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Abstract— In this paper we argue that because there
is no ideal tracking system, the choice of which tracking
technology to use ends up being the most crucial decision
to be made and this in turn affects the whole application
development process.

We claim that a tracker abstraction that help the
application developer reason about the final result of
tracker uncertainty (the registration error) instead of its
source, is necessary for a new class of applications that
conform to a heterogeneous tracking environment to be
developed. We then introduce a method to achieve this
intended result.

I. INTRODUCTION

Augmented reality (AR) application design usu-
ally follows three steps: specification of the applica-
tion requirements, definition of a tracking technol-
ogy to be used, and application implementation [1].
Application designers either choose a convenient
tracking system (e.g., one that is cheap, such as
GPS, or one they already have access to), or pur-
chase the cheapest one that most closely satisfies the
application requirements. Choosing a tracking tech-
nology figures so prominently in current AR system
design because there is no one, ideal tracking tech-
nology, and the ones that are available have vastly
different, most often conflicting, characteristics. For
example, high accuracy trackers are currently very
expensive and typically only cover a small area,
whereas cheaper and/or wide-area trackers typically
have lower accuracy.

One implication of the need to make tradeoffs
when choosing a tracking technology is that ap-
plication development is often guided and limited
by the underlying constraints of chosen tracking

technology. This tight binding to a specific tracker
may even happen unconsciously. For example, a
laboratory or company that invests tens of thousands
of dollars in a specific tracking system will naturally
tend to design applications to work within the
constraints of the tracking system.

This approach works reasonably well for applica-
tions that naturally match the characteristics of ex-
isting trackers. For example, many trackers provide
a fairly constant level of accuracy in a small fixed
space, which matches the needs of applications for
some medical procedures, maintenance and training
tasks. However, many interesting AR applications
will have different requirements at different times
and locations, especially those that operate for
longer periods of time over large areas. Examples
include maintenance over large factory floors with
many machines, military and policing applications,
emergency response, wide area entertainment, and
so on. Furthermore, in many of these application
environments it is reasonable to assume the capa-
bilities of the tracking system may change over
time (e.g., through intentional or accidental damage
to the environment), implying that the applications
must adapt to changes in tracker characteristics to
work as well as possible at all times.

Our research focus is on developing the capa-
bilities to deal with multiple trackers with no a
priori knowledge of the characteristics of those
trackers, developing the algorithms necessary to
estimate the registration error between the virtual
and physical objects in real time, and designing
program structures to help the application use the
appropriate augmentation in each situation.



The rest of the paper is structured as follows: in
section Il we discuss the necessity and consequences
of tracker abstraction. Section Il discusses how reg-
istration error estimates can be computed. In section
IV we present some uses of such estimates, and we
conclude, in section V, with a brief description of
our current and future work.

I1. ABSTRACTION LAYERS

We believe that applications with heterogeneous
tracking characteristics require higher level tracker
abstractions than are currently available, if they
are to be properly designed, implemented, and
deployed. The fundamental characteristic of these
abstractions will be support for the application de-
veloper to deal with changes in tracking quality.
We also believe that such abstractions will simplify
the creation of all AR applications, by making
them less dependent on the characteristics of the
currently available tracking technology, and thus
able to adapt to newer technologies as they become
available. From a software engineering viewpoint,
properly designed abstractions will encourage appli-
cation developers to focus on how they want their
applications to behave under various tracking con-
ditions, and make explicit their assumptions about
the affects of tracker accuracy on their application.

We view tracker abstractions and AR applications
analogously to window systems and desktop appli-
cations. Prior to the creation of general purpose,
hardware independent windows systems (such as
X Windows), application developers built applica-
tions that were intimately tied to specific pieces of
graphics hardware. While this allowed developers
to squeeze the maximum amount of performance
out of a specific set of hardware, it also locked the
application into that hardware and intertwined the
application requirements and design choices with
the characteristics of the hardware, often blurring
the reason behind specific choices and behaviors
(i.e.. does the application behave this way because
we want it to, or because the hardware forced it
to?). The advent of systems such as X11* (and their

Isystems like X11 provide a wide range of software engineering
benefits beyond performance and portability, especially when you
consider the various toolkits built on top of them. We will not
summarize all the benefits here, as they have been widely written
about.

associated libraries and toolkits) allowed applica-
tions to be built independently of specific hardware.
As more powerful hardware became available, the
applications could use it, often without being re-
compiled, especially if they were written in a way
that reacted to the speed and power of the hardware.
And porting to new platforms that support the same
window system was often trivial.

And so we believe it will be for AR applications
that are written on top of properly designed tracking
abstractions. By separating the application from the
specifics of individual trackers, applications will be
better able to leverage new tracking technologies
as they become available, can adapt to changing
tracking conditions while they are running, and can
be maintained and understood more easily because
the tracking assumptions are more clearly identified
in the application.

A. Device Independence

Many libraries have been built over the years
for VR and AR system to provide a basic level of
tracker abstraction (e.g., VRPN from UNC Chapel
Hill is a recent example). The goal of these libraries
is typically to allow an application to receive tracker
reports in a standardized format, independent of
which tracker is being used to generate the read-
ings, allowing applications to ignore the low-level
details of communicating with the different tracking
technologies.

We Dbelieve this lowest level abstraction should be
enhanced in a number of ways. First, the tracking
system should provide details about the character-
istics of the tracker (such as its range of operation,
number of sensors, etc.). Second, the system should
provide details about the estimated accuracy of each
tracking measurement. Together, this information
will allow developers to create applications that
adapt to changing tracking characteristics. While
it could be argued that precise estimates of the
accuracy of some trackers are impossible to obtain,
it is clear that application developers implicitly or
explicitly incorporate accuracy estimates into their
applications already. They may use the published
accuracy numbers for a tracker, or experiment with
the hardware to determine the accuracy for them-
selves. Incorporating estimates that are at least as
good as these best case and black box estimates



should be easy, and developing better estimates
using runtime knowledge from the tracking system
should be possible in many cases. For example, a
vision-based fiducial tracking system can estimate
the accuracy of a camera pose based on the accuracy
of the camera calibration, the optical angle of the
pixels, and the computed position and orientation
of the fiducial (which tells the system something
about the accuracy of the real world position of the
fiducial feature points used to compute the camera
pose).

One intuitive way to make tracker information
available to the application developer is to estimate
the registration error associated with the objects that
will be augmented. We think that this approach is
effective because it allows the application developer
to focus on the effect that she cares about, the mis-
alignment between the object in the real world and
the computer generated graphics, as opposed to the
causes of registration error (tracker uncertainties and
inaccuracies) that are hard to reason with directly.

B. Consequences

We envision that applications that make use of
the tracker abstraction layer would be able to au-
tomatically reconfigure themselves to deal with a
loss of tracker or a discovery of a new track-
ing system available. For instance, consider the
following scenario: a mobile AR application uses
a differential GPS, a vision tracking system, and
a hybrid tracking system such as Intersense IS-
900, to track a person’s head. When the user is
outdoors, the differential GPS receives information
from satellites and the base station. When the head-
mounted camera captures an artificial marker, the
vision system computes the camera’s position in
relation to the marker(s), but if there is no fiducial
available, the vision tracker will not be used. The
I1S-900 system is active when the carried receivers
are in the range of the stationary emitters.

The user begins outdoors. The application re-
ceives information from the GPS system, but has no
information available from either the vision system
or the 1S-900. When this person enters the building,
the GPS tracking system will no longer work. If
this region of the building is equipped with artificial
markers, the vision system will start working and
the application will now receive these reports. If

a user approaches a region equipped with 1S-900
emitters, this system will start working and the
application will have reports from both the 1S-900
and the vision system.

In this scenario, the application deals with three
different tracking systems, discovers new trackers
and loses others as the user moves around. Having
this capabilities would allow for the development of
a new class of AR applications that could be used
for Emergency Response, military, maintenance, etc.

C. Discussion

Usually there is a trade off between abstraction
and performance: as more levels of abstractions are
added, the performance may be negatively impacted.
Augmented Reality applications are very demand-
ing with respect to performance. Ideally, an AR
application receives tracking updates at the same
rate as it refreshes the display, and each update
reports the precise location and attitude of the
tracked object at the very moment the display is
refreshed. Realistically, various delays exist between
acquiring a tracking measurement and rendering the
computer generated graphics. The longer the delay,
the bigger the registration error is likely to be [2]. It
is important to notice that here the analogy with the
windowing system can break down, since one may
want to be willing to trade off speed for elegance.

Abstraction vs. performance is a very important
issue that must be dealt with when adding more lev-
els of abstraction to an AR system. For instance, an
application can be designed to use different compo-
nents. One component could be responsible for the
visualization while a completely independent com-
ponent would be used for tracking. This approach
provides a very reasonable level of abstraction and
independence. The two components may even be
developed separately by teams that specialize in the
part they are responsible for, allowing for a better
overall system. But, if not developed properly, it
may severely compromise performance to the point
that the computer generated graphics augmentation
always lags behind the real world.

A tightly integrated system, such as ARToolkit,
that uses a tight loop to both update the tracker
reports and render the computer generated graphics,
does not exhibit misregistration due to lag, since it



Fig. 1. An example of the use of registration error estimation. The
system highlights a building and two of its windows by outlining the
areas of the screen the objects could occupy. Each outline was created
by growing the convex hull based on an estimate of the registration
error. The simple, misregistered computer model of the building is
shown for clarity. While the model is not registered with the world,
the intended objects fall within the highlighted areas of the screen.

does not render any scene up until a final head po-
sition is calculated. (The downside of this approach
is that the application will have to drop frames if it
can’t keep up, and the whole visualization will lag
behind user movements).

I1l. TRACKERS AND REGISTRATION ERROR

Beyond basic abstractions such as device inde-
pendence, an important part of allowing application
developers to create AR systems that are not inti-
mately tied to trackers is to allow the application
more access to the tracker report characteristics. As
we mentioned before, we believe that giving the
application developer an estimate of the registration
error will permit better control over the final graph-
ical result, improving the user’s understanding of
the situation. Exposing the registration error is both
intuitive and powerful, since this is the final effect
the application developer is likely to be interested
in, and is much simpler to understand and deal with
than the actual errors affecting tracker quality. (Such
as system lag or absolute pose error).

There are a variety of reasons why application
developers have difficulty dealing with multiple
trackers directly and estimating registration error:

« The underlying causes of registration errors are
time varying, and can depend on the user’s cur-
rent location or activity. For example, the noise
of magnetic trackers increases with the distance
from the transmitter. The accuracy of systems

which rely on beacons (either passive or active)
depends on the number of beacons which are
visible, and their configuration. These issues
affect systems ranging from GPS (each satel-
lite is, in effect, a moving active beacon) to
sonar-based navigation systems (such as the
InterSense 1S900) to optical systems (such as
the Vicom). Another property of these systems
is that the position and orientation errors are
frequently correlated with one another and the
errors cannot be correctly modeled indepen-
dently.

« The causes of some errors may be well un-
derstood, but still be difficult or impossible to
correct or to even quantify; for example, the
presence of ferrous metal or magnetic fields
can radically affect the direction reported by
a magnetic compass, but the magnitude of the
error cannot easily be detected [3].

« The effects of these errors are a function of
the distance of an object from the observer: as
the object moves further away the effects of
position-related errors diminish, while angular
errors do not.

« Computing the registration error for nested
transformations can be complex as well as time
consuming, if not properly implemented.

Besides dealing with the intrinsic characteristics
of tracking systems that are difficult to understand
and model, applications that deal with heteroge-
neous tracking systems would also be required to
handle the not so simple task of interfacing with
all these systems. An increase in system complexity
can also be caused by the system need to keep track
of which tracking system is active and which ones
are out of reach at every moment.

We think that providing application developers a
framework that compute the registration error esti-
mate would allow them to develop more complex
applications, since they would be free of the burden
of dealing with trackers characteristics directly.

A. Tracker Report

An important part of dealing with tracking re-
ports, is to understand that they do not correspond
to the precise pose of the object being tracked, but
rather to the point of highest probability. Although



this is the most likely result, there is a possibility
this data is wrong.

We propose that tracker reports not be treated
as an absolute description of the pose (location
and attitude) of the object being tracked, since this
is actually a simplification. Rather, the tracking
report should instead be modeled as a Probability
Distribution Function (PDF). The tracking report
received from the system would be the mean of
such a PDF, instead of a singular point in space.
The accuracy of the tracker can be encoded as the
covariance of a Gaussian distribution, giving the
programmer a relatively simple expression of the
most likely location of the tracker and its accuracy,
in a form that can be reasoned with. However, using
a Gaussian as a model is still a simplification, since
itis not clear if it is possible to measure and quantify
the actual statistical characteristics of all tracking
systems.

Using a consistent PDF representation to ap-
proximate each tracker reading allows for relatively
sophisticated methods to be used to reason about
the effects of tracker accuracy and make this infor-
mation available to application developers.

In the following sections, we present a method
to estimate the registration error, once the tracker
reports are modeled as Gaussian distributions. Then,
techniques are proposed to make use of these esti-
mates to improve the quality of the augmentation
presented to the user as well as the quality of
interaction.

B. Estimation of the Registration Error

Estimating the registration error for a whole ob-
ject is a very complex problem. A similar and easier
problem is estimating the registration error for a
point in 3D. Given the PDF error characterization
for all tracker reports, this is a feasible problem
that can be solved with statistical tools such as the
unscented transform [4, 5].

We use the unscented transform to compute a
2D ellipse on the screen that corresponds to the
registration error region of a point in 3D. To
calculate the registration error for an object, we
compute this region for each vertex of a geometrical
representation of an object and then aggregate them.
We propose two aggregation methods, depending on
whether the application wants access to a number or

a region as a representation of the registration error
estimate. To produce a numerical representation,
the maximum of each of the two main axis are
aggregated. To produce a region as a representation
of the error estimate, the polygonal representation of
the 2D screen ellipses are aggregated by computing
the convex hull of these points.

Thus, our framework for estimating the registra-
tion error of objects consists of two steps: estimating
the registration error of the 3D vertices of the polyg-
onal representation of the object, and aggregating
these estimates for objects as follows:

« For each object to be augmented, construct its
list of vertices.

« Calculate, for each vertex, the statistical prop-
erties of the registration errors. In particular,
we calculate the mean and covariance of the
registration errors for each point.

« Aggregate these values by either computing the
max of the main axis, if we want a numerical
representation; or computing the 2D convex
hull of the covariance ellipses computed on the
previous step, if we want a region.

We use the convex hull of the vertices of an
object to approximate the silhouette of that object
for two reasons. First, convex hulls can be com-
puted quickly, while there is no fast algorithm to
compute the external contour of an object from
an arbitrary view point. Second, even if we could
compute the silhouette quickly, most of the uses
we envision for this information would either not
benefit significantly from a more accurate (non-
convex) silhouette, or the algorithms to implement
them would become significantly more complex
when given an non-convex polygon.

Although an exact contour is useful when we
want to render the silhouette of a complex object,
for other uses we could get better results by hav-
ing the programmer break down a concave object
into a collection of convex parts, and use iterative
algorithms on these multiple parts.

IV. APPLICATIONS OF THE REGISTRATION
ERROR ESTIMATE

Once an estimate of the registration error can
be provided to the application, the application de-
veloper can use this information to improve the



perceived result. The uses of the registration error
estimate include:

« Design different graphical representations that
can be used to augment an object, based on the
registration error estimate (Level of Error).

« Use the estimate to compute a region around
the object to guarantee that the augmentation
will not block the the view of the object, and/or
a region guaranteed to be inside the object.

« Determine regions that can be used to guide
user interaction.

In sections IV-A through IV-C we examine these
techniques in more detail.

A. Level of Error

Registration error estimates can be used to choose
among available augmentations for the same object.
The application developer designs different graphi-
cal representations that can be used to augment an
object. [6]. The system will, in real time, choose
the most appropriate augmentation to use for each
circumstance. This idea is similar to the Level-
of-Detail approach commonly used in computer
graphics.

Consider for example the following scenario, for
a maintenance worker responsible for verifying the
status of heavy machinery in a factory. The factory
is equipped with a low-accuracy tracking system
over its entire floor and a high-accuracy tracking
system in the region where the machine is located.
When the person enters the factory, the system
may display some high level information about a
given machine that is located over a 100 ft from
where the person stands. A text message (drilling
tool on the far right needs maintenance) would be
displayed and no attempt would be made to spatially
superimpose graphics on top of the machine if the
registration error is too big. As the maintenance
person approaches the machine, and consequently
the registration error is reduced, allowing graphical
augmentations to be used, the system would au-
tomatically replace the textual augmentation with
a low resolution graphical representation of the
machine. A more detailed augmentation would be
provided when the maintenance person gets closer
to the machine.

To build an application for this scenario, it is
necessary that the application developer provide

Fig. 2. Expansion adds all neighboring points at distance smaller
then the radius of the kernel, in a given direction. Contraction
removes all points closer then the radius of the kernel.

more than one augmentation for the object to be
augmented as well as the registration error ranges
for which each augmentation should be used. The
underlying structure needs to be able to compute, in
real time, the registration error associated with the
object and choose the most appropriate augmenta-
tion to be used.

B. Bounding Regions

An important issue in AR is where on the screen
to place the augmentations so that it does not block
the view of the objects the user cares about. Bell
et al. [7] revisited the idea of using User Interface
Management Systems (UIMS) to automatically man-
age the augmentations’ positions on the screen. To
be able to do this, one needs to know which portion
of the screen is occupied by which object. To help
this task, two regions can be computed as follows:

Inner Bounder — This region is determined by
removing all the points inside the original geomet-
rical model whose distance to the border is less
than the estimate. This region is guaranteed to be
inside the object to be augmented. It can be used,
for instance, to place labels on buildings.

Outer Bounder — The union of the inside of the
model plus the points that are at a distance less than
the estimate to any point inside the original region.
The object is guaranteed to be inside this regions. If
an application wants to display some graphics that
do not block a object, one can compute the outer
bounder for that object and place the augmentation
outside that area.

These regions can be computed by contracting
and expanding the original bounding volume using
the estimated registration error as the kernel for
these operations [8]. These operations are similar



to the morphological operations of dilation and
erosion. (see figure 2.)

C. Interaction

One of the most common interaction task, and
probably the most important for AR, is the object
selection task. Our interest is in using either direct
interaction — where the user points directly at
the object to be select, either by using her fingers
or hand — or indirect interaction — where an
intermediate device (be it a mouse, stylus, track-ball,
etc.) is used to select the object. To help the user
interact with the the system and make sure that the
system is receiving the input the user intended to,
one can increase the size of the pointer or rearrange
the augmentations on the screen, depending on the
registration error expected.

An estimate of the registration error is used to
compute a region around the object, as presented on
the previous section (I'V-B). This region corresponds
to the projection in 2D of the 3D space where this
object is guaranteed to be, up to the confidence
interval specified. The outer bounder region is then
used as a target for user interaction. Then, the
system computes the intersection between the region
associated with the object and the region associated
with the input data, be it provided by direct or
indirect interaction.

V. CURRENT AND FUTURE WORK

To test these ideas, we have being currently
extending an open source scene graph to allow it
to be used as an underlying structure to develop
AR applications that support heterogeneous tracking
systems. To the original scene graph we added
support for AR (such as trackers, fiducial finding,
video-mixed and optical see-through, etc.) and for
uncertainty transformations. Most of the other addi-
tions derive from this later decision. For instance, a
registration error estimator that traverses all relevant
nodes and computes an estimate of the registration
error. We also added some higher level building
blocks to leverage these estimates. For example,
Level-Of-Error nodes — an extension of ’switch’
nodes that choose which child to use based on the
error estimate.
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