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Abstract—Over the last years, the use of multiple cameras
is becoming more and more popular in today’s computer vision
systems. Such approach is widely used in many applications, such
as navigation of autonomous mobile robots, video surveillance,
the movie industry, augmented reality or people tracking and
identification systems. Surprisingly, little attention is paid in the
literature to the practical calibration procedures that can be em-
ployed to map space between various vision systems. Therefore,
in this paper a novel approach that allows to map space between
cameras with different coordinate systems: Cartesian and polar
is presented. The practical problems that occurs in such scenarios
are analysed and thoroughly discussed. The authors present step-
by-step description of the proposed calibration procedure. A
series of experiments were conducted to confirm the correctness
of the presented approach and to demonstrate how to apply
the developed solution in practical applications. The proposed
method does not require any additional equipment beyond the
standard calibration chessboard. The achieved results indicate,
that for evaluated cameras configuration, the maximum mapping
error for the horizontal and vertical axes does not exceed 0.6°.
Obtained results are encouraging and useful for development of
similar solutions.

Index Terms—cameras space mapping, coordinate system
transformation, stereo vision

I. INTRODUCTION

VER the last years, the use of multiple cameras is

becoming more and more popular in today’s computer
vision systems. Such approach is widely used in many appli-
cations, such as navigation of autonomous mobile robots [1],
video surveillance [2], [3], the movie industry [4], augmented
reality [5] or people tracking and identification systems [6],
[7]. In most of these applications, the high accuracy of cameras
space mapping is required for further processing steps. For
instance, in 3D video production systems, continuous monitor-
ing of cameras alignment allows to automatically modify their
positions in real time and save time during post production
processes [8].

Surprisingly, little attention is paid in the literature to the
practical calibration procedures that can be employed to map
space between various vision systems. Most available descrip-
tions, like [9] or [10], focus on sophisticated and dedicated
for specific configurations solutions only. Therefore, in this
paper a novel approach that allows to map space between
cameras with different coordinate systems: Cartesian and polar
is presented. The paper is addressed to practical problems that
occur in such scenarios. Authors provide detailed description
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of the calibration and verification procedure. The proposed
method does not require any additional equipment beyond the
standard calibration chessboard. Presented method is dedicated
for the non-cooperative biometric system where two wide-
field of view (WFOV) and one narrow-field of view (NFOV)
cameras are used. The WFOV cameras are employed to
observe the entire scene and locate potential objects that are to
be identified. They form a stereo pair. Once the system decides
that the distance and pose of a tracked subject is sufficient
to perform the recognition, the NFOV camera is directed to
a specific point of the scene to acquire high quality images
of selected traits, such as iris or periocular (small region
surrounding eye).

The paper is organized as follows. Section II contains the
overall description of the employed vision systems. Section
IIT presents a calibration procedure proposed by the authors.
Section IV shows performance evaluation and obtained results.
Finally, Section VII concludes the paper.

II. SYSTEM OVERVIEW

The WFOV system consists of two monochromatic Imaging
Source DKM33GR0134 cameras. Each camera is equipped
with 1/3" optical sensor with a resolution of 1280 x 960
pixels and a pixel size of 3 um. They use global shutter so
the acquired images are free of visual artefacts, like motion
blur or distorted shapes. Cameras are equipped with H614-
MQ lenses manufactured by Pentax. They are mounted on a
c-profile handle with movable camera holders. It is presented
in Fig. 1.

Fig. 1.

Wide field of view vision system
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The NFOV system is realized with the use of a custom
designed solution proposed by the authors. Its construction
is protected by two patent applications: P30994PLO0/MB and
PCT/B2016/052779. Designed device is based on a specialized
lens with advanced pupil and galvanometric motors equipped
with mirrors. This allows to change the camera view position
like in Pan-Tilt-Zoom (PTZ) cameras. However, in this case
the motion is much faster and free of undesirable vibrations.
This is somewhat similar to Okumura et al. solution [11].
The NFOV camera operating range is equal to +26° and
+30° for pan and tilt directions respectively. It is equipped
with specialized focusing mechanism that allows to capture
sharp images within the distance range of 0.8 to 3.0 meters.
Data acquisition is realized with the use of Genie TS-C3500
camera manufactured by Teledyne DALSA. It includes a
CMOS color sensor with a resolution of 3520 x 2200 pixels
and a pixel size of 6um. Described device is shown in
Fig. 2. Its main advantage is the possibility to immediately
switch between selected positions without spending additional
time on stabilization. In authors solution, the only mechanical
elements are galvanometers. They are extremely fast (mean
angle step response of 330us) and offer a long operating
lifetime. Therefore, the NFOV system can be efficiently used
to target into moving objects in real-time.

Fig. 2. Narrow field of view vision system

III. PROPOSED CALIBRATION PROCEDURE

In the described system, the WFOV stereo vision cameras
return position of the observed object in 3D Cartesian co-
ordinate system. A sample point is referred with the use of
(z,y,z) coordinates expressed in metric units. The NFOV
camera is described with the use of 3D polar coordinate
system. This is because of the use of galvanometers and
mirrors. A sample point is characterized with two angles:
« and [ which represents the deflection of horizontal and
vertical galvanometers mirrors for which the desired part of the
scene is observed. Additionally, the depth parameter is used to
indicate the distance between the lens and the observed object.

These two different coordinates systems must be calibrated
together. To perform the calibration procedure it is necessary to
choose common key points in space and find their 3D locations

in both coordinate systems. At least three points are required
to perform calibration. These key points should be defined
in such a way that its detection can be relatively easy. The
more precisely these points are located by each camera, the
more accurate results can be obtained. It was decided that
the best solution would be to use the chessboard pattern for
calibration. Authors used the board that contains 10 x 7 fields.
Each field size is 120.2 mm x 120.0 mm. The board was
mounted on a regulated stand. Such construction allows to
easily move it around the scene and adjust its height. The
same pattern is also used to calibrate the stereo vision system.
The board is set in such a way that it is visible by both WFOV
cameras. At the same time, it is also located at the smallest
possible distance from the NFOV camera. This means that
the calibration is performed for the area in which the NFOV
camera depth is the smallest so the calibration accuracy should
be the highest. Finally, the authors defined the points that
are used for calibration and verification purposes. Their exact
location is presented in Fig. 3. They are described as follows:
Top Center (TC), Bottom Center (BC), Bottom Left (BL) and
Bottom Right (BR).

Fig. 3. WFOV keypoints collection

A. WFOV points detection

The first calibration step consists of detecting key points
location in each WFOV camera image. For this purpose, the
chessboard detector from the OpenCV computer vision library
[12] is used. This method is used to find intersection points
between chessboard fields. Next, with the use of the stereo
vision, the (x,y, z) coordinates of each point are calculated.

B. NFOV points detection

The next calibration phase is to detect the location of the
key points in relation to the NFOV camera. This stage is
divided into two steps. Firstly, the galvanometer mirrors angle
position is obtained for horizontal and vertical axis, defined
as « and [ respectively. This operation is repeated for each
key point. Secondly, the distance between each point and the
NFOV camera is calculated.
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1) Intersection point detector: To obtain the position of
galvanometer mirrors for each key point, it was necessary to
precisely detect their location on the calibration board. Then,
for each key point the mirrors position is set manually so
that the key point is in the center of NFOV image. Because
of the limited field of view of the NFOV camera, it was
impossible to acquire the image of the entire calibration board.
For this reason, it was necessary to divide the intersection
points detection into two steps. Firstly, the NFOV camera is
manually directed into selected key point. Then, with the use
of automatic detector its position is adjusted automatically. The
first step is realized manually by the operator. Basing on the
live preview from NFOV camera, one can direct the camera
into specific area with the use of keyboard. Then, in the second
step, the points intersection detector is used to automatically
adjust mirrors positions.

Unfortunately, the intersection points detector used for
WFOV images can not be applied for the NFOV images. As
it was mentioned before, the NFOV images do not contain
the entire calibration board, but only its small parts. For this
reason, the detector can not match pattern of the entire board
so the intersection points are not found. Authors had to design
dedicated intersection points detector that can work on a small
area of the calibration board.

In the first step, the threshold operation is applied. Relatively
high difference between the brightness of the top and bottom
parts of the image implies that constant value threshold oper-
ation is not enough for this purpose. For this reason, authors
used an adaptive threshold algorithm where the threshold value
is the mean of neighbourhood areas. Result of this step is
shown in Fig. 4.

Fig. 4. Crossing points detection - adaptive threshold

The next step involves chessboard fields boundaries de-
tection. For this purpose, the Hough Lines transformation is
used. The minimum line length is set to the half size of the
chessboard field. The results obtained with this operation are
presented in Fig. 5.

In the next steps, the obtained lines are extended and the
intersection points are detected. Additionally, the algorithm
that filters the non-existing connections is introduced. For this
purpose, the intersection between found lines are calculated
and ones that deviate from 90° are removed. Moreover, the

Fig. 5. Crossing points detection - Hough fitted lines

bounding boxes [13] method is used to assess the relative po-
sition between lines and filter out lines that do not have chance
to intersect in the selected area. Finally, obtained intersection
points are grouped into neighbourhood subsets. Their position
is then averaged and the final result is calculated. The results
of this operation is presented in Fig. 6.

Fig. 6. NFOV keypoints collection

2) Calculating points depth: At this stage, the location of
the intersection point visible by NFOV camera is already
defined. However, the distance between this point and the
camera is still missing. In order to acquire this information, the
laser distance meter Leica DISTO D3a [14] is used. It operates
in the range of 0.05 to 100 meters with measuring accuracy
equals to £1.0 mm. The best performance is obtained when the
angle between the optical path and the object is similar to 90°.
For this reason, to reduce the possible errors, authors decided
to measure the distance between the BC key point as it is
located at angle similar to 90° (horizontally) in relation to the
lens. The distance between the remaining points is calculated
manually with the use of the Carnot theory. This operation
is explained in Fig. 7. Applied equation is presented in (1),
where L is the distance between the lens and BC' point, d is the
distance between BC' and BR points and ~ is the difference
between galvanometers angles position in the direction of the
Oz axis.
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BC

0

Fig. 7. NFOV points distance calculation

L' =L xcosy+ \/d? — L2 x sin®~ (1)

3) Converting points: The obtained points location can be
converted from the polar coordinate system to the correspond-
ing values in the Cartesian coordinate system with the use of
(2), (3) and (4). L is the distance between the point and the
lens, v and [ are the inclination angles for the Oz and Oy axis
respectively. Presented equations are designated with the use
of basic trigonometric transformations.

r =1L X tana 2)

y=L xtanpg 3)
L

4)

B \/1thaunzoﬂrtamzﬁ2

C. Transformation matrix calculation

The last stage of the calibration process is the transformation
matrix generation. With the use of the detected points, two
vectors VL r and VTB are defined. VL R 1s defined with initial
point BL and terminal point B R, while VT B 18 described with
initial point 7’C' and terminal point BC'. It cannot be assumed
that they are perpendlcular to each other. For this reason, the
Versors VO X Voy and VOZ of the coordinate system are
calculated using (5) - (7), similarly as in [15]. The versors
are shown in Fig. 8. The origin of the coordinate system is
set in the BC' key point.

1

- Vir
Vox = )
| Vir |
Vog = Ven X Ven_ (6)
| Vir X Vrp |
Vov = Voz x Vox (N

The origin and the versors 170 x and VOY provide a com-
plete description of the coordinate system. The presented pro-
cedure is performed for both the WFOV and NFOV systems.

Fig. 8. Coordinate system determined by calibration chessboard

Then the transformation matrix is generated with the use of
the Point Cloud Library (PCL) [16]. It is a 4x4 matrix which
defines the rotation and translation operations. This data is
saved in a file and is subsequently used for transformation
between the coordinate systems in client applications.

IV. VERIFICATION RESULTS

Verification procedure for proposed calibration method con-
sists of two stages. Firstly, the targeting correctness test is
used to calculate the error along X,Y axes. Secondly, the
uncertainty along Z axis is verified with the depth correctness
test. The following sections provide a detailed description of
proposed verification procedures.

A. Targeting correctness verification

Detailed steps of the targeting correctness verification test
are as follows:

o Calibration board is set to a fixed distance

o Verification point is selected from chessboard intersection
points

e NFOV camera is targeted into selected verification point.
Galvanometers angular deviation for horizontal and ver-
tical axes is reported

¢ NFOV camera position is manually corrected with the use
of chessboard key points detector. Reference galvanome-
ters angular deviation for horizontal and vertical axes is
reported

o Error is calculated as a difference between obtained
galvanometers positions

o Above-mentioned operation can be repeated for all chess-
board intersection points
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Authors carried out the experiments for 4 different dis-
tances: 1.5, 2.0, 2.5 and 3.0 meters. The minimum distance
of 1.5 meters stems from the minimum distance for which
the calibration board is fully visible by WFOV cameras. The
maximum distance of 3.0 meters results from the operation
range of the NFOV camera, which is not able to acquire sharp
images for further distances. For each distance, the accuracy of
(ar, B) coordinates localization for the four defined key points
is calculated. As a result, the authors obtained 16 measurement
points. The error for each axis was analysed separately. The
experiments are summarized in Fig. 9 and Fig. 10. The results
indicate, that the maximum mapping error for the horizontal
and vertical axes does not exceed 0.6°.
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B. Depth correctness verification

Depth correctness verification procedure consists of the
following steps:

o Stereo vision calibration board is set to a fixed distance

e NFOV camera is targeted into TC intersection point
which is in front of the lens. The calculated depth is
reported

e The Leica DISTO D3a BT laser distance meter [14] is
used to get the real distance between the top center point
and the camera

e Error is calculated as a difference between calculated and
real obtained with laser distance meter value
o Above-mentioned operation can be repeated for various
distances
Depth correctness verification experiment was conducted for
the same distance range as the targeting correctness verifica-
tion test. The distance interval was 10 centimeters. As a results,
authors gathered 17 measurement points. Obtained results are
presented in Fig. 11.
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Fig. 11. Error of the depth

V. CONCLUSIONS

This paper describes a calibration method that can be
employed to map space between cameras with different co-
ordinate systems: Cartesian and polar. The authors present
step-by-step description of the proposed procedure. A series
of experiments were conducted to confirm the correctness of
the presented approach and to demonstrate how to apply the
developed solution in practical applications.

The proposed method does not require any additional equip-
ment beyond the standard calibration chessboard. The achieved
results indicate, that for evaluated cameras configuration, the
maximum mapping error for the horizontal and vertical axes
does not exceed 0.6°. As for the depth, the obtained error
consists of the random component and the large systematic
component which can be approximated with the use of linear
function. It can be noticed that the overall mapping accuracy
degrades when the distance between the board and the cameras
increases. However, this does not have a negative effect on the
system performance because with a distance increasing also
depth of field expands.

The obtained results are also very encouraging for the non-
cooperative biometric system that the authors are developing.
The obtained mapping accuracy is greater by an order of
magnitude than the required value. Thereby, proposed space
mapping calibration procedure can be successfully applied in
the author’s solution.
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