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Abstract

Augmented reality (AR) systems superimpose
3D virtual objects on top of a real scene. Most
applications require the AR system to main-
tain an accurate registration between the vir-
tual objects and the real scene. Many AR sys-
tems use parameters obtained from the camera
calibration to set up a virtual camera that mod-
els the real camera. Thus, inaccuracy in cam-
era calibration can adversely affect the registra-
tion of an AR system. This paper proposes a
calibration improvement algorithm which mea-
sures and improves accuracy of a robotics AR
system that is currently used in our lab. The
algorithm uses a square grid pattern as a cal-
ibration device. The vertices of the grid are
defined as calibration points. The image coor-
dinates of the calibration points are extracted
using image processing technique. By compar-
ing the difference between these image coordi-
nates and those that are calculated using the
camera parameters, the accuracy of the system
can be measured. The registration error found
can be used to adjust the camera parameters
accordingly and thereby improves the accuracy
of the system. Experiments have shown that
the calibration improvement algorithm is feasi-
ble and it can be used to measure and minimise
the registration error of the AR system.

1 Introduction

Augmented reality (AR) enhances a human’s view of a
scene by superimposing virtual objects on a view of the
real world. In most applications, a scene is captured by a
camera and additional information is displayed by suit-
ably designed, virtual objects added to the real scene
view, giving the user a better perception of the world
state [Azuma, 1997; Collett and MacDonald, 2006b;
2006a).

Over the last decade, there has been a significant in-
crease in AR research and applications. AR can be used
during computer-aided surgery and to mock up surgery
or biopsy operations [Azuma, 1997]. AR can help re-
pair and assemble complex equipments in the service and
maintenance arena [Azuma et al., 2001]. Some games use
AR, for example AR air hockey and the virtual monster
combating RV-Border Guards game [Azuma et al., 2001;
Ohshima et al., 1998]. AR is particularly useful in
many robotics applications, such as robot path plan-
ning [Azuma, 1997], presenting the positions of robots in
a swarm [Daily et al., 2003], and helping rescue robots
to locate victims in an unknown environment [Drury et
al., 2003]. There is also recent research which develops
AR applications on mobile phone platforms, which has
applications in AR mobile games [Henrysson et al., 2005]
and teleconferencing [Billinghurst et al., 2002].

One critical requirement in AR is accurate registration
between the real and virtual worlds. Incorrect alignment
between the real and virtual coordinates causes the vir-
tual objects to appear at incorrect positions, so their use-
fulness is reduced and they appear “unrealistic.” Badly
registered objects often appear to float in the real scene,
instead of appearing fixed to some relevant point in the
real world. In some cases, for example computer-aided
surgery, inaccurate registration may prevent the task be-
ing completed, and could be a safety hazard.

There are two major sources of registration error
in an AR system, namely dynamic error and static
error. Dynamic error causes a registration problem
only when the user’s viewpoint or the viewing environ-
ment is moving. This is mainly a result of latency in
AR processing, such as the time required to: generate
virtual objects, combine them with the real environ-
ment and display the combined images to the user [Ba-
jura and Neumann, 1995]. Our concern in this pa-
per is static error, which causes a registration error
even when the user’s viewpoint and the environment are
still. Static errors are mainly caused by [Azuma, 1997;
Bajura and Neumann, 1995; Kato et al., 2003):



1. incorrect viewing parameters, including the offset in
translation and orientation between the real coordi-
nate system and the virtual coordinate system

2. different projection parameters between the real
camera and the virtual camera

3. incorrect model of the real camera in the virtual
world

4. distortion in the camera lens
5. error in the tracking system

Error factors 1-4 are related to the properties of the
viewing camera/s. Each camera used in AR must be
calibrated in order to extract its intrinsic and extrinsic
parameters. The intrinsic parameters are the character-
istics of the camera itself including the coordinates of the
principal points, the aspect ratio of the image, the focal
length of the camera, and the skew in the two image
axes. The location and orientation differences between
the world and the camera coordinate systems are clas-
sified as the extrinsic parameters [Medioni and Kang,
2005]. The camera parameters obtained from the cam-
era calibration are used to model the virtual camera in
AR. As an incorrectly modelled virtual camera causes
registration error in AR, that error is highly dependent
on the accuracy of the camera calibration. AR registra-
tion does however require a calibration accuracy only to
the pixel level; there are no particular physical demands
of calibration as there are in imaging systems.

This paper proposes an additional, off-line algorithm
which measures and improves the accuracy of the AR
system that is currently used in our lab, based on the reg-
istration errors found. Section 2 briefly reviews related
work on calibrating AR systems. The current AR system
and its applications are described in section 3. Section 4
explains the calibration improvement algorithm, includ-
ing stages for: image processing, accuracy measurement,
and parameter adjustment. Section 5 presents the exper-
imental results and discussion followed by conclusions in
section 6.

2 Related Work

Each AR system has its own calibration method. This
is mainly because of the setup, the type of device(s)
used, and the application of each AR system are dif-
ferent. Calibration in AR mainly concentrates on the
calibration of the viewing device, which may be an op-
tical device or cameras of a video-based head-mounted
display (HMD) or a video-based overhead camera. The
calibration method varies depending on the viewing de-
vice; the properties of each viewing device are differ-
ent from one to another. On-line or off-line calibration
may be used, or the configuration may be calibration-
free. [Gibson et al., 2002] present a camera calibration

method for video-based off-line AR that tracks features
in the environment. [Mallem et al., 1999] describe auto-
matic camera calibration based on the robot calibration.
The method requires a set of LEDs to be mounted on
the robot. Since this method uses LEDs instead of any
particular calibration objects, it is even possible to cal-
ibrate the camera in motion. [Gao et al., 2003] present
an image-based data sampling method to calibrate an
AR system with an HMD. An automatic correspondence
matching method locates a set of world—image corre-
spondences, from which the intrinsic and extrinsic pa-
rameters of the camera can be calculated. Some research
focuses on calibration-free, video-based AR systems [Seo
and Hong, 2000; Kutulakos and Vallino, 1998]. However
these require either a set of non-coplanar 3D points to be
presented in the viewing environment or the user must
specify a particular area where the virtual object is to be
projected, thus the applications of this type of AR sys-
tem are limited. [Huang and Boufama, 2002] present a
semi-automatic camera calibration method for AR. The
method detects the 2D image coordinates of corners for
calibration points and calculates the corresponding 3D
coordinates using homography. Abdullah and Martinez
present a self-calibrated method to improve camera cali-
bration in the ARToolKit; the previous method required
user intervention and is error prone [Abdullah and Mar-
tinez, 2002]. Although self-calibration is desirable, such
a method is generally less accurate and requires more
computational time than those methods that use a cal-
ibration device [Medioni and Kang, 2005]. Therefore,
unless it is necessary, most of the calibrations are done
off-line with the aid of a particular device.

3 Augmented reality (AR) system

The proposed algorithm improves the accuracy of the
AR system — ARDev, developed by Collett [Collett
and MacDonald, 2006b; 2006a). The objective of ARDev
is to assist the robot developer with the complexity of
robot software development by displaying robot data in
the real environment. Robot developers gain a better
perception by visualising robot data in the real world.
Possible AR configurations include different viewing de-
vices (an HMD and an overhead camera), different dis-
play devices (an HMD and a large touch-screen), and
different types of robot (B21r, several pioneers, our in-
house Shuriken robot). As shown in Fig. 1 robot data
is overlaid on the scene, including the laser data, sensor
data and the odometry history of a robot. When de-
bugging a robot application which uses the laser data,
the user can identify if the error is caused by hardware
limitations or incorrect programming. This makes the
debugging process faster and easier.



Figure 1: Visualisation of sonar and laser data as well
as odometry history using ARDev.

Figure 2: Calibration device that is used in the camera
calibration.

4 Calibration improvement algorithm

ARDev uses a semi-automatic camera calibration
method based on Tsai’s calibration algorithm [Tsai,
1987]. Other calibration methods, such as the direct
linear transform and Zhang’s algorithm, are either com-
putationally expensive or generally not suitable for the
single view case [Zollner and Sablatnig, 2004].

As shown in Fig. 2, a 1m partial cube, which is con-
structed using three planes, is used as a calibration de-
vice. Nine CD-sized blobs are placed on a specific loca-
tion on each plane. During the camera calibration pro-
cess, the blobs centres on the partial cube, which are de-
fined as calibration points, are extracted automatically.
The intrinsic and extrinsic parameters of the camera are
estimated by matching the image—world correspondences
of all the calibration points.

Sophisticated auto-calibration methods, such as the
one presented in [Abdullah and Martinez, 2002], are
computationally expensive and often not as accurate as
calibration that uses a calibration device. Methods that
involve too much user intervention, such as calibration
using a 1D object, are time consuming and prone to
error [Holloway, 1995]. The semi-automatic calibration
method used here can overcome these problems. How-
ever, the method relies on image processing techniques
to precisely locate the calibration points, so the accuracy
of the calibration depends on the preciseness of the cal-
ibration points being detected. In theory, twenty-seven
points are well sufficient for the parameter estimations,
however more data may verify the calibration accuracy.
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Figure 3: AR calibration improvement algorithm using
a square grid pattern.

Errors that may found during the verification will be
corrected and hence improving the accuracy of the cali-
bration.

The accuracy of the camera calibration is evaluated
by using the resulting parameters to take some mea-
surements in the 3D world. The 3D measurement er-
rors are usually found between the back-projected 3D
calibration points and its corresponding known coordi-
nates. Although the accuracy of an AR system is related
to the accuracy of the camera calibration, the camera
calibration does not normally output the measurement
errors in terms of registration error in AR. Moreover,
the calibration accuracy should be verified using points
that are not used in the camera calibration. For these
reasons, this paper introduces an calibration improve-
ment algorithm for ARDev, which uses a 2D square grid
pattern as a calibration device. The algorithm is pri-
marily designed to measure the accuracy of parameters
extracted from the camera calibration and thereby the
accuracy of ARDev. The errors found are expressed in
terms of translation errors and rotation errors in AR.
The algorithm reduces the error by adjusting the cam-
era parameters. This algorithm is not designed to re-
place the original camera calibration method, however
with further development, it is possible to use this algo-
rithm to re-calibrate any camera that has been moved
without changing its intrinsic parameters. Most camera
calibrations require iterations to estimate and/or refine
the resulting parameters. Since the proposed algorithm
uses the original camera parameters as rough estimates,
re-calibrating using the algorithm is time efficient and
more robust. As shown in Fig. 3, the algorithm consists
of three major parts, namely the image processing, the
accuracy measurement, and the parameter adjustment.
The functions of each part are explained below.

4.1 Image Processing

The calibration improvement algorithm uses the vertices
of a 2D square grid pattern as calibration points. Colour
blobs are placed at the vertices of the grid such that the
centre of each blob is located at the vertex, as shown in
Fig. 4(a). The colour information is not used; the tech-
nique converts the image to grayscale. The blob colour
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Figure 4: The image processing steps used to extract the image coordinates of the calibration points.

should be in sharp contrast to the background so that the
pattern is noticeable in the environment. Basic digital
image processing techniques are used to find the cali-
bration points in the image, which is captured using an
overhead camera. This section focuses on the image pro-
cessing part of the calibration improvement algorithm
and the results from each step are shown in Fig. 4.

Contrast enhancement

The target blobs are chosen to contrast the background,
however under strong ambient lighting the contrast must
still be enhanced. A power-law transformation is used,
with the basic form s = er? [Gonzalez and Woods,
2002], where ¢ and « are positive constants, and r and
s are the gray level values of the input and output pix-
els respectively. The effect of the contrast enhancement
is mainly controlled by 7. ¢ is just a scale factor and
is commonly set to 1. After contrast enhancement, the
blobs appear more outstanding and the unwanted back-
ground materials such as the grid lines appear less no-
ticeable. This helps the background separation process
as described below.

Threshold finding

A threshold for the contrast enhanced image is calcu-
lated using Otsu’s method [Otsu, 1979], which max-
imises the separability of the black and white classes.
However, to completely separate the sharply contrast-
ing blobs from the background, it is necessary to further
boost the threshold by a scale factor. Thus, the resulting
thresholded image g(z,y) is:

1 iffley)>TxA
9(“’)—{0 if fla,y) <T x A (1)

where T is the Otsu’s threshold, A is the scale factor,
and f is the image after contrast enhancement. As it

(b)

Figure 5: Gaussian lowpass filtering. (a) shows a blob
which appears broken in the thresholded images. (b) the
gaps inside the blob is filled with shades due to the effect
of the Gaussian lowpass filter.

is not reasonable for the threshold value to be greater
than or close to 1, when T'x A > 1, the binary image is
generated using a threshold of 0.99.

Gaussian lowpass filtering

The Gaussian lowpass filter is primarily added here to
“repair” the binary image produced from the previ-
ous processes [Gonzalez and Woods, 2002]. It can also
be used to filter out background noise. As shown in
Fig. 5(a), as a result of lighting effects the surface of the
blob does not have a uniform gradient, thus the blob
object appears broken in the thresholded image. The
Gaussian lowpass filter blurs the image. The convolution
operator of a Gaussian lowpass filter G(x,y) is a two-
dimensional Gaussian function and can be constructed
using (2) [Fisher et al., 2004]:

1 7w2+y2

G(z,y) = PR 202 (2)

The effective filtering increases as the operator size
and/or the o value increase. The spread of a Gaussian
distribution curve is related to the integer value of o,
which is given a value of 1 for simplicity. The down-
side of using the lowpass filter is that it blurs the sharp
edge of the blob, thus the blob appears larger than it is.



However, since the objective of the image processing pro-
cesses is to locate the centre of each blob on the pattern,
assuming that size of the blob is increased by the same
amount in all directions, the oversize problem caused by
the lowpass filtering can be neglected. However, it is not
recommended to use an operator with a size bigger than
3 x 3. The broken blob may be reconnected by Gaussian
lowpass filtering, with ¢ = 1 and a 3 x 3 operator, as
shown in Fig. 5(b). The shadows in the gaps enable the
blob to be recognised as a whole object.

Locating the calibration points
The image coordinates of the centre of the blobs are
found using the openCV library [Intel Corp., 2006]. One
openCV function retrieves all the contours that outline
objects in the binary image. Another function finds a
rectangle that can be used to bound the contour. The
centre of the contour is the centre of the rectangle. In
order to filter out the background noise, the size of each
contour is compared. Any contour that is too large or
too small is considered to be noise and is eliminated.
Fig. 4(g) shows the extracted blobs, which are drawn
over the original image in Fig. 4(h). Although back-
ground noise is not completely eliminated, the blobs are
extracted successfully from the background. The other
detected points are discarded later in the calculation pro-
cess.

4.2 Accuracy Measurement

The world coordinate origin is defined as the ground
point intersection of the two vertical planes of the cali-
bration partial cube. In order to measure the accuracy
of ARDev, the square grid is placed at a known position
that is related to the origin. A pinhole camera model
is used for the overhead camera of the AR system. As-
suming lens distortion is negligible, the 2D image coor-
dinates of the calibration points can be back-projected
to the 3D world coordinates using intrinsic and extrinsic
camera parameters estimated from the original camera
calibration. The corresponding 3D world coordinates are
calculated using the following steps,

1. estimate positions of the 2D image points in camera
coordinates

2. express camera frame coordinates with respect to
world coordinates

3. assume that the projection point is at the same lo-
cation as the optical centre of the camera and optic
rays are passed through the world reference frame
coordinates that is calculated in 2, the 3D world
coordinates of the calibration points can be com-
puted using the parametric equation of a line in
3D [Asokarathinam, 2006].

To simplify the sorting and discard process, the user is
required to click on the display windows to indicate a
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Figure 6: The parameter adjustment process.

particular calibration blob that is equivalent to the ori-
gin of the world coordinate system. Based on the first
calibration point, any point whose corresponding 3D co-
ordinates appear outside the grid pattern is defined as
noise and is discarded.

The calculated 3D coordinates are sorted, so that they
can be compared with their corresponding known world
coordinates. The differences between these two sets of
points are used to determine the accuracy of the cam-
era calibration as well as the registration error in AR.
Translation error is defined as the mean displacement
error between the calculated and known 3D points. In
order to calculate the registration error, the basis vectors
of the 3D world coordinate system are determined using
two sets of calibration points. The basis vector X is
defined as an average of the unit vectors which are com-
puted using each calibration point and the point that
is adjacent and beside it. To reduce the effect that is
caused by the badly located calibration points, an aver-
age value is used. Similarly, the basis vector Y is defined
as an average of the unit vectors that are calculated us-
ing each calibration point and the point that is adjacent
and above it. The basis vector Z is a cross product of
the X and Y vectors. Once the basis vectors are found,
the rotation error in AR can be estimated by finding the
angular difference between the basis vectors of the calcu-
lated coordinates of the calibration points and the basis
vectors of the known coordinates.

4.3 Parameter Adjustment

The displacement between the calculated 3D coordinates
and the corresponding known coordinates of the calibra-
tion points indicates that the estimated camera param-
eters are incorrect. The error is used to adjust the cam-
era parameters, as shown in Fig. 6. For simplicity, it
is assumed that registration error is mainly caused by
incorrectly estimated extrinsic parameters, and that the
effect from intrinsic parameters is insignificant. The ob-



jective is to adjust the extrinsic parameters so that the
registration error in AR can be minimised.

Two calculation steps are required to adjust the pa-
rameters. Firstly, in order to correct the rotation error,
a shear matrix is introduced and set using the angular
difference between the basis vectors. The rotation error
in each direction is not the same as the others. A shear
matrix is used instead of a rotation matrix, to allow the
error in each direction to be adjusted separately. Since
the grid pattern is in 2D, only the angles between the
X and Y basis vectors need to be considered. Thus the
shear matrix can be set as,

1 tan (—8) 0
S=| tan(—a) 1 0 (3)
0 0 1

where v and 3 are the angular differences between the X
and Y basis vectors respectively. The matrix S is applied
to the known coordinates of the calibration points.

The translation error is then recomputed using the
modified known coordinates. The error found is used to
further adjust the known coordinates. Hence the process
uses the shear matrix and the translation error to model
the relationship between the known coordinates and the
calculated world coordinates of the calibration points as

X, = SXy + Terr (4)

where X, is the original known 3D position of the cal-
ibration points, S is the shear matrix computed using
(3) and Tery is the new translation error found. X,, is
the modified known coordinates of the calibration points,
which should be approximately equal to the 3D world co-
ordinates of the calibration point previously calculated
using back-projection.

In theory, by projecting the modified known 3D coor-
dinates back to the image coordinate system, the pro-
jected 2D points should appear close to the calibration
points that are found using image processing techniques.
Projecting the 3D world coordinates to the image coordi-
nates is similar to the reverse process of back-projection
which is described in Section 4.2. The world coordi-
nates are transformed to the camera coordinates using
the extrinsic parameters. Then the camera coordinates
are converted to the image coordinates using intrinsic
parameters. As the algorithm considers extrinsic pa-
rameters as the major factor causing registration error,
only the portions which have calculations involving the
extrinsic parameters should be investigated. Thus the
only portion that is in concern is the transformation from
world coordinates to camera coordinates. The calcula-
tion involves a Euclidean transformation and is described
as [Medioni and Kang, 2005],

X,=RX, +T (5)

where the coordinates of a point in the world coordinate
system is denoted as X, and its corresponding coor-
dinates in the camera coordinate system is denoted as
X.. The extrinsic parameters are indicated as R and T,
which represent the rotation and translation that relate
the world coordinate system to the camera coordinate
system respectively.

By substituting the modified 3D world coordinates
from (4) into (5), it is obvious that the new transfor-
mation matrix is

R, = RS (6)

and the new translation matrix T}, is
T,=RT+T (7)

These new transformation and translation matrices are
used to model the position and orientation of the virtual
camera in the AR system, so that the registration error
can be reduced.

Instead of adjusting the parameters once, the algo-
rithm can be improved by making the parameter adjust-
ment process to become iterative. As shown in Fig. 6,
the advanced algorithm repeats the parameter adjust-
ment process with the modified 3D coordinates after the
first iteration. In such fashion, the extrinsic parameters
are continuously adjusted until the registration error is
minimised and thereby increased the accuracy of the re-
sulting extrinsic parameters.

5 Results and Discussion

A square grid was drawn on the floor of the lab, using
chalk. Since the carpet is dark, a pale green colour was
selected for the blobs, giving a relatively good grayscale
contrast. The v value in contrast enhancement is set to
2.0 and the scale factor A for the threshold is selected as
1.8. A 2 x 2 grid pattern is used with each side of the
grid has a length of 0.5m. Hence that nine calibration
points were used in the experiments.

In Fig. 7 virtual grid patterns are drawn using three
sets of calibration points, which were found using the
image processing tools, calculated from the known coor-
dinates using either the original camera parameters or
the adjusted parameters. Compared to Fig. 7(a), the
grid pattern for the adjusted parameters in Fig. 7(b) is
a better match to the real grid pattern.

Similarly, Fig. 8 illustrates the world system coor-
dinates that are calculated using three sets of calibra-
tion points. The coordinate system defined by the ex-
tracted calibration points is used as a reference system.
Comparing the coordinate system that is defined by the
known coordinates calculated using the original param-
eters with the reference system, their origins are not
matched due to the translation error and the basis lines



Figure 7: Virtual grid pattern that is drawn using (a) the calibration points that are extracted using image processing
tools (blue) and the original known coordinates (green); (b) the calibration points that are extracted using image
processing tools (white) and the recalculated known coordinates (red); (c) all three sets of points.

Figure 8: Basis vectors that indicate the world coordi-
nate and are calculated using the calibration points that
are extracted using image processing tools (white), the
original known coordinates (green) and the recalculated
known coordinates (red).

Incorrect extra  Cajibration blob that is not accurately

points placed at its expected location

Figure 9: Points that are calculated using cross ratio to
test the distortion in the image.

Figure 10: Extra points calculated using adjusted pa-
rameters (red) and original parameters (green).

are not parallel to each other due to the rotation er-
ror. On the other hand, the coordinate system defined
by the recalculated known coordinates is closely aligned
with the reference system. Hence both translation and
rotation error are improved.

Currently the calibration improvement algorithm as-
sumes that lens distortion is negligible. Tests prove that
the lens distortion of the camera is insignificant, so the
results are valid. The lens distortion testing requires a
4 x 4 grid. The image coordinates of these extra calibra-

tion points are calculated using the cross ratio, which
is one of the properties that is preserved in a camera
perspective projection. If the distortion of the image is
small, the grid lines should appear as straight lines in the
image and the cross ratio should be preserved. Knowing
the coordinates of three points on a straight line, the
fourth point that is collinear with the other three can be
found. Results of the cross ratio calculation are shown
in Fig. 9. The white crosses represent the extra points
that were calculated using the cross ratio. Most of these
points appear very close to the vertices of the grid, ex-
cept the points that are circled in red. These particular
points appeared slightly off their corresponding vertex.
This is likely to be caused by a small misplacement in
the X direction of the calibration blob that is circled
in yellow. However, since the rest of these extra points
appeared correctly at its expected location, it is fair to
conclude that the lens distortion in the overhead camera
is insignificant.

The extra points, which were calculated using cross
ratio, are used as points that were placed outside the
grid pattern to test the performance of the algorithm.
Fig. 10 shows the extra points that were calculated using
the adjusted parameters and the original parameters. As
shown in the diagram, the points that were calculated
using adjusted parameters appear closer to the vertices
of the grid than those that were calculated using the
original parameters.

The results from the experiment are shown in Table 1.
However, the rotation errors that were found using the
extra points are worse than before. The extra points that
are calculated using the new parameters are not match-
ing with those that were extrapolate from the calibra-
tion points that were extracted using image processing
tools. This is because all of the extra points, includ-
ing the incorrectly calculated ones, were used to calcu-
late the errors. The rotation errors of the extra points
were computed as explained in Section 4.2. Thus, there
are only four extra points, which are adjacent, available
to calculate each basis vector. As a result, the effect
from these incorrectly calculated points was large and
the calculated results were biased. Despite the slightly



T Calibration Other points
ypes of error .
points
Before | After | Before | After

X | -0.0029 0 | -0.015 | -0.017
Rotation Y | 0.0082 0 | 0.0092 | 0.017
(radians) Z 0 0 0 0

X -7.40 0 8.28 -3.77
Translation | Y 6.01 0 -4.54 3.12
(mm) Z 0 0 0 0
Displacement 9.54 0| 944| 489
(mm)
Pixel X 2.30 1.30 3.37 3.04

Y 0.94 0.74 0.98 0.86
2D
Displacement 249 | 150 | 351 | 3.16

Table 1: Registration errors before and after improve-
ment.

Type of error
Testing points Pixel 2D
X Y displacement
Inside the Before | 1.35 | 0.63 1.50
pattern After | 0.64 | 0.56 0.85
Lo Before | 1.59 | 1.05 1.91
height=0.026m | =y —1 371 (.05 .64
Lo Before | 3.07 | 0.84 3.18
height=0.306m e — 7751575 1.90

Table 2: Pixel errors found using the testing points that
were located inside the grid pattern and at a different
heights.

biased results found using the extra points, the rest of
the results indicate that the calibration improvement al-
gorithm can significantly improve the registration error
in AR and effectively reduce the visible errors. In par-
ticular, the pixel errors are reduced, which is desirable
in an AR system.

The algorithm performance was also tested using
points that were located inside the grid pattern and other
points that were located at a different height. The re-
sulting images and the numerical results are illustrated
in Fig. 11 and Table 2 respectively. All these testing
results show that the algorithm is able to adjust the pa-
rameters and reduce the registration errors.

Experiments were also carried out with a 3 x 3 grid
pattern i.e. 16 calibration points. Since more points are
used to average out the slight displacement between the
blob centres and the corresponding vertices on the grid,
the results appear more accurate. However, arguably a
calibration with fewer calibration points perfectly placed
in the scene can outperform a calibration with more cal-
ibration points positioned with limited accuracy.

The advanced algorithm, which has an iterative be-
haviour, was also evaluated. The experiment results
show that the advanced algorithm is able to minimise
the 3D registration errors. However, the reductions in

Figure 12: An experiment which deliberately rotated the
pattern in an anti-clockwise direction.

Type of error Calibration points
Before After

X -0.24 0

Rotation (radians) | Y 0.27 0
7 0 0

X 115.3 0

Translation (mm) [ Y | 371.1 0
Z 0 0

3D Displacement (mm) 388.6 0
Pixel X 37.10 1.84

Y | 36.51 0.80

2D Displacement 52.06 2.01

Table 3: Results of the experiment with the calibration
pattern rotated in the anti-clockwise direction.

the registration error are very small, especially the pixel
errors were reduced by an insignificant amount. There-
fore, it can concluded that there is no significant differ-
ence in AR between the performance of the algorithm
with or without iterative behaviour.

In order to prove the algorithm’s ability to measure
the registration error, an experiment was carried out by
deliberately placing the grid pattern at a different posi-
tion and orientation from the world coordinate system.
Fig. 12 shows the setup as well as the results of one of
these experiments. The numerical results are presented
in Table 3. The length of each side of a grid square
is 0.25m. The pattern in this experiment was rotated
~0.245 radian in the anti-clockwise direction about the
7 axis; the 3D displacement error should be ~354mm.
The rotation error found using the algorithm is fairly
close to the expected figure. However, there is a slight
difference in the 3D displacement error found. This can
be caused by the inaccurate placement of the calibration
blobs. These results can prove that the algorithm is able
to measure the registration error up to a certain level of
accuracy. The accuracy is limited by how accurately the
calibration blobs are placed at their expected locations.

A downside of the algorithm is that it is highly depen-
dent on image locations of the calibration points. In-
accurate extraction of the image coordinates of the cal-
ibration points using image processing techniques and
the misplacement of the calibration blobs can greatly af-
fect the performance of the algorithm. Thus, as part of
the future work, Random Sample Consensus (RANSAC)



Figure 11: Testing on points that were located (a) inside the grid pattern; (b) at a height of 0.026m; (c) at a height of
0.306m. The location of the points were extracted using image processing tools (blue), calculated using the original

parameters (green) and the adjusted parameters (red).

can be used to reject outliers and improve the accuracy of
blobs detection. Under normal situations, the image pro-
cessing techniques are able to extract the image coordi-
nates of the calibration points within one pixel accuracy.
However, the accuracy of the extraction may reduce if
the points are too far away from the camera i.e. they
appear too small in an image. Average values are used
to construct the shear matrix and the translation vec-
tor so that the effect of any incorrect image coordinates
of the calibration point can be averaged out. In order
to maximise the performance of the algorithm, a set of
accurate image coordinates of the calibration points is
desired. To improve the accuracy of the grid pattern, a
device such as a net that is factory made with rigid ma-
terial, or a poster that has the grid pattern printed on
it can be used. All of the experiments performed here
used a chalk-marked grid pattern and accuracy of the
calibration pattern is limited due to the contribution of
human error. However, for experimental purposes this
pattern is useful as the position of the calibration blobs
are not fixed and different kinds of testing can be done
with the same grid pattern.

The system may also fail when the lens distortion of
the camera is large, as the camera model used in the al-
gorithm assumes that the lens distortion is insignificant.
For many inexpensive desktop cameras, the lens distor-
tion is significant and must be taken into account in the
calculation of the registration error. To enhance this
calibration improvement algorithm, the lens distortion
of the image should in the future be evaluated and the
distorted image corrected accordingly before it is used
for calibration improvement.

At the moment, the calibration improvement algo-
rithm does not calibrate in the Z direction. This limits
the algorithm’s ability to re-calibrate the camera. The
current design is not able to re-calibrate a camera that
has been moved in the pitch and roll directions. There-
fore, the algorithm may need to be modified so that
it can measure the accuracy in Z direction and adjust
the camera parameters accordingly. This may require a
number of accuracy measurements of non-planar points

at different Z levels and a slight modification of the shear
matrix. With the ability to calibrate in all directions, the
improvement algorithm may be used to fully re-calibrate
a camera, which has been moved without changing in-
trinsic parameters such as focal length.

6 Conclusion

This paper presents a calibration improvement algo-
rithm for AR systems and uses it to measure and re-
duce the registration error in ARDev. The algorithm
uses a square grid pattern, where contrasting blobs are
placed at the vertices of the grid. The vertices are used
as calibration points. Image processing tools are used to
extract the image coordinates of the centre of the blobs.
Based on the extracted image coordinates, the registra-
tion error can be found and the extrinsic parameters are
adjusted accordingly. Experiments have shown that the
adjusted parameters can be used to model the virtual
camera in an AR system, and minimise the registration
error. As the current algorithm does not calibrate in Z
direction, measuring and improving the accuracy of the
AR system in Z direction can be done as part of the fu-
ture work to improve the algorithm. Furthermore, lens
distortion should also be dealt with, so that the algo-
rithm can be used to calibrate a wider range of camera.
The performance of the algorithm may also be improved
with a proper calibration device.
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