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Abstract

One of the most crucial tasks in a see-through
augmented reality (AR) system is to register the
virtual objects with the real world through a trans-
parent display. The importance stems not only
from the fact that registration requires careful cal-
ibration of the system but also from the necessity
that any calibration procedure should take into ac-
count the users.

Tuceryan et al. in [26] proposed a general
method for calibrating any see-through AR system.
This method is called the single point active align-
ment method (SPAAM) based on dynamic align-
ment of a set of displayed points with a single scene
point at a time. Our experiences with this method
on several optical see-through AR systems showed
that although a powerful tool, users find alignment
of many points overwhelming. This paper intro-
duces several improvements to simplify the calibra-
tion process and increase the success rate. After
identifying the causes where calibration parame-
ters change from user to user, we propose ways
of preventing most of the change by adopting par-
ticular configurations for tracker semsor and the
see-through display. Then, a simple user interface
1s implemented where existing calibrations can be
used. Furthermore, we have introduced a simpler
model for the calibration that requires less num-
ber of user inputs, typically four, to calibrate the
system.

1 Introduction

Augmented reality (AR) is a technology in
which a user’s view of the real world is enhanced
with additional information generated from a com-

Yakup.Genc@scr.siemens.com

M. Tuceryan?

N. Navabf

Dept. of Computer and Information Sci.
Indiana U. Purdue U. (IUPUI)
Indianapolis, IN 46202, USA

puter model. The enhancements may include la-
bels, 3D rendered models, or shading and illumina-
tion changes. Augmented reality allows a user to
work with and examine the physical world, while
receiving additional information about the objects
in it.

In a typical augmented reality system, a user’s
view of a real scene is augmented with superim-
posed graphics. The graphics are generated from
geometric models of both virtual and real objects
in the environment. In order for the graphics
and the video to align properly, the pose and
optical properties of the real (human eye) and
virtual cameras must be the same. The posi-
tion and orientation of the real and virtual ob-
jects in some world coordinate system must also
be known. This is accomplished by tracking the
location of the real objects and using this infor-
mation to update the corresponding transforma-
tions within the virtual world. Once these capa-
bilities have been brought together, real objects
and computer-generated graphics may be blended
together, thus augmenting a dynamic scene with
information stored and processed on a computer.

In order for augmented reality to be effective
the real and virtual objects must be accurately
positioned relative to each other and properties of
the components of the system must be correctly
specified. This implies that certain measurements
or calibrations need to be made. Calibration is
one of the most crucial tasks in a see-through aug-
mented reality system. The importance stems not
only from the fact that registration requires care-
ful calibration of the system but also from the ne-
cessity that any calibration procedure should take
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into account the users.

Camera calibration has been studied exten-
sively in the computer vision community [25] 17,
30, 8]. In augmented reality, Azuma and Bishop
[1], and Janin et al. [12] describe techniques for
calibrating a see-through head-mounted display.
Interactive calibration schemes which require the
simultaneous alignment of multi-point configura-
tions in order to perform the camera calibration
were also explored by McGarrity and Tuceryan
[19]. Recently, Kato and Billinghurst describe an
interactive camera calibration method [I4] that
uses multiple points on a grid. Gottschalk and
Hughes [6] present a method for auto-calibrating
tracking equipments used in augmented and vir-
tual reality applications.

Some researchers have studied the calibration
issues relevant to head mounted displays (HMDs)
[2, B, M 10, 1T], 13]. Others have focused on mon-
itor based approaches [27, [7, [0 20, 22], 29]. Both
approaches can be suitable depending on the de-
mands of the particular application.

Various tracking modalities, beside the mag-
netic trackers have been used by numerous re-
searchers. Among those, vision based trackers us-
ing fiducials have been implemented [15, 211 23].
Some researchers have also tried to improve the
robustness and accuracy of these trackers using
hybrid methods [24].

Evaluation of calibration or registration accu-
racy of an optical see-through system is a diffi-
cult task. Since there is no way to access the
augmented image as perceived by the user, tradi-
tional image-based measurement methods cannot
be used. Several approaches have been suggested.
The first is to have the user calibrate the HMD
and then report the qualitative accuracy of the
alignment of a computer model to its real-world
counterpart [4, [12] 28], i.e., “acceptable,” or “un-
acceptable.” The second method uses a camera
in place of the human eye and conducts image-
based measurements to assess the accuracy of the
alignment [I0, 19]. Another approach is to esti-
mate the registration error through error propa-
gation [16]. Finally, the online system described
by McGarrity et al. [I8] measures the registration
accuracy while the users are using the AR system.
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User’s actual perception and interaction with the
real world is measured by asking the user to indi-
cate the projection of a set of perceived objects on
a measurement device. This allows an analysis of
the structure of the system error in two or three
dimensions.

Tuceryan et al. in [28] proposed a method
for calibrating any see-through device for an
augmented reality application. This method is
called the single point active alignment method
(SPAAM) that is based on dynamic alignment
of a set of displayed points with a single scene
point. Our experiences with this method on sev-
eral optical see-through AR systems showed that
although a powerful tool, users find alignment of
many points overwhelming.

Any calibration scheme for an optical see-
through system should be user friendly and robust.
User friendliness is needed since calibration is an
online process and needs to be done almost every
time the HMD is put on. The particular method
needs to be robust to user errors during calibra-
tion as well as reduce its requirements for the on-
line calibration step. The method also should be
robust against the tracker errors even though their
causes cannot easily be determined.

We, in this paper, propose several improve-
ments over the existing calibration techniques.
The first of these improvements is based on the
usage of the existing calibrations. In this, the user
is asked to choose among any number of existing
calibrations while his/her view is augmented with
some virtual objects which the user is supposed
to associate with their real counterparts in the
scene. Once the user has chosen one calibration
that works approximately, he/she can do several
more SPAAM alignments to correct it further us-
ing the visual feedback provided.

The second improvement concerns the modifi-
cation of the models for the virtual camera. The
SPAAM calibration method assumes a model that
can change between each user and between each
use of the same user. An alternative model is es-
tablished to identify invariant parameters of the
model for different users etc. This way a two-stage
calibration process is designed such that the first
stage involves in off-line estimation of the fixed
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parameters and the second stage involves an on-
line task for the particular user. The advantage of
this modified method is that one can be as care-
ful as he wants to be in the off-line stage with a
lot of measurement but can be relaxed in the sec-
ond stage. For example, it could be possible to
perform the second stage of the calibration with
much less alignments than required by the regular
SPAAM method, typically four.

This paper is organized as follows. Sections
and [3] explain the proposed two-stage calibration
process. After presenting the results of our ex-
periments with the proposed calibration methods
in Section [, we conclude in Section [ with some
discussions.

2 Use of Existing Calibration

We propose to use the existing calibrations that
have been performed on the system by the current
user in the following way:

e Let the user scroll through a set of existing
calibrations for the current system to choose
one that registers the virtual object to the
world in the best way.

e Let the user perform as few alignments as nec-
essary for regular SPAAM (or SPAAM2 as
explained in the next section) on top of the
calibration chosen in the first step.

o Add the successful calibration into the list of
calibrations to be used later.

In order to achieve the first step, we need to
have some assumptions regarding the augmented-
reality system. First of all, we need to assume
that the tracker sensor (e.g., the tracker camera),
should be fixed with respect to the virtual dis-
play. For I-Glasses type of HMD, enforcing this is
easy since the displays are rigid. The only thing
we need to know is which eye the users use. We
can classify the existing calibrations according to
the left or right eye and let the user choose be-
tween one of them. For MicroVision type of the
HMDs, this can be achieved when the tracker sen-
sor is placed on top of the moving display com-
ponent. The second assumption is not so strong
and suggests that the user put the goggles on in
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an expected manner so that one of the earlier cal-
ibrations can approximately fit.

Once we know the current display position with
respect to the tracker sensor, we take a subset of
the existing calibration fitting the display posi-
tion and let the user choose amongst these that
overlays some virtual objects on some real world
objects. To facilitate this process further, we

have built a calibration grid where the user can
place it anywhere. This grid will have an inte-
grated marker and a set of other grid like struc-
tures for the user to see where the overlay take
place in order to assess the quality of the calibra-
tion/registration (a user using a prototype of such
a calibration device is shown in Figure [I]).

Figure 1: An example calibration grid with at-
tached marker to help the user to pick a set of
calibration parameters from existing ones and do

further SPAAM alignments.

Once the user chooses an acceptable calibra-
tion from the existing one, he/she can perform
additional alignments to correct the calibration
further. The resulting calibration can be time-
stamped and saved in a file for future use as an
existing calibration.

3 A Modified Calibration Model

The “Two Stage” Single Point Active Align-
ment (SPAAM2) calibration of see-through head-
mounted displays (HMD’s) has based on the fol-
lowing:

1. An off-line calibration of the HMD is per-
formed using SPAAM. This will include the
estimation of all 11 parameters of the pro-
jection matrix. A subset of these parame-
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ters is fixed and does not change based on
the HMD moving on one’s head or change of
person. For example, the rigid transforma-
tion between the tracker mark that is rigidly
attached and the display will not change by
moving the goggles.

2. The HMD is moved on one’s head or when
a different user wears it, the parameters that
are affected can be re-estimated using a sim-
pler procedure and by collecting a smaller
number of data points.
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Figure 2: Tracker and virtual camera coordinate
systems for illustration of the proposed simplified
model for SPAAM?2 calibration procedure.

We have the following observations regarding
the calibration process (see Figure [2):

1. What we want is the transformation Rg, TE.
The first step gives us R¢, T'c and the camera
intrinsics.

2. Ideally, the camera and the eye should coin-
cide. Le., Rcg,Tcg should be identity and
the camera intrinsics should be the same for
the camera and the eye.

3. Moving the goggles on the same person would
change Rcg,T'cg but would not affect the
camera intrinsics.

4. Moving the goggles to a new person would
potentially change Rcg,T'ck, and the camera
intrinsics.

Method: With the above observations we pro-
pose the following method for calibration: Ap-
proximate the changed transformation in the eye
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by a warp. This can be justified because the most
likely changes due to moving HMD on a user’s
head would be a shift in the 2D rendered dis-
play. Any change in focal length would result in
a scaling of the 2D rendered image. Therefore,
one can model the camera O¢ to eye O trans-
form as a simple linear scale and shift of the image
in 2D and estimate the small number of parame-
ters needed to accomplish this transformation. Let
P¢ = (zc,yc)? be a point in camera coordinates
and let Pg = (2g,yg)” be a point in the eye co-
ordinates. We can model the transformation as:

TE = Quxc + Ug
YE = vy + Vo

or, in matrix form

TE ay 0w xrc
Pg=|ye| =10 av v yc | = KPc.
1 0 0 1 1

any, Oy, ug and vg are the parameters representing
a stretching and translation in the image as shown
in Figure Bl

&)
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Figure 3: Stretching effect of the model discussed
in the text.

This means that we only have to estimate four
parameters when the HMD is moved to a new
position or a new person. One-point correspon-
dence results in two equations, therefore, obtain-
ing two point correspondences would give us suf-
ficient data to estimate the necessary parameters
to correct the calibration.

Method of collecting the correspondences:
The pre-calibration using SPAAM gives us the
projection matrix II for the display, allowing us to
generate the point P from the coordinates of the
single calibration point Pw in the world. Using
the same method of collecting data as in SPAAM,
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we collect two points, Pr and Pg2, that the
user aligns with the calibration point in the world.
Using the pre-calibrated projection matrix II and
the tracker data when the points were aligned, we
compute the images of the point, Pc; and Pc .
Now we have the point correspondences that give
us the following equation:

zcqa 1 0 0 oy TE1
0 0 yc1 1 uo | _ [ yEa
Too 1 0 0 Qry TE2
0 0 yco 1 Vo YE,2

From this equation, we can now solve for the pa-
rameters of the K matrix. The new projection
matrix then is:

' = KII.

Alternative model: Alternatively, we can model
the correction as a general 3x3 upper triangular
matrix. This would have five parameters to esti-
mate.
Qy S U
K=10 «a v
0o 0 1

We can estimate these five parameters using a sim-
ilar data collection method as above. Only now,
we would have to collect at least three points that
are not collinear. This models the possible skew
as well as the scaling and translation as seen in
Figure [l

translation 5

Figure 4: The skew and scale effect of the model
discussed in the text.

Other models can be introduced as well. For
example, we can assume that the translation in the
space is dominant with respect to the translation
in the image, i.e.,

a, s 0
C = 0 Oy 1 tl
0O 0 1 t3
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The new projection matrix is obtained

! 1I
3x4 —C 3x4
0 0 0 1 0 0 0 1/)°

4 Experiments

We have tested the methods proposed above on
our augmented reality system shown in Figure [l
As in any optical see-through system, assessing
the accuracy of the registration, hence calibration
is not a trivial task. This is due to the fact that
we do not have access to the image formed on the
retina of the user.

Figure 5: The augmented reality system used in
our experiments.

We have chosen two ways to demonstrate our
results. First is a qualitative assessment of the
registration accuracy after calibration. We con-
ducted tests with several users and asked them to
evaluate qualitatively how good is the registration
is. The second is a quantitative measurement of
the calibration and registration accuracy. For this
we gather an extensive set of data during calibra-
tion. In particular, we asked the users to dynami-
cally align a set of 2D image points (crosses) with
a 3D scene point the same as the data alignment
step of SPAAM calibration. The gathered data is
grouped into calibration and test groups for gath-
ering error statistics as explained below.

We had four people test the calibration meth-
ods. For this, a fifth person calibrated the sys-
tem once for each eye. Then, the other four have
used the same calibration directly. These people
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reported miss-registration on the order of 1-3cm
at about 60 cm distance. Then they are asked
to input four more alignments. After these, using
the second stage of the calibration, the reported
accuracy improved to about lcm.

A second set of experiments is conducted to
present some quantitative results. For this, two
people calibrated the system. The first user is
asked to align 30 points while the HMD is fixed.
We label these alignments as set S. Another 20
alignments are done by this user after putting the
HMD off and on, labeled set S;. Finally, the sec-
ond person is asked to perform 30 alignments, la-
beled set Ss.

Using these alignments, we have tested the ac-
curacy of the calibration as follows. We used the
alignments in S to estimate an initial SPAAM pro-
jection matrix II which represents the fixed pa-
rameters. For each user (i = 1,2), we used part
of S; (labeled S;1) for calibrating the system for
the changed parameters using n points (from 3 to
12). This yields an updated projection matrix. We
then estimated the re-projection errors on the rest
of the alignments in S; (labeled S;2). We repeated
this process for 100 times by picking n number of
alignments from S; at random. Figure[6lshows the
mean and standard deviation of the re-projection
errors for Si, i.e., the first user. Results of the
same experiment for the second user are displayed
in Figure [Tl

In these experiments, we have six ways of esti-
mating the re-projection errors for different pro-
jection matrix estimations representing different
models and data. These are (assuming that n
alignments are picked at random from S;):

e Il : Re-projection error on S;o using II.

e II' : Re-projection error on S;j using the pro-
jection matrix obtained from the alignments
S and S;1 together.

® «y,ay, S, Ug, Vy: Re-projection error on Sjo us-
ing the updated projection matrix obtained
from the alignments S;; and II. This uses
the five parameters o, aw, 8, ug, and vy as de-
scribed in Section [3]

® «y,ay, Uy, Vy: Re-projection error on S;o us-
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ing the updated projection matrix obtained
from the alignments S;; and II. This uses
the four parameters o, o, ug, and vy as de-
scribed in Section [3]

® Qy, 0y, s, t1,te,t3: Re-projection error on S;o
using the updated projection matrix obtained
from the alignments S;; and II. This uses
the six parameters oy, oy, s, t1,t2, and t3 as
described in Section Bl

® ay,Qu,t1,ta, t3: Re-projection error on S;o us-
ing the updated projection matrix obtained
from the alignments S;; and II. This uses
the five parameters «,, o, t1, ta, and t3 as de-
scribed in Section [3]

Calibrate with “n", Test with “20-n" Points
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Figure 6: Statistics of the re-projection errors for
the calibration done by the first user performing
50 alignments (the last 20 are done after putting
the HMD off and on). See the text for details.

As it can be seen from these results, the original
SPAAM calibration is not very accurate after the
virtual camera is changed (because of a change of
user, or due to the replacement of the HMD on
the same user). In fact, while it yields an aver-
age error of 6 pixels when the HMD stayed fixed,
a mean error of 20 pixels is observed in the re-
projections when the HMD is moved. With four
or more points, the modified model consistently
yields better results. The four different models
with 5, 4, 6 and 5 parameters yield similar results.
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Calibrate with "n", Test with "30-n" Points
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Figure 7: Statistics of the re-projection errors for
the second user’s calibration where the 30 align-
ments from the first user are used along with the
30 alignments from the second person. See the
text for details.

The experiments suggests that the less the number
of parameters in the model is, the more accurate
the calibration gets.

5 Conclusions and Discussions

We have presented practical solutions to the
problem of calibrating an optical see-through aug-
mented reality system. First, after identifying the
causes where calibration parameters changes from
user to user, and eliminating most of the changes,
we proposed a simple user interface where exist-
ing calibrations can be used. Second, a simpler
model for representing the virtual camera is pro-
posed which only considers the changing parame-
ters from user to user.

As the SPAAM calibration allows dynamic
alignment, the choices of the scene point or points
and of the 2D virtual points are flexible. Our im-
plementation currently considers a stationary 3D
scene and a single point for the alignment. This
helps us in two important ways. First, the user
interface requirements are minimal when only a
single scene point is used. In the case of multiple
scene points, the system and the user should share
the knowledge of what scene point is currently be-
ing used. A second advantage is that it requires
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a single measurement in the workspace which can
later be used for augmentation. Furthermore, by
choosing a point in the workspace of the intended
application, the user is more likely to get better
registration during the system operation.
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