Scientific Visualization, 2025, volume 17, number 2, pages 137 - 146, DOI: 10.26583/sv.17.2.10

Simulation and Visualization of Optical Distortions for Virtual
Surveillance Devices

A.V. MaltsevtA

Scientific Research Institute for System Analysis of the National Research
Centre“Kurchatov Institute”

1 ORCID: 0000-0003-1776-814X, avmaltcev@mail.ru

Abstract

The paper describes methods and approaches for imitation of optical effects when ren-
dering images from models of various surveillance device in a three-dimensional virtual envi-
ronment. This allows for the possibility expansion of such modeling by ensuring coverage of a
wide range of real devices as prototypes for the virtual analogues being created. An original
approach to two-stage image synthesis with radial distortion implementation is proposed, as
well as methods and algorithms for simulation of lateral and longitudinal chromatic aberra-
tions. Developed solutions are based on the use of modern multi-core graphics processing
units and shader rendering technology. They provide visualization of video streams from
simulated surveillance devices in real time. Software modules were created based on devel-
oped methods and approaches. Approbation of them was carried out in virtual environment
system VirSim [1] and showed adequacy and effectiveness of proposed solutions when using
in virtual environment systems and training complexes.
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1. Introduction

At present, elements of a virtual environment, generated by means of a computer, and
training complexes built on their basis are used in various areas of human activity [2-8]. This
approach involves the complete or partial replacement of real-life objects with their three-
dimensional virtual models created in such modeling systems as 3ds Max [9], Maya [10],
Blender [11], etc. In the context of training operators to control complex technical means,
such replacement has a number of advantages. Among them, there are the absence of the
need to purchase expensive equipment for training purposes and, accordingly, the impossibil-
ity of its breakdown in the event of erroneous actions during training, as well as relatively
easy scalability for a different number of trainees.

One of the important elements of virtual environment are surveillance devices [12] that
simulate real devices placed on various fixed (walls, pillars, columns) and moving objects
(cars, robots, aircraft, etc.). Video signal received from them provides the operator with the
ability to view the surrounding environment, make decisions and visually monitor the results
of some process control, such as the movement of objects. The effectiveness of human train-
ing using a synthesized virtual environment, as well as the correctness of the skills imparted,
largely depend on the similarity of images from virtual surveillance devices and those that he
could see using real devices.

Surveillance devices are technically complex equipment consisting of a large number of
electronic, mechanical and optical elements. Each of them can introduce different types of
effects and distortions into the resulting image. This may be caused by the characteristics and
quality of used elements, their operating scheme as a single system, external interference,
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equipment failure and a number of other factors. Therefore, in order to develop the correct
skills of the trainees for technical equipment control, by means of training systems based on
three-dimensional virtual environment, it is advisable to simulate effects and distortions on
visualized images from virtual surveillance devices, which are inherent to their real proto-
types.

Active research is being conducted in the area of developing approaches for simulation of
video surveillance equipment in virtual environment systems, including methods for visuali-
zation of images received from them, taking into account physical characteristics and possible
distortions of different natures. Thus, a model of virtual camera with a thin lens is described
in [13]. It uses such physical parameters as focal length and aperture number. The authors of
paper [14] propose a solution for distributed implementation of the depth of field effect on
images from virtual surveillance devices using multi-core graphics processing unit (GPU). Ar-
ticles [15, 16] consider the problem of rendering three-dimensional scenes in extended dy-
namic range of brightness (HDR) with subsequent conversion to a range that can be dis-
played by output devices without HDR technology support. The paper [17] describes methods
and algorithms for real-time visualization of virtual environment with imitation of external
influence on the camera, consisting of rain precipitation on the glass of its lens. Approaches
and methods for implementing such distortions as white noise, synchronization breakdown,
illumination and overexposure are presented in [18].

This paper proposes original methods and algorithms for virtual prototype simulation of
real surveillance devices in three-dimensional scenes with imitation of video signal distor-
tions associated with the design features of optical elements and expressed in the effect of dis-
tortion and two types of chromatic aberration. They are based on the use of distributed com-
puting using multi-core GPU. The novelty of the developed solutions is original approach to
barrel distortion implementation based on correction of virtual camera's field of view, ensur-
ing full and effective synthesis of frame image, as well as the author's method for simulation
of chromatic aberrations on graphics processor in real time.

2. Radial distortion

One of the most common types of image distortion in surveillance devices is radial distor-
tion, which occurs in optical systems of lenses. This is expressed in a change of the linear
magnification coefficient when displayed objects move away from the optical axis. As a result,
the geometric similarity between real object and its image is violated. The distortion effect
turns straight lines of objects that do not intersect the optical axis into arcs. If they are con-
cave relative to the center of the image, then pincushion distortion occurs, and it is barrel dis-
tortion if convex. Figure 1 clearly demonstrates both of these cases for image of surface with a
checkerboard texture.
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Fig. 1. Original image (a), pincushion (b) and barrel (c) distortions.

In this paper, radial distortion implementation for images obtained from virtual surveil-
lance devices is based on the division model. This model was first proposed by Reimar Lenz
in 1987, but attracted more attention after the research [19]. It is formulated as follows:
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where ki — are radial distortion coefficients, ne N — is the number of terms in the sum, r — is
the distance from a point of distorted image to its center. To achieve a realistic result, it is suf-
ficient to limit n to 2, i.e. use only parameters ki and k.. Let the origins of coordinate systems
UoVo and UV be respectively located at the center of undistorted and distorted images, the
axes Uo and U are directed horizontally to the right, the axes Vo and V are directed vertically
upwards, and the coordinate values are specified on the interval [-0.5, 0.5]. Then, within the
framework of model (1), an arbitrary point P with coordinates (u, v) on the distorted image
corresponds to a point Po with coordinates (1o, Vo) on original image, which is defined as
p [+ -

P L(r) P 1+k1r2+k2r4’r u +v . (2)

To simulate radial distortion, we use an approach based on post-processing technology of
rendered frame. It includes two stages. At the first of them, image from virtual model of sur-
veillance device is visualized without distortion. Rendering result is written to special off-
screen buffer (FBO) with the same resolution as the current framebuffer. At the second stage,
post-processing shader performs distributed shading of framebuffer itself on the GPU, using
created FBO as the input texture To, which stores undistorted image.

The essence of the shader's work is as follows. Let the frame size be W x H pixels, and each
pixel to be shaded has integer coordinates xe[0, W-1] and y [0, H-1] in a coordinate system
XY with the origin at the lower left corner of the frame and the axes pointing left (X) and up
(Y). To convert x and y to the above-mentioned coordinate system UV, it is necessary to scale
the axes and shift the origin of the system XY:

X y
u=-—-0.5, V="--0.5.
w H (3)
Next, the shader uses equation (2) to compute coordinates uo and vo on undistorted image

corresponding to u and v, and transforms them into coordinates

So=u,+ 0.5,¢,=v,+ 0.5
with values from the interval [0.0, 1.0] to access texture To and obtain the desired color of
pixel (x, y) being processed.

Described solution is well suited for the implementation of pincushion distortion, in which
ki > 0 and value of function L(r) < 1. In this case, original image is stretched and visible space
is "pushed" outside the frame. For each point P inside distorted image, there is a correspond-
ing point Po in texture To. With barrel distortion (k: < 0, L(r) > 1), the opposite effect occurs.
Original image is pulled toward the optical axis, and areas of space that were previously out-
side the frame appear at its edges. The problem is that there is no information about these
areas in original image and texture To, which means the shader cannot compute their color.
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Fig. 2. The field of view correction for virtual camera.



To solve this problem, we propose an original approach based on correction of virtual
camera's field of view (FOV) at the stage of undistorted image visualization, if parameter k:
has a negative value, with subsequent coordinate scaling in the system UV at the post-
processing stage. Let's consider it in more detail. Let a be current angle of horizontal FOV for
used virtual camera, 3 be desired angle at which rendered undistorted image will contain the
necessary information to execute our post-processing shader, and n be the distance to the
near clipping plane of the camera. Figure 2 shows the combination of distorted and un-
distorted images relative to their coordinate systems UV and Uo,Vo, as well as horizontal FOVs
of virtual camera with angles a and p. They half-angle tangents are equal

a T B rn ko
tg—=—, tg—=—=—,
2 n 2 n n

where r1, > are distances along axes U and U, from image centers to their vertical bounda-
ries, k is unknown scaling factor. To compute k, let us recall that with barrel distortion a value
of ki is negative. When moving from distorted image to undistorted one, radial stretching oc-
curs according to equation 2. The distance r from an arbitrary point to the center increases by
L(r) times. The maximum stretching occurs at points (-0.5, -0.5), (-0.5, 0.5), (0.5, 0.5), (0.5, -
0.5), corresponding to the frame's corners and located at the distance rmax from its center
(Figure 2). Thus, in order for undistorted frame to contain all the points needed to form the

distorted one, the factor k must be computed as
k=L(r,,)"w ~ 0.7071.

Then required angle § of the camera's horizontal FOV for the stage of undistorted image
visualization is determined by the following equations:

th=L rmax)-tgg,
2 2

B= 2-arctg(L(rmax)-tggj .
2

Next, obtained angle f is set for the corresponding virtual camera, and the scene is ren-
dered to FBO buffer (texture To), which resolution coincides with the frame size, namely
Wx H.

Taking into account the performed increase of the camera's FOV, as well as the absence of
a change in actual sizes (in pixels) of FBO buffer and texture To containing undistorted image,
at the post-processing stage it is necessary to scale coordinates of point Po obtained using
equation (2). Such scaling should have a factor equal to 1/k. Then

P = L(r) -P,L(r)=; r=vu’+v°.

o L(r,.) 1+kr® +krt ’

3. Chromatic aberration

Another common type of distortion in surveillance devices is chromatic aberration. The
reason for its appearance is that light waves of different lengths are refracted differently in
the objective lenses and, as a result, are focused at various points. This is expressed as color
halos and fringing in the image, leading to a loss of clarity. There are two types of chromatic
aberrations: transverse (lateral) and longitudinal (axial). They have different characteristics,
but can happen simultaneously.

Transverse chromatic aberration occurs when light waves of different lengths are focused
at various points in the focal (image) plane. Left side of Figure 3 (a) demonstrates this case.
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Fig. 3. Transverse (a) and longitudinal (b) chromatic aberrations.

Parameters rr, r¢ and rs denote the distances from the points corresponding to waves of
red, green and blue spectrum to the optical axis. In this case, image scale is not the same for
different color channels of the obtained frame. This type of distortion does not depend on
used aperture number and focal length. Longitudinal chromatic aberration occurs when dif-
ferent wavelengths of light are focused at various distances from the lens (Figure 3, b). Since
many cameras focus using green color channel, the resulting image will show the majority of
defocus in red and blue channels. Typically, this distortion becomes less noticeable when
stopping down to f/2.8-f/4.

The approach to simulation of chromatic aberrations proposed in this paper, as in the case
of radial distortion, includes two stages. The first is to render a virtual scene without aberra-
tions to the texture To using FBO buffer. At the second stage, distributed post-processing of
the obtained image is performed using special fragment shader. Next, we consider the basic
principles of implementing this shader in more detail. Let the size of the image being formed
be W x H (in pixels), and each pixel to be shaded has coordinates xe[0, W-1] and y<[0, H-1]
in the system XY located in the lower left corner of the frame. As mentioned earlier, with
transverse chromatic aberration, each of color channels R, G and B of the image obtained by a
real camera has some own scale relative to dimensions of surveillance device's sensor (elec-
tronic matrix). Therefore, to compute a color of a pixel (x, y), it is necessary to find the corre-
sponding points in R, G and B channels of the texture To. Note that all color channels of To
initially have the same image scale. Thus, to solve the task, we will not compute coefficients of
transition from original texture coordinates to the scaled ones, but vice versa, from scaled co-
ordinates to the original ones.
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Fig. 4. Example of image scale for R, G and B color channels relative to the sensor size
when transverse chromatic aberration occurs.



Let us denote the width and height of modeled surveillance device's sensor as Mw and MH,
respectively, and the distances between the conditional upper boundaries of scaled color
channels R, G, B and the upper boundary of this sensor as Arr, Arg, Ars, specified in millime-
ters (Figure 4). Then scaling factors kg, ke, ks for red, green and blue channels relative to the
given matrix size are computed using following equations:

K - M, +2-Ar, k- M, +2-Ar, K - M, +2-Ar, .
R MH > NG M > "B M

Resizing of the image in color channels is radial. Therefore, the shader must first trans-
form the given x and y coordinates of the pixel to the system UV with the origin at the frame
center described in the previous section. Coordinates u and v are computed by means of
equations (3). The point (u, v) defines a position in scaled channels. To move to the points in
original undistorted image stored in the texture To, we need to apply coefficients that are the
inverse of kr, ke, ks and shift the origin of coordinate system to the lower left corner. Then
texture coordinates for red, blue and green channels of To will be determined as

(sote) =(ku+0.5, kv+0.5),

RP"R

H H

(Sgt )=(k§u+o.5, k(‘;v+o.5) ,

GG
($poty) = (k' u+0.5, k,'v+0.5).

By sampling a color from each channel of the texture T, separately with use of the obtained
coordinates, the shader forms color of the pixel (x, y) under transverse chromatic aberration
conditions.

To take into account the influence of longitudinal chromatic aberration, it is necessary to
apply a Gaussian filter when sampling from R and B color channels, which will simulate the
defocusing of these channels. The effect power depends on the filter size. We will remind that
G channel retains sharpness, since in most devices it is used to focus the image.

4. Results

Proposed methods and approaches for optical distortion simulation of a video signal re-
ceived from virtual surveillance devices were implemented in virtual environment system
VirSim [1] developed at the NRC "Kurchatov institute" - SRISA. Testing of these solutions
was carried out using a scene of the virtual polygon, the visualization result of which (without
optical distortions) is presented in Figure 5. For this, a camera with adjustable physical pa-
rameters was placed in the scene, including radial distortion and chromatic aberration coeffi-
cients, as well as the focal length and aperture value of the lens. Performed tests involved
both independent application of each type of distortion and their combination for the virtual
camera mentioned above.
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Fig. 6. Visualization of the scene with simulation of barrel (a) and pincushion (b) distortions
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Fig. 7. Visualization of the scene with simulation of transverse (a) and longitudinal (b) chro-
matic aberration.

5. Conclusions

This paper presents original distributed methods for implementing radial distortion and
chromatic aberrations in images of three-dimensional scenes obtained using virtual cameras.
They allow expanding the range of surveillance devices modeled in virtual environment. Re-
sults obtained in the paper can be used in software development for training complexes and
virtual environment systems.
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