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Abstract: Among many sources of error, very important used either as a solid state 3D calibration cage (formed by
one is related to quality and the care given to camero consequent positioning of a plane throughout the depth of
calibration procedure. Different reconstruction techniques
involve dffirent calibration devices and setups. Direct
linear transformation (DLT) based double plane method
and DLT using regular 3D calibration cage were discussed
here. The first one is quicker and more user-friendly while
the later one provides better reconstruction accuracy.

calibration volume) or only as a plane and perform 3D
reconstruction technique such as double plane method.
Needless to say, simulation of a calibration stick placed on

different locations

in

space can

be also achieved

by

appropriate manipulation of a calibration plane.

INTRODUCTION
Very common and effective approach for biomechanical
analysis is camera based system. The image created by a
camera represents two-dimensional projection of a threedimensional object. Two such images are sufficient to yield
3D coordinates by the means of photogrammetric
reconstruction. Prior to reconstruction of the unknown
object point, camera calibration procedure takes place. In

order

to provide high

degree

of

accuracy an adequate

choice of camera model, i.e. calibration procedure is vital.

From the end-user point

of view simple

and

straightforward calibration is favorable. On the other hand
3D reconstruction systems creators are found of making
more complex calibration procedure (setup). Very often,
later on it simplifies processing and calculation of 3D
coordinates, based on certain camera model, for a desired
degree of accuracy. One of crucial factors both for easiness

and reconstruction accuracy is calibration device and its
associated accuracy []. Purpose of calibration device is to
provide us with known 3D locations of some number of
points (so-called calibration points) which we use to carry
out calibration procedure. There are many variations of

calibration devices including size, shape, number of
calibration points on and even spatial dimensionality. Thus
some form of three-dimensional cage, simple plane or just a
stick to calibrate camera can be used.
Direct linear transformation (DLT) based double plane
method and DLT using regular 3D calibration cage were
chosen here [2]. The first one is more user-friendly while
the later one is expected to provide better reconstruction
accuracy. The aim of this paper is to answer whether is this
expectation justified or not, i.e. are the differences in
reconstruction accuracy signifi cant.

METHODS
Calibration device used was a black plane with 6 x I I
white circled markers painted on. The markers center to
center distance was 18 cm, giving 0.9 m x |.92 m useable
plane size. In addition, plane was moveable to precise
locations, parallel to each other, throughout the depth of
calibration volume (volume of interest). Therefore, it can be

Figure 1: Bird's eye view of the camera set-up. Positions
from the left to the right: -45o, -30o, +30o and +45o

Double plane method includes placing plane on two
parallel locations and two-dimensional calibration of plane
positioned on those two locations. This three-dimensional
method (technique) is rather acceptable both for end-user
and system creator. Storing, moving, shipping and overall
manipulating with a plane is fairly simple. 2D calibration
for two plane positions can be done easy and quickly, in our
case fully automatically. Probably the biggest drawback for
the end-user is the assurance of parallelism of the two plane
positions.

On the contrary, utilizing complete three-dimensional
solid state calibration cage has apparent disadvantages
(shipping, moving, manipulating, automatic calibration etc.)
and of course, advantages when compared to a calibration

plane for double plane reconstruction method. Obvious
advantage is calibration points equally spaced throughout
calibration volume, and not only on the edges of it. Thus
giving better estimates of camera model parameters and
consequently higher degree of reconstruction accuracy can
be expected.

Due to already mentioned construction of calibration

device several calibration volumes were formed

and

investigated. The distance between two parallel positions
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plane were increased consecutively from 0.5 m up

to

1.5 m

steps of 0.2 m. It gave us six different calibration
volumes ranging from 0.9 m (length) * L92 m (height) x
0.5 m (depth) up to 0.9m (length) x 1.92 m (height) x
1.5 m (depth). In between of each two parallel positions
equally spaced calibration points were chosen (thanks to
ability to easy and precisely move calibration plane along

in

the depth coordinate) to simulate solid state three-

dimensional calibration cage. For those sets of calibration
points camera model involved was based on well-known
Direct Linear Transformation technique (DLT). Also in the
case of double plane method two-dimensional calibration
was based on 2D DLT. Cameras used for taking images
were OLYMPUS C-20002oom. DLT reconstruction

technique considers only linear lens distortion t3].
Therefore, obtained images were first corrected for
perspective and optical and non-linear distortion by
Olympus provided software. As far as the camera set-up is
concerned, the scene was photographed by two camera
pairs (Figure l), with angle of convergence 60oand 90'.

"unknown" points N taken for reconstruction: 264, 396,
528,660,792 and924.
Results (Table I and Table 2) indicate several key

points. As we increased the calibration volume, RMS
values increased too. Camera pair with 90o angle of
convergence showed up better than pair with 60o angle of
convergence. For double plane method the weakest point is
coordinate, which makes
applicable in not many
applications. In addition, an interesting fact occurs as we
coordinate
increase the calibration volume, RMS of
improves in the case of camera pair (3, a) (Table 2).
Considerably large number of calibration points taken from
all over the calibration volume, including the outskirts of it,
may also influence relatively poor results for X coordinate.
Olympus software for correction images did pretty good job
coordinate is considered.
as far as the direction of
However, close inspection of corrected images showed that

it

X

X

Y

correction for direction X coordinates was practically
negligible. Nevertheless finding new calibration ways that
would take care of particularly X coordinate are highly
encouraged in the case of double plane method.

RESULTS

CONCLUSION

Table I : Camera pair ( l, 2); RMS given in millimeters
Volume

Double plane method

High degree of accuracy, quick and easy camera
calibration setup are common requirements from 3D

3D DLT method

depth

lcml

X

Y

Z

X

Y

50

5.79
5,96
5.86
5.80
5,29
6,03

1.08

2,21

0,81

0,81

1,07

1,89

3,01

I,l9
t.t7
l,l3

r.28

t.74

70
90

ll0
130
150

r.93
r.93

)')?
2.05

3.93

4,40
6,56
7.55

Z

l

1,77

1,35

1,29
1.35

2.25

1.36

1.36

)5?

1.3

1,72

Double plane method

coordinates, mentioned

3D DLT method

lcml

X

Y

Z

X

Y

z

50

7.00
6.69
6.55
6,65
5,82
5.85

0.95

1.72
1,93

0.90

1,27

1,03

2.03

2,72
3.24
5.19

0.85
0,90
0.96
0.96

1.95

l.9l

4.52

1.40

t.23
t.23

90

ll0
130
150

1,02
1,22

l,2l

1,00

t.0l
1.41

1,36
1.45

l.5l
l,9l

For every calibration volume a certain number of

conducted between reconstructed value and expected true
values. Errors are given as root mean squares (RM\ for all
three spatial coordinates (1).

where

p; and ri

=tifz,

- r,)2 I N)r,r,

been
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are predicted values by the model and real

N is a number of points. As depth of
calibration volume increased. so did the number of
values respectively,
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