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Abstract. Fiducial markers are used in vision systems to determine the position
of objects in space, reconstruct movement and create augmented reality. Despite
the abundance of work on analysis of the accuracy of the estimation of the fiducial markers spatial position, this question remains open. In this paper, we propose the computer modeling of images with ArUco markers for this purpose. The
paper presents a modeling algorithm, which was implemented in the form of software based on the OpenCV library. Algorithm is based on projection of threedimensional points of the marker corners into two-dimensional points using the
camera parameters and rendering the marker image in the new two-dimensional
coordinates on the modeled image with the use of the perspective transformation
obtained from these points. A number of dependencies were obtained by which
it is possible to evaluate the error in determining the position depending on markers size. Including the probability of detecting a marker depending on its area on
an image.
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1

Introduction

Fiducial markers are used in vision systems to determine the position of objects in
space, reconstruct movement and create augmented reality. The main directions of their
application are the estimation of the position of objects in space and the technology of
augmented reality. Particularly relevant is the use of markers in systems where it is
required to manipulate objects in a closed limited space. This is due to the fact that
markers are a relatively cheap and affordable way to estimate the position of objects in
space. It has acceptable accuracy with the ability to increase it depending on the equipment used and the processing algorithm. Also, to improve accuracy, this method can be
combined with other methods of estimation the position in space. Examples of the use
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of tags are the creation of autonomous robotic systems [1-2], industrial large-scale tasks
[3] and even their use for medical purposes in surgery [4].
Fiducial markers combine a special mark that is robastly detected on images and a
small amount of data that can be interpreted as a marker number. The mark and data
are determined using digital image processing methods. In this paper, we consider one
of the most modern markers varieties – ArUco markers proposed in [5].
A number of papers have been devoted to analysis of the accuracy of the estimation
of the fiducial markers spatial position. In [6], one of the earliest and most comprehensive works, several types of markers were compared. However, they are considered
from the point of view of the application for augmented reality, since an application for
determining the position in space for robotic systems has not yet been widely developed. Around the same time, similar results were obtained in [7–9]. The work [10]
should also be mentioned as it contains the evaluation of artificial fiducial markers for
underwater applications.
One of the most modern works is [11]. In it computer modeling of the influence of
the position of ArUco markers relative to the camera on the error of estimation of their
spatial position was carried out. The paper presents a large number of obtained dependencies. However, they were obtained for specific parameters preassigned in the modeling, and therefore cannot be used in practice.
Despite the abundance of work on analysis of the accuracy of the estimation of the
fiducial markers spatial position, this question remains open. Therefore, this work is
devoted to computer modeling of images with ArUco markers with the ability to preassigned their position both in distance and in rotation angles in space.

2

Images modeling technique

OpenCV [12] – the library for digital image processing was chosen as the basis for
modeling. It is the de facto standard in the computer and technical vision industry. The
library is widely used and is constantly being improved. OpenCV is written in C ++,
however there are a large number of projects that allow to use it with other programming languages, such as Python and C#. The C# was chosen for the implementation of
a software for ArUco markers modeling. There are several wrapper libraries for using
OpenCV in C#. The main ones are EmguCV [13] and OpenCVSharp [14]. The last was
used in this work, since it allows to use the OpenCV with the latest version of
.NET Core and has a syntax closer to the original library.
The simulation algorithm consists of the following sequential steps (see Fig. 1):
1. Assign the intrinsic and extrinsic parameters of the camera (the size of the sensor
in pixels and millimeters, the focal length of the lens, distortion coefficients, camera
location);
2. Assign the two-dimensional coordinates of the corners of the marker in accordance
with its original image;
3. Assign the three-dimensional coordinates of the corners of the marker in accordance with its specified physical dimensions;

Modeling ArUco Markers Images for Accuracy Analysis of Their 3D Pose Estimation 3

4. Assign the modeled 3D position of the marker using the translation and rotation
vector;
5. Calculation of new three-dimensional coordinates of the corners of the marker by
multiplying the initial coordinates by the rotation and translation matrixes;
6. Projection of three-dimensional points of the marker corners into two-dimensional
points on the modeled image using the camera parameters;
7. Calculation of the function of the perspective transformation from two-dimensional
origin coordinates into projected coordinates of the corners;
8. Rendering the marker image in the new two-dimensional coordinates on the modeled image with the use of the perspective transformation;
9. Estimation of the 3D marker position with markers detector on the modeled image;
10. Evaluation of the error by comparing the estimated position of the marker with a
preassigned position in step 4;
11. Repeat steps 4-10 for other marker positions.

Fig. 1. Scheme of modeling images with ArUco markers.

After drawing the modeled marker image, the background was filled with black, but
there is also the possibility of using any other background image. The outer perimeter
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of the marker is white; therefore, adding a background image with a complex structure
should not affect the results of determining the spatial position of the modeled marker,
although it can cause false markers to be found. Fig. 2 shows an example of modeled
images with different marker tilt angles.

Fig. 2. An example of modeled images with different marker tilt angles.

3

Modeling results

For modeling, the following parameters were used. The dimensions of the camera sensor are 4.8 by 3.6 mm (1/3”). The lens focal length is 4 mm. These parameters correspond to a typical modern webcam. The size of the marker was 10 by 10 mm. To detect
marks in the image, we used the standard algorithm for recognizing ArUco markers in
OpenCV with standard parameters.

Fig. 3. The dependence of the influence of the marker area size on the error in detecting its position for marker position perpendicular to camera.
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We give two examples of the results obtained by modeling. One of the important
parameters that may be of interest when constructing measuring systems with fiducial
markers is the accuracy of finding their position in space, both in tilt angles and in
distance. The dependence of the influence of the area of the marker on the error in
finding its position obtained in the modeling is presented on Fig. 3. The dependence
shows that reducing the size of the marker in the image leads to an increase in the error.

Fig. 4. The probability of detecting a marker depending on its area on image for 3 different tilt
angels: 0°, 45°, 70°.

Fig. 4 shows the probability of finding a marker depending on its area on image for
3 different tilt angels: 0°, 45°, 70°. From the dependence it can be seen that the marker
recognition probability for tilt angle 0° differs significantly from 100% in two regions:
with the area of 300 pixels and with the area in the range 350÷450 pixels. This result is
consistently repeated for different series of modeling with different initial parameters.
Moreover, for markers with some numbers in the dictionary, the second region (with
the area in the range 350÷450 pixels) disappears. Explaining this behavior is one of our
tasks for our further work.

4

Conclusions

The paper presents an approach to computer modeling of images with fiducial markers
based on the use of the OpenCV library. It has several advantages. Firstly, it simplifies
the writing of modeling software, since it does not require the use of graphic engines,
which may require studying the principles of their work and API for its integration.
Secondly, markers modeling, detection and pose estimation is carried out by standard
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library functions. In the case of using graphic engines, it might be necessary to calculate
the transformations of the modeling results due to the different coordinate systems used
in the graphic engine and the OpenCV.
The developed software for modeling digital images with ArUco markers allows to
evaluate the error in estimation the position of the markers when digitally processing
modeled images, taking into account both intrinsic and extrinsic camera parameters.
We gave two examples of the results obtained by modeling. With their help it is able to
estimate accuracy of future measurement system during its developing. And evaluate
probability of detecting markers on image depending on it area size in pixels.
In order to verify the results of computer modeling in the future, it is planned to carry
out a physical laboratory modeling of the accuracy of estimating the position of markers
in space. The position of the markers will be set and monitored using precision displacement modules. The results obtained will be compared with computer modeling,
which will confirm the efficiency of the proposed methodology.
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