Hp,_, +AH. If we represent the surface normal
of the plane at ¢ and ¢ — 1 as n; and n;_; respectively,
then, following [11], the change in the homography can
be related as:

_( /nT  nl,
AH=K (¢t =+ - = K-! 4
( (dz’ dz’l)) ’ )

where K , K represent the internal parameters of pro-
jector and camera respectively and ¢ is the (unchang-
ing) baseline vector between the two devices. The plane
in motion at time ¢ is determined by its surface nor-
mal n and scalar d. In many cases, we are able to
assume that interframe rotations are quite small due
to real-time capture of imagery and the nature of how
the tracker is often used. In fact, in the application
described in Section 3, users rarely “tilt” the tracked
board by more than a few degrees between frames. Of
course rotations within a plane are common but do not
effect the plane’s surface normal. If we assume that
the relative contribution of interframe non-planar ro-
tations is small, then we ignore the contribution of n;
and Equation 4 can be written as [9]:

- Ad
AH =K (tn,.T,l)K*T. (5)
In our situation, the device intrinsics do not change
so they play little role in how the homographies evolve.
As %d — 0,AH — 0, and the impact of translational



Figure 3: Results of active pursuit tracking. Example images are taken from a tracking sequence of 150 frames.
Red crosshair shows detected center of virtual fiducial and white crosshair shows detected center of real-world

fiducial.

motion is linearly related to frame rate and Ad. How-
ever, larger baselines, t, lead to larger changes in H for
a fixed expected interframe translation. Clearly, then,
there is a tradeoff between large baselines that can im-
prove depth estimation of tracked points but will in-
crease the search regions required for tracking in each
frame. Because our tracker is quite robust, given that it
is tracking controlled illumination targets, larger search
regions are not too much of a problem. We are there-
fore encouraged to place projector and camera further
apart than previous approaches that directly mount the
camera to the projector [3, 18]. Experimentally, this
has been verified and for a camera capturing images
at 16fps, and with a baseline of about 5 feet, typical
rotations of the plane induce distortions in the virtual
fiducials of approximately 5-20 pixels in the camera
that are easily tracked.

Although we utilize a four-point approach to track-
ing, more fiducials can be placed on the display sur-
face (and projected) to increase tracking robustness.
In this case, a least-squares approach (as opposed to
the DLT) can be used to recover the frame-by-frame
transfer functions.

3 Augmented Reality Visualiza-
tion of Volumetric Data

Here we introduce a novel visualization application
that allows users to intuitively explore complex vol-
umetric datasets. The application relies on the active
pursuit tracking algorithm to maintain real-time corre-
spondence between a projector-camera pair as a display
surface is moved through a volume of data. The dis-
play plane, held by a user, acts as a “window” into the
data by revealing the appropriate slice of data, given
the current position of the plane. In order to see dif-
ferent slices of a set of data that is virtually positioned
on a view table, for example, the user only needs to
reposition the plane within the data. Figure 4 shows a

conceptual diagram of the “magic board” system.

Figure 4: An overview of the system. Conceptually,
the volume of data is defined in an object frame O. A
moving plane at frame ¢ is tracked as it is repositioned
within the virtual volume and the active pursuit algo-
rithm recovers Hyy,. Given the mapping into the world
reference frame, an appropriate image can be rendered
onto the tracked board.

The system hardware consists of a firewire camera,
an LCD projector, and a standard PC with graphics
acceleration. A white posterboard is used as the dis-
play plane. Four different colored dots are placed on
the board to act as world fiducials. The camera and
projector are placed approximately 2.0 and 1.5 meters,
respectively, away from the base plane of the viewing
table in order to maximize the rendering area.

Standard calibration techniques [21] are used to
align each device to the world reference frame. This
is a one time calibration phase, assuming the projector
and camera do not move, and requires that a calibra-
tion target is placed onto the base plane. Although the
camera can be calibrated directly to the observed cali-
bration targets, the projector must be calibrated differ-
ently. If a planar homography is available (as was dis-



cussed in Section 2.1) for each plane of the calibration
target, then world-to-projector correspondences can be
derived through the known camera to projector homo-
graphies.

World calibration for both of the devices yields the
epipolar geometry of the system. Projected fiducials
correspond to an epipolar line in the camera and tra-
ditional tracking requires a search along this line to re-
cover correspondence. The goal of active pursuit track-
ing is to maintain an estimate of the geometric transfer
function between the two devices and does not require
an epipolar search. Instead the previous estimate of
the pixel-to-pixel transfer function is used to constain
our search regions. The relationship between epipolar
contraints and those implied by a geometric transfer,
and their corresponding uncertainties are the subject
of future study.

3.1 Interactive Rendering

Registration is critical to the visualization system be-
cause the projector will be used to augment the dis-
play surface with imagery at each frame as it is moved
through the confines of the camera and projector frus-
tums. The current homography is provided to the ren-
dering subsystem that generates appropriate imagery
at each frame.

The dataset to be visualized is represented as a 3D
texture-mapped cube of size 1 in the object coordinate
system. This cube is positioned in the world as a vir-
tual volume through a translation, scale, and rotation
that is defined by the user’s preference for visualization
of a specific dataset. The X — Y plane of the volume
relates to the world X —Y plane, and the data Z —axis
is assumed to point out of this plane and “up” in the
world (see Figure 4).

Using the 3D texturing capabilities now available on
most commodity graphics hardware, an arbitrary slice
of data can be extracted from the volume by defining
texture coordinates within the unit cube in the object
coordinate system. The texture coordinates are de-
rived from the locations of the four tracked colored
fiducials in the world coordinate system. World rays
emanating from the center of projection of each de-
vice are back-projected towards the pixel coordinates of
each fiducial’s center of mass. Then, by recording pixel
correspondences in each device’s coordinate system and
using their recovered projection matrices, standard lin-
ear triangulation techniques [13] are used to estimate
the 3D point of each fiducial.

A plane is fit to the reconstructed world points by
first finding their center of mass in world coordinates
and then computing two normalized vectors that are di-

rected from this center towards two adjacent fiducials.
Using these two vectors and their negations, along with
a scale factor for the desired size of the texture-mapped
image, the extents of a quadrilateral are defined by the
endpoints of each ray. The world coordinates of this
quad are then simply mapped to texture coordinates
by by finding the ratio of a coordinate to its location
in the world volume bounds, and then scaling this into
the unit coordinate system of the 3D texture map.

The contents of the projector’s framebuffer must
be correctly warped to take into account two differ-
ent transformations. First, the projected image must
appear at the same position on the display plane as it is
moved. In this case, the correcting transform is simply
the most recent homography that will warp the cam-
era targets being tracked on the board to the projector
frame. Secondly, the perspective distortion induced by
the projector’s position with respect to the board must
be taken into account. These transforms are composed
into a 4 x 4 perspective transform matrix that corre-
sponds to an optic axis oriented towards the center of
mass of the tracked targets. The remaining free param-
eters of this matrix are given by the extrinsic and in-
trinsic parameters of the projector determined during
the world calibration phase. This perspective trans-
form is applied to the framebuffer contents to derive
an image that is centered on the moving display plane
and will remain rectified in the world. Figure 5 shows
several images of the system in operation.

4 Future Work

We have introduced an iterative approach to maintain-
ing pixelwise registration between a projector and cam-
era via a parametric transfer function. In the case of
a planar surface, the active pursuit algorithm has been
developed and then integrated into a new application
that supports interactive visualization of volumetric
data in an intuitive manner. The tracking system pro-
vides sufficient accuracy and robustness to support the
new application. A near term extension of this appli-
cation will be to support view-dependent rendering of
three-dimensional objects that have parallax outside of
the moving plane. Augmentation will not be restricted
to planar slices and will support visualization of arbi-
trary models that sit on the planar surface as it moves.
We will continue to explore how the presence of a
projector can assist in tracking objects in dynamic en-
vironments along several lines. Initially, we will extend
the tracker to other parametric transfer functions in-
cluding piecewise planar and quadric surfaces.
Ultimately, the project is driven by our desire to
actively illuminate deformable surfaces that are in mo-



Figure 5: The tracking algorithm supports continuous augmentation of moving planes in the frustum of the
projector and camera pair. Example shows augmentation sequence as a user repositions a board through an MRI
scan of the human head [5].

tion. For example, we hope to explore how the pages
of a book might be augmented with projected data as
the book is repositioned and the pages turned. This
will require active pursuit tracking to take place in a
higher dimensional shape space where global transfer
functions do not apply.
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