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BLENDING FUNCTIONALLY DEFINED SURFACES

Annotation. Smooth surfaces with perturbation functions for the creation of complex shapes are considered. The method for
describing objects in three-dimensional scenes with a base surface and perturbation functions that have a compact description is
proposed. One of the positive properties of functionally defined objects in comparison with other methods of specifying models is the
simplicity and efficiency of their geometric transformations, in particular, three-dimensional morphing and collision detection of
objects. The most common model for visualizing three — dimensional images is the polygonal approximation. Along with many
advantages, this model has its drawbacks. By modeling real objects, an approximate polygonal model is constructed. To increase the
image quality, it is often necessary to increase the number of polygons. An increase in the number of polygons results in an increase
in rendering time and memory usage. Changing the scale of an object introduces additional problems because you cannot change
quickly and efficiently the number of polygons for the object model. You can get rid of such shortcomings by applying analytical
volume assignment and rasterization using ray-tracing algorithms. Analytical volume assignment does not require a large amount of
memory. The problem of synthesis of realistic images is relevant for various simulators, virtual studios and three-dimensional games.
Now, there are already works on visualization of functionally defined surfaces, but their application is limited to a rather narrow
class of surfaces and slow visualization. The algorithms used are difficult to optimize, which also imposes restrictions on practical
application. The paper proposes to use a special class of volumes, which are called "free forms". Each free form represents a base
surface and a perturbation on that surface. The base surface and perturbation are given by polynomials of the second degree-
quadrics. To achieve smoothness, the perturbation function is raised to the third degree. The aim of the work is to create an
application that, according to a given analytical task, calculates the frame depth and surface normal in each pixel with the help of
perturbation quadrics. This application should use the computing resources of the graphics processing units as much as possible.
There have been attempts to create algorithms to visualize volumes given analytically, but most of them used only the CPU for
calculations, and the processing time was too long for practical application. Moreover, these algorithms were not designed for
parallel processing. In contrast, the proposed algorithm uses a graphics-processing unit for most of the calculations. In this case, the
calculations on the graphics accelerator occur in parallel, and the method effectively uses this feature. Due to parallel processing
and the absence of the need to transfer a large amount of data from the shared memory to the memory of the graphics accelerator,
the speed of visualization increases compared to the option that uses only the CPU. The clock speed of processors in graphics
accelerators is less than the CPU frequency. However, for a certain class of tasks performance using graphics accelerators will be
better, due to the large number of processors.

Keywords: functionally defined surfaces; perturbation functions; blending operation

1. Introduction of information about the depth of the object,
When scanning two-dimensional space it is meaning not the lack of Z — coordinates of the
impossible to obtain a full three-dimensional image. ~ surface point, and the lack of information about the
The information that is provided to the user in such beam passing through the object. In addition, the
technology is incomplete. The main thing is the lack ~ Visualization of scientific data is very relevant
geometric transformations — unary, binary and more

© Romanyuk, O. N., Vyatkin, S. 1., Antoshchuk, S. G., complex geometric operations, which are most
Mykhaylov, P. I., Chekhmestruk, R. Y., 2019 optimally solved in the framework of solid modeling
and structural geometry for functional models. For
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example, set-theoretic operations that can be used to
construct objects and their compositions of
unlimited complexity. This is achieved primarily by
the use of Boolean operations of union and
intersection (disjunction and conjunction). The
process of modeling molecular structures becomes
much more efficient when using functionally
defined primitives and volume-oriented
visualization. An alternative  visualization
technology based on the ray-casting method and the
functional definition of primitives is proposed, in
contrast to the traditional three-dimensional scene
display technology based on the method of rendering
triangles using the z-buffer algorithm. The
fundamental difference of the proposed method from
the others is non-polygonal representation of the free
form surfaces of the scene using the algorithm of ray
rasterization stage. The rendering mechanism differs
from those implemented in modern computer
graphics accelerators. Objects are represented
functionally, which ensures the compactness of the
database. The use of the ray-casting algorithm solves
the problems typical for systems with polygon-based
rasterization and “Big Data problems”. To get a full
three-dimensional scene of molecular structures, it is
necessary to have a huge number of triangles
(hundreds of millions). To describe the structures it
is necessary to have a large number of triangles (Fig.
1). Since there are too many triangles in the scene, if
you draw the whole scene, the accelerator will not
display it in real time. Two-dimensional images are
good for showing atom-to-atom bonds, but this is
not enough when it is necessary to describe
molecular structures. For example, molecular
designers need to know how one functional group
enters another structure, i.e. a three-dimensional
picture is needed, with the ability to rotate the scene,
move, etc. In addition, three-dimensional models are
needed to show inter-molecular interactions in the
simulation of some complex molecular movements.

Hypothetically, there are 10'*molecular structures
(the whole universe), only 10°are known, and only

10° are commercially used. It is also necessary to
store a huge amount of information about molecular
structures, it is necessary to compress. When
calculating the forecast of new structures it is

necessary to solve differential equations. The
problems of molecular mechanics lack the
computing power of the most modern
supercomputers.

The most common model for visualization of
three — dimensional images is a polygonal
approximation. Along with many advantages, this
model has its drawbacks. When modeling real
objects, an approximate polygonal model is

constructed. Increasing the number of polygons
leads to an increase in visualization time and
memory usage. In addition, changing the scale of an
object causes additional problems because you
cannot quickly and efficiently change the number of
polygons for an object model. Such drawbacks can
be eliminated by applying an analytical setting of
volumes and rasterizing them using ray tracing
algorithms.

Fig. 1. Molecular structures

The analytical description does not require a
large amount of memory. The problem of synthesis
of realistic images is relevant for various simulators,
virtual studios and three-dimensional games. Now,
there are already works on visualization of
functionally defined surfaces, but their use is limited
to a rather narrow class of surfaces and slow
visualization. The algorithms used are difficult to
optimize, which also imposes restrictions on
practical application. An important application task
can be the application of the proposed functional
assignment of objects for web visualization, for
example, a functionally based extension.
Functionally defined objects can be used in
conjunction with standard X3D and VRML models.

It is proposed to use a special class of volumes,
which are called “free forms”. Each free form
represents a base surface and a perturbation on that
surface. The base surface and the perturbation are
given by polynomials of the second degree —
quadrics. To achieve smoothness, the perturbation
function is raised to the third degree.

A number of works [1-6] show functional ways
of describing the visualized objects, allowing to
significantly reducing the amount of databases for a
certain class of objects in comparison with a
polygon task. However, real - time display of objects
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specified in this way is associated with a significant
increase in the required calculations due to the high
order of describing functions.

Note the following basic functional ways of
specifying primitives. Convolution surfaces [2-4] are
an integral representation of implicitly defined
surfaces, known in computer graphics as blobby
models [5; 6], metaspheres [7], and soft objects [8].
These surfaces combine the flexibility of blobby
models and the compactness of skeletal models [9].
At the same time, they have their drawbacks, which
include the complexity of calculating surface points.

2. Problem statement

When forming three-dimensional scenes, the
most commonly used polygonal assignment of
object models, which at the current level of
computer graphics has a number of limitations.

Frame models of three-dimensional objects are
approximate. Increasing the realism of the
reproduction of graphic scenes provides for an
increase in the level of detail for the correct
approximation of the surfaces of real-world objects,
and the growth rate of geometric complexity of
three-dimensional images exceeds the growth rate of
graphics performance. To achieve photorealism, it is
necessary to use more than 1,000,000 polygons in
the scene, and there is a tendency to further increase
the metallization. Already in many applications, the
number of scene triangles is comparable to or
greater than the number of pixels occupied on the
screen, which negates the advantages of the
polygonal approach. If the objects are so detailed
that the projection size of the graphic primitives is
smaller than the pixel size of the screen, you can use
points in complex primitives without losing the
guality of the visualization. In this case, there is no
need for a complex data structure, including
polygonal grids, textures and texture coordinates.
There is a question of expediency of visualization by
polygons of models with a high degree of detail.

As the complexity of the scene increases, the
efficiency of the polygon method decreases
exponentially. Reducing the size of triangles leads to
an increase in the amount of memory used and the
excess of preparatory operations over pixel, which
affects the time of formation of graphic scenes

Polygon models allow you to visualize only the
outer layer of an object, while many applications
require an internal structure.

The structure of polygon meshes is linear and
they do not provide support for multiscale, so
working with large meshes is difficult and requires
computationally complex simplification methods.
Dynamic control of detail consumes considerable
computational  resources, requires  continuous

recalculation not only of the coordinates of the
vertices of triangles, but also of the illumination
parameters. With frequent switching between levels,
there is an effect of “undulation” of the surface,
which is not peculiar to real objects.

When forming the contours of objects, which in
General are curvilinear, the number of triangles in
the approximating polygon must be comparable to
the number of pixels forming the trajectory.

It is (difficult to introduce attributive
information into polygonal models, and the
algorithms ~ for  visualization of topological

operations are quite time-consuming. When
approximating triangles, there are problems of high
depth complexity, discarding invisible faces,
determining and changing levels of detail, clipping
triangles visibility pyramid, etc. the Amount of data
in the visualization of three-dimensional objects
with a complex surface, close to voxel models.

Additional problems are caused by changing the
scale of the object, because it offers the possibility
of changing the number of polygons for the object
model and recalculation of image points. When an
observer approaches an object, when changing the
level of detail, new faces must be added to make the
silhouette of the object look realistic.

When visualizing translucent structures with an
internal density distribution, there is a problem of
displaying inhomogeneous structures bounded by
complex surfaces in the case of specifying them by
polygons.

The polygonal model essentially does not allow
receiving many visual effects necessary for realistic
selection of a scene.

With skeletal animation, you cannot make high-
quality animation of flexible materials, as well as
perform complex morphing of the geometry of
objects.

For polygon models, it is difficult to implement
new effects on geometric objects, due to the
introduction of operations on functions, which is
necessary when modeling complex movements of
bodies. It is difficult to implement both unary and
binary geometric operations, as well as to determine
the collision of objects.

The deformation of surfaces is also very
expensive in the case of a polygon assignment, since
each vertex of a triangular grid must be subjected to
geometric calculations.

Today, realistic graphics require a compact
description of the scene with an accurate description
of the geometry of three-dimensional objects,
providing an effective implementation of various
geometric operations with models of objects to
simulate the behavior of interacting bodies.
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The free-form representation created by mean
of the analytical perturbation functions have the
following advantages: fewer surfaces for mapping
curvilinear objects, short database description, fewer
operation for geometric transformations and data
transfer, simple animation and deformation of
objects and surfaces.

Thus, the low realism of polygonal models and
limited functionality for the formation of graphic
scenes cause a scientific and applied problem, to
solve which it is necessary to develop theoretical
foundations for modeling and visualization of three-
dimensional objects of the virtual environment,
allowing eliminating the shortcomings characteristic
of the polygonal task of models.

The relevance of the research topic is
determined by the fact that this area is currently in a
state of transition to qualitatively new results.

In connection with intensive development of
methods and means of computing technologies, the
solution of these questions is constantly new and
actual task.

3. Blending

The operation joining several surfaces in a
complex object with a smooth surface is called
blending. The main difficulties and requirements to
blending are: tangency of a blend surface with the
base surfaces; easy intuitive control of the blending
surface shape; necessity to perform for blended
objects all the computations possible for unblended
objects including set-theoretic operations; blend
interference or ability to blend on blends and as the
particular case complex vertices or corners blending;

at least C' continuous blending function in the
entire domain of definition; blending definition of
basic set-theoretic operations, such as intersection,
union and subtraction; single edge blending or
localizing the blend to a region about intersection
curve of two faces; added and subtracted materials
blends; the ability to produce constant-radius
blending; no restriction of circular cross sections or
the requirement of variable-radius blends; exact
representation for blends instead of many
approximation; automatic clipping of unwanted parts
of the blending surface; blending of two non-
intersecting  surfaces;  functional  constraints;
aesthetic blends constrained by appearance.

An example of 2D method is

Let A=0 represents a line of the form:
Xp+Ya+Ca=0,

starting from four line equations A=0, B=0, P=0,
Q=0, we can combine them into a curve as follows:

(1-u)AB +uPQ =0,
if P=0 and Q=0 come together, the equation is
(1-u)AB +uP* =0,

P
u= :
P+Q

Examples of 3D methods are bellow.
A solid is defined as f (P) <1.
Intersection is
L(f,, f,o, £)=(f,P+ £+ + FP)P,
Union is
U(f, T, £)=(f P+ 6, 4.+ f PP
p is a positive real number.
lim,_, 1(f, fo, £))=min(f,, f,,..f )
lim, U(f, f,., f)=max(f,,f,,..f)
The blend surface is defined as [10]:

1--2y —a- By -0 W
r I

A B

where: r, and ry determine the range of the blend:

when r, = A , the blend surface becomes B=0.

The exponent w also known “thumb weight” and
controls the nearness of the blend to the surfaces.
Larger values of w give a super elliptic cross-
section, which approximates sharp intersection more
and more.

An example is

Substitute (A+M-r) for P in the Liming formula:

(1-u)A’B’ +u(A +B -r)*=0 2)

where: A” =c,A, B'=c,B.

Constant-radius blends can be implemented
with the composition of constant-radius offsets.

This article presents the results of some studies
on modeling and visualization of three-dimensional
scenes. It is proposed to use the task of objects in
free forms in the form of real functions.

4. Functionally defined objects based on
perturbation functions
Functionally defined surfaces are constructed

from second-order surfaces with analytical
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perturbation functions, thereby achieving a high
coefficient of geometric compression of highly
realistic three-dimensional objects. It is proposed to
describe geometric objects (free forms), setting the
function of deviation (second order) from the base
surface of the second order (quadrics). The function
is given by an algebraic inequality of the second
degree with three unknowns X, y, z as F(x, y, z) > 0.
We consider surfaces as closed subsets of the
Euclidean space defined by the describing function
F(x, y, 2) = 0. Where F is an analytical function, (x,
y, z) is the point specified by the coordinate
variables in Euclidean space. Here F(x, y, z) > 0
specifies the points inside the surface, F(x, y,z) =0
are the points on the boundary, and F(X, y, z) < 0 are
the points outside and not belonging to the surface.

Function of the perturbation in implicit form. It
is proposed to describe complex geometric objects,
setting the function of deviation (second order) from
the base quadric as:

QPIX, Y, 2]) = X"+, Y +0,2° +0, %y +
QX2+, Y2 + QX+, Y +0,2+0 '

Free forms are built based on quadrics. The free
form is obtained by deformation of the base quadric
by means of perturbation functions [11-14]

0y, = Fy2)+ S R(GY.2),  (8)

where: R (X, y, z) is the perturbation, if is the form
factor

@)

= Qi3 (X’ Y Z)’ if Qi (X! Y, Z) >0
R (X,Y,2) —{ 0.1 Q.(x.y,2) <0 (5)

where: Q (X, v, 2) is the perturbing quadric.

The resulting surface will be smooth, and a
small number of perturbation functions are required
to create complex surface shapes. The degree of
perturbation can be chosen arbitrarily. This will
determine the smoothness of the transitions from the
base surface to the perturbation region, and,
accordingly, the size of the perturbation itself. In
order for the surface to be smooth, the degree must
be greater than two must. This condition guarantees
continuity of the function and its derivative. Thus,
the problem of object construction is reduced to the
problem of deformation of the base surface in the
desired way, and not to the approximation of its
primitives.

Fig. 2. Perturbed quadric

As already mentioned above, in order for the
surface to be smooth enough that the degree of
perturbation was more than two. This ensures that
the function itself and its derivative are continuous.
However, the second derivative will be represented
as a function with discontinuities. In addition, these
gaps will be on the border of perturbations. It should
be clarified how will be affected by these breaks
over the image. In the case where the degree is less
than three, you can see (Fig. 3; Fig. 4 and Fig. 5)
that the normal function is continuous along each of
the coordinates by virtue of the continuity of the
derivatives. However, unfortunately, the derivative
of this function has discontinuities, since it appears
as the second derivatives of the density function.
Given that a local lighting model that depends on the
normal is used, the perturbation boundaries will be
highly noticeable. Despite the fact that the surface
itself has a smooth appearance, visually it will be
perceived as a union or intersection of surfaces.
Such surfaces are not of great interest, because
visually close to this result could be obtained by set-
theoretic operations on the base volumes in the form
of quadrics. A visualization of the volumes specified
by this method is less time-consuming task.
Moreover, most importantly, such volumes are not
completely smooth. Therefore, the third degree of
perturbation functions is used, which ensures the
smoothness not only of the surface itself, but also of
the normal (Fig. 6 and Fig. 7). In this case,
transitions to the perturbation region are not visually
distinguished. Such objects look more realistic.

This effect is especially noticeable when the
glare hits the perturbation boundary. In objects with
the second degree of perturbation, the glare is
broken (Fig. 3; Fig. 4 and Fig. 5). Highlights without
breaks are shown in Figures 6 and 7.

Objects and operations can be of the following

Consider a simple object with one base quadric ~ types:  Functionally ~ Based Primitive  Object,
(ellipsoid) and two perturbation functions (positive ~Functionally ~ Based ~ Complex  Objects, —and
and negative form factors) (Fig. 2). Functionally Based Objects Operation.
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Fig. 3. The degree of perturbation is two

Fig. 4. The degree of perturbation is two

Fig. 5. The degree of perturbation is two

Fig. 6. The degree of perturbation is three

Fig. 7. The degree of perturbation is three

In equation (4), 1 and N are the lower and upper
limits of summation. The lower limit is set equal to
unity (one perturbation function), and the upper limit
corresponds to several perturbation functions (the
value depends on the form complexity).

The resultant surface is smooth and a few
perturbation functions are needed for generating
complex surface forms if the volume of data
decreases by more than a factor of 100 and more as
compared to the polygonal description.

Because functional objects have a more
compact description compared to the traditional
description of scenes in the form of triangles, each
displayed object can store its properties without
significantly increasing the cost of storage in the
system memory. Therefore, with a small amount of
memory, you can add to objects almost any number
of parameters for the light model that can
significantly increase the quality and complexity of
the displayed scene. To be able to superimpose
texture on the surface and volume of the displayed
object, the array objects were supplemented with the
property of converting coordinates from model
space M to texture space T.

When the array object is asked for the value of a
property, it converts the coordinates of the current
voxel fromMto T: (X, Y, Z) - (U, V, W) and uses
these coordinates as an address in the array. If, for
example, the array is two-dimensional, then one
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coordinate is simply not used. For complex
functional surfaces (with different kinds of
concavities and convexities), the two-dimensional
texture mapping method described above may not
give positive results: there will be unacceptable
distortions. Modeling and animating textured objects
is not straightforward using implicit surfaces. You
can define a three-dimensional texture in a global
image frame. However, the surface will simply
move into texture space when the object deforms,
resulting in strange visual effects. In the soft
geometry design approach, different 3D textures can
be attached to each implicit primitive. In addition,
mixed at surface points where multiple primitives
have a non-zero contribution. However, animating
the surface will result in visual artifacts, such as
time-varying interferences between texture patterns.
In any case, being able to display and coherently
animate a 2D texture on an implicit surface that
deforms over time would be much more likely than
3D textures to simulate a kind of shell covering an
animated object. This is one of the most difficult
problems in modeling implicit surfaces, because
implicit surfaces do not provide a parameterization
on which to attach texture coordinate. However,
determining the initial texture mapping is not a big
problem, if you calculate sample points, you can
attach the initial mapping to these points. This can
be done using any standard approach that works
regardless of the topological surface type. For
example, to define the initial texture map, we use a
mesh of triangular patches. These selection points of
the object repeat all transformations of this object,
they are used only for texturing, and they are not
displayed. A much more complex problem in
computer animation is the way the texture is
animated when the surface of an object deforms over
time (these deformations can even include splitting
and merging!). Quadrics with perturbations can
crumble into fragments and reassemble during
animation, as it happens, for example, with mercury
droplets. The above approaches no longer work for
complex surface animations either. If you use local
primitive-based polygonization, where the texture
coordinates can be directly related to the sample
points defined in each local primitive frame.
However, this approach, which works well enough
for uniform color, will give pretty poor results when
using arbitrary texture patterns: parts of the texture
will experience stiff movement during smooth
deformation of the implicit surface, while other parts
corresponding to the blending areas will simply
appear or disappear during movement. Therefore,
for such tasks we use the following approach: An
approach based on a three-dimensional vector field
is used to animate 2D textures on an implicit surface

that deforms over time [15]. Sample points of fixed
texture coordinates are animated using different
vector fields. Vector fields are provided that
implement various behaviors such as “sticking®,
“twisting®, “elasticity”, “jitter” of textures, etc. Most
of these fields are related to the individual
movement of the underlying primitives, since the
implementation was performed in a constructive
implicit surface representation.

5. Rendering

The algorithm for visualization of objects given
by quadrics and its implementation are considered in
the work [16]. For ease of understanding, we assume
that the scene is in a single three-dimensional cube.
The perspective will not be considered, because it is
reduced to the transition to another coordinate
system. Since the visibility pyramid will be a cube in
the new coordinate system. Therefore, let's omit the
initial transformations and pay more attention to the
main part of the algorithm. We assume that the
observer is looking along the z-axis. It is necessary
to obtain a projection of the scene on the XY plane.
The projection must be a finite set of values.
Therefore, the entire cube will be divided into "bars"
so that each bar corresponds to a pixel in the image.
Each of the bars will divide along the Z-axis,
forming a set of vowels. Since the dimensions of the
bar in the XY plane are much smaller than in the
direction of the z-axis, the bar can be considered as a
beam. Thus, we obtain a density function along the
beam, which depends on one variable. The task will
be to find the first point at which the function turns
to zero. Finding such a point for each beam, the
depth of the frame will be known. These
approximations reduce the problem to the problem
of ray tracking. Next, you can calculate the normal
in each pixel. In addition, with depth and normal
data in each pixel, you can use a local lighting
model. The result is an image of a smooth object,
taking into account the lighting. The main part of the
work is to effectively find the first intersection of the
beam with the surface.

This task resembles the tasks of visualization of
volume data, which is often used, for example, in
tomography. In such problems, the density function
is given. The main difference is that in such
problems we are dealing with discretized data. In
addition, in our case there is an analytically given
density function. This allows you to search more
efficiently. Another significant difference is that in
the case of analytically given density functions, it is
possible to morph surfaces.

The main task is to adapt and implement the
visualization algorithm so that it effectively uses the
computational resources of graphics accelerators.
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First, consider the basic idea of the initial algorithm.
During the search, the cube is divided into smaller
parts, for which the intersection test with the volume
is checked. The process of division can be divided
into two parts. First, the cube is divided into four
parts in the XY plane. Further, each part is
considered separately. If there is no intersection with
the specified volume, then this part is excluded from
further consideration, and the color of all pixels
corresponding to this part of the cube takes the
background value. In addition, with those parts with
which there can be an intersection, a similar division
procedure is carried out. In General, this process
ends when only one pixel corresponds to the part in
guestion. Now every part with which there can be an
intersection can be considered as a ray directed
along the z-axis. The second step considers the rays
corresponding to the obtained parts, and a binary
search is performed to find the nearest intersection
point with the volume. The advantage of this
approach is that it is possible to discard at an early
stage large parts of the cube that do not have a given
volume.

The main difference of the adapted algorithm is
that the first part is omitted. Therefore, the cube is
divided into parts in the XY plane according to the
pixels in the image. In the second part, the algorithm
remains the same. In this case, the reduction of time
for visualization is achieved due to the effective use
of computing resources of the graphics accelerator.
In order to justify the effectiveness of this approach,
it is necessary to consider the programming model
that was used. NVIDIA's Compute Unified Device
Architecture (CUDA) was used for implementation.
Testing was carried out on a computer with an Intel
Core 2 CPU E8400 3.0 GHz, and a GeForce 8800
GTX graphics accelerator. Performance was tested
on fourteen different scenes from free forms given
by quadrics.

Five scenes contained more than one free form.
A depth buffer is used to render such scenes. In
addition, for each object, a full pass through the
frame is made. This approach allows the second
version to effectively use multiple graphics
accelerators at the same time. Using the depth
buffer, you can combine free forms not only with
each other, but also with the scene specified by the
polygons.

The rendering time depends on the complexity
of the object. More perturbations are required to
specify objects that are more complex. As
mentioned, speed is highly dependent on memory
speed. Therefore, the best performance can be
achieved by using only registers.

6. Test result

Reducing the time for visualization is achieved
through the efficient use of computing resources
graphics accelerator architecture CUDA (Compute
Unified Device Architecture) from NVIDIA. The
implementation took into account the impact of
memory speed. Registers and shared memory are
maximized. In all other cases, the shared memory of
the graphics accelerator is used.

The functions of the graphics accelerator
included the calculation of coordinates of points of
surfaces, normals and lighting. Geometric
transformations were performed by the Central
processor (CPU or CPU), as well as rasterization of
geometric primitives in the tile grid and the
formation of a list of fragments with the calculation
of all necessary parameters. The DirectX
application-programming interface was used for
visualization. Testing was performed on Intel Core2
CPU EB8400 3.0 GHz and GPU 470 GTX. Figure 8
shows the results of testing the dependence of the
frame calculation time on the number of specified
perturbation functions for a particular test of the two
methods. On the abscissa axis-test numbers, on the
ordinate axis-average time per frame (in seconds).
The diagram shows that on average, the calculation
time decreased by an order of magnitude. At the
same time, the transport delay doubled. Note that
performance has increased not only for medium and
small objects, but also for large objects with a large
number of disturbances. As the object is split into
tiles and the number of perturbations of the
fragments decreases.

0,16
0,144—H -
0,124—HH HHHE

o, 1{HHHH HHHHF
0,08 4HHHH HHHHF
0,06 {HHHH HHHHF
0,04 HHHH HHHHF

" o I

O Binary searching
E Tile technology

Fig. 8. Test chart: average time per frame for
different tests

One of the main drawbacks of known
visualization methods is the complexity of
calculating surface points. Therefore, the method of
marching on the beam does not guarantee the
detection of the surface, in addition, it is slow [17,
18]. In [19] we describe a method for calculating the
intersection of a beam with a surface given in an
implicit form, but the calculations of - and -
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parameters are very complex. In the sphere-tracing
method, finding the greatest radius so that no point
of the volume lies inside the sphere is a nontrivial
task [20]. In ray tracing with interval analysis, many
calculations are required for complex functions
because they are needed individually for each ray
and for each interval along that ray [21]. In fast ray
tracing, the search for rays crossing surfaces is
complex and not efficient enough, since the
clustering methods of this method do not solve this
problem completely [22].

In [23] a ray tracking method is described for
visualization of surfaces defined algebraically by
polynomials of high degree. However, it is difficult
to model real objects using polynomials. It is also
not guaranteed how closely the initial function will
approximate the Bezier curve. Another disadvantage
of this method is that translating an object to another
coordinate system is not an easy task. Therefore,
creating dynamic scenes is problematic.

There is another method of visualization using
GPU analytically specified objects [24], based on
the usual step-by-step tracking of rays. The
difference is that the step size is not constant, but is
selected at each step. At each step, there is a ball
centered at the current point on the beam. The
disadvantage is that finding a suitable radius is a
non-trivial task. For static scenes, the authors of the
algorithm used data preprocessing. Therefore, as in
the previous method, the visualization of objects that
change their shape and position over time requires
significant computational costs.

7. Conclusions

The proposed method of describing objects of
three-dimensional scenes with basic surfaces and
perturbation functions has a compact description,
which allows reducing from 10 to 1000 times the
amount of data transmitted depending on specific
three-dimensional scenes and models. Objects with
planar faces are also easy to define, for example, a
cube can be defined with three quadrics. In addition,
when solving the describing function as an
inequality, you can display the inside of an object.
By changing the perturbation functions, you can
change the shape of the object. Interpolating the
coefficients of the quadratic equation from the initial
state to the selected final state, we obtain a smooth
flow of the object from one state to another. The
same manipulations can be done with the basic
guadric. It is also possible to interpolate the
perturbation factor. Interesting effects can be
achieved by changing the position and scale of the
perturbation quadric relative to the base. It is worth
considering in more detail the case when it is

necessary to move smoothly from one object to
another. This effect can be achieved by constructing
a new density function from the functions of these
objects. This is essentially just an interpolation of
these functions. Note that these objects can be
different. That is to have different base quadrics,
different sets of perturbation functions. For many
objects, this effect is difficult to implement when
using a polygon job model. However, many effects
associated with the transformation of coordinates,
which are implemented using the polygon model,
can be similarly implemented on analytically
specified objects.
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BJIEHAIHI" ®YHKIIOHAJIBHO 3AJIAHUX ITOBEPXOHb

Anomauia. Hauibinow nowupena mooenv 0ns 6i3yanizayii mpusumipHux 306pasicerv - noniconanvhe Habaucenus. Ilopsao 3
pAdom nepesae, maka Mooerb Mae i coi nedoaiku. Moodentorouu peanvui 0b'ckmu, 6y0yembcss HAOIUINHCEHA NONIZOHATLHA MOOEb.
Jlna n nidguwenns skocmi 300pacicenHs Hauywacmiule HeoOXIOHO 30inbuLy8amu KinbKicmy noieoHie. 30inbuienHs KiTbKOCmi NOI2OHI8
nepedbauae 30inbleHHs Yacy izyanizayii i obcaey suxopucmogysanoi nam'smi. /Jooamkosi npobremu 6HOCUMb 3MIHA MACUmady
00'exma, momy wo He MOJNCHA WEUOKO | epexmueHo 3MIHUMU KINbKICMb nONiconie 0asi Moodeni o6'ckma. Bio makux Hedonikie
MOJICHA NO30YMUCS, 3ACMOCOBYIOUU AHANIMUYHEe N 00aHHsi 00 €Mig | pacmepusayis iX 3a 00NOMO20I0 AN2OPUMMIE MPACYEAHHS
npomenie. Ananimuune 3a60aHHs 06 ’€Mig He sumazae genuxozo obcazy nam'ami. Ilpobrema cunmesy peanicmuunux 300paxceHs
aKmyanvHa O pi3HUX mpeuasxcepis, sipmyanvHux cmyoitl i mpueumipnux icop. Ha oanuii momenm 6dice icHyroms pobomu no
sizyanizayii (hyHKYioHanbHO 3a0AHUX NOBEPXOHb, djle IX 3aCMOCY8aHHs 0OMedceHe 00CUMb 8Y3bKUM KIACOM NOBEPXOHb i NOGLILHON
gizyanizayicio. Buxopucmosyéami aneopummu CKIAOHO ONMUMIZY8AMU, WO MAKONC HAKIAOAE OOMENCEHHs HA NpaKmuyHe
3acmocygants. Y pobomi nponoHyEMbCs. GUKOPUCTIOBY8amU 0COOIUBUIL KIac 00 eMis, AKI HA3UBAIOMbCs «8inbHI (popmuy. KoscHa
8inbHA opma € 6az06a nosepxHs ma 30ypenHs Ha yiti noeepxwi. Bazoea nogepxwus i 30ypenHs 3a0a0mbCs NOAHOMAMU OPY2020
cmynens-keaopixow. LLJob6 docsemu enaoxkocmi, yHkyis 30ypeHHs 3600umvcsi 6 mpemio cmyninb. Memoiwo pobomu € po3podxa
npozpamu, AKA 3a 300AHUM AHATIMUYHUM 3080AHHAM 3 GUKOPUCMAHMAM KEAOPIKI@ 3i 30ypeHHAMU 0OUUCTIOE 2MUOUHY Kaopy i
HOpMani 00 NOGEPXHI 8 KOJCHOMY nikceil. Lletl 000amok Mae MAKCUMANLHO MOJNCIUBO GUKOPUCIIOBYBAMU OOUUCTIOBANbHI pecypcu
epagiunozo akcenepamopa. Bowce 6yau cnpobu cmeopenHs aneopummis gisyanizayii 06’ emis, 3a0aHUX AHATIMUYHO, e Oilbuicms 3
Hux guxopucmogysaau minoku L{I1Y ona obuucnens, i yac o6pobxu 6y10 3aHAOMO GeIUKUM O NPAKMUYHO20 3ACMOCy8anHA. L{i
aneopummu He OYIu NPU3HAYeHi 0I5 napaneibHoi 06pobku. Ha 6iominy 610 HuX, 3anponoHosanuil 8 poOOmi aneopumm UKOPUCMOBYE
epagiunuil axcenepamop ons Oinbwiol uacmunu obuucnens. Ilpu ypomy obuucienns Ha epagiunomy axcenepamopi 8iobyeawmvcs
napaneibHo, i Memoo e@heKmuHo SUKOPUCMOBYE Yo 0COONUBICMb. 30 PAXYHOK NapaneibHoi obpobku i 6i0cymHocmi HeoOXiOHocmi
nepecunants 6enuKkol KilbKocmi 0anux i3 3a2anvbHoi nam'smi 6 nam'sme epagiuno2o axcerepamopa, 30LbULYEMbCA WEUOKICMb
gizyanizayii  nopieHaHo 3 eapianmom, wjo euxopucmogyiomv mineku L{I1V. Taxmosa uacmoma npoyecopié 6 epagiuHux
axcenepamopax menute, wioe uacmoma LITY. Ane 0ns nesnozco knacy 3a0au RpOOYKMUGHICMb 3 GUKOPUCMAHHAM 2pAQiuHuX
axcenepamopis 6yoe U010 3 PAXYHOK 8eIUKOT KITbKOCMI npoyecopis.

Knrwuoei cnosa: gynxyionansro 3a0ani nogepxwi, pyHryii 30ypeHHs; onepayis cenaoiceHHs
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BJIEHIVHT ® YHKIIMOHAJBHO 3AJAHHBIX IOBEPXHOCTEM

Annomayun. Haubonee pacnpocmpanennas mooenv ONsi  GU3VAIU3AYUU  MPEXMEPHBIX  U300PAICCHUI—NONULOHATLHOE
npubnudicenue. Hapsdy c mHodicecmeom npeumyujecms, maxas mooenv umeem u ceou Hedocmamku. Moodenupys peanvhule
00beKmbl, CMPOUMCcst NPUOIUIICEHHASL NOJULOHANbHASL MOOeTb. [Is yeeaudeHus Kawecmed u300padlcenus yaue 6ce2o Heobxooumo
VBeIUYUBAmsb KOIUYECME0 NOIUSOHO8. YeenuueHue Koauuecmea noaueoHos, eiedem 3a coooll yeeauueHue spemMeHu GU3yaiu3ayuu u
06véma ucnonvzyemoll namsmu. Jonoanumenvhvle NpobieMbl GHOCUM U3MEHeHUue Macumada oOvbekmd, NomoMy umo Helb3s
bvIcmpo U 3PHeKMUBHO USMEHUMb KOIUYECBO NOIUSOHO8 071 Mooeau obvekma. Om maxux HeOOCAmMKO8 MONCHO U30a8umvcs,
npuMensis aHarumuieckoe 3a0anue 00bEM08 U pacmepusayuy Ux npu NOMOWU A120PUMMO8 MPACCUposKu yyel. Ananumuieckoe
3a0anue 00bEM08 He mpedyem 60abw020 00véMa namsamu. [Ipobrema cunmesa pearucmuyHblX U300PAdICEHUl AKMYATbHA OS:
PA3IUYHBIX MPEHAICEPOs, GUPMYAIbHLIX Cmyoull u mpexmepnolx uep. Ha Oanmviii momenm ydce cywecmgyiom pabomvl no
BU3YANU3AYUU DYHKYUOHATLHO 3A0AHHBIX NOBEPXHOCMEN, HO UX NPUMEHEHUE 02PAHUYEHO O0B0IbHO Y3KUM KLACCOM NOBEPXHOCMEN U
MeOoneHHoU eusyanusayuel. Mcnonv3yemvle aneopummbl CIONCHO ORMUMUUPOBAMb, YMO MAKNHCe HAKIAObIGAen O0SPAHUYEHUs HA
npakmuyeckoe npumenenue. B pabome npednazaemcs ucnoiv3o8ame 0cobblil K1ace 06bEM08, KOMOopble HA3bI8AIOMCSL «C80000HbLE
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@opmwry. Kasicoas ceoboonan gpopma npedcmasisiom coboii 6a308y10 NOBEPXHOCMb U 803MYyUjeHue Ha 5moii nogepxnocmu. basosas
NOBEPXHOCMb U GO3MYUjeHUe 3a0alOMCcs NOIUHOMAMU 6MOPOU cmeneHu—Kkgaopuxamu. Imobvr 0obumscsa enadxocmu, GyHKyus
B03MYIWYEHUA 603600UMCS 8 Mpembvio cmenens. Llenvio pabomel agaemcs co30anue NPUIONCeHUs, KOmopoe no 3a0aHHOMY
AHATUMUYECKOMY 3A0AHUIO C HOMOWBIO KEAOPUK C BOIMYWEHUAMU BLIYUCTAEN 2TIYOUHY KAOPA U HOPMATU K NOBEPXHOCHIU 8 KAHCOOM
nuxcene. Jlannoe npunodjcerue OONHCHO MAKCUMATLHO B03MONCHO UCNONb306ANb  GbIYUCIUMENbHBIE PEeCypCbl 2paPuuecko2o
akcenepamopa. Yice 0vinu nONLIMKYU CO30AHUS ANCOPUMMOB BU3YATUIAYUU 00BEMOS, 3A0AHHBIX AHATUMUYECKU, HO DOTLUUHCIBO U3
HUX ucnoavzosanu moavko L[ITY ons eviuucaenuii, u epems 00pabomku ObLIO CAUKOM OOALWUM OIS NPAKMUYECKO20 NPUMEHEHUS.
U smu aneopummel He 6vlLiu NpeOHA3HAUEHbL O NAPANLIENbHOU 00pabomku. B omauuue om Hux, npeonodceHHulil 6 pabome
aneopumMm UCnonb3yem epaguueckull akcenepamop Oas Ooavbuiel yacmu euluucienul. I[Ipu smom eblyucienus Ha epaguueckom
akceiepamope npoucxooam napaiieibo, U mMemoo IPPekmueHo ucnonvzyem smy ocobennocmv. 3a cuém napainenvHou
06pabomxu U OMCymcmeus HeodXo0OUMOCmu NepecvliKy DOILULO2O KOIULECMEA OAHHBIX U3 00Well RAMAMU 8 NAMAMb 2PAPUUECKO20
akceiepamopa, y8enuuusaemcs CKOpocmy GU3YaIU3ayUU no CPASHEHUIO ¢ BAPUAHMOM, Ucnonssylowum moavko LITY. Takmosas
uacmoma npoyeccopos 6 epaguyeckux axcenepamopax meuvute, yem uyacmoma L[ITY. Ho ona onpedenennozo knacca 3adau
nPoU3800UMENbHOCb C UCNOIb308AHUEM SPAPUUECKUX aKcelepamopos Oydem ayuuie, 3a cuém OOIbUO020 YUCIA NPOYECCOpPOs.

Knrouegwie cnosa: d)yHKquHllJleO 3a0anHble NOBEPXHOCMU, qbyHKuuu BO3MYUJCHUSL, ONePayUst CeNAANCUBAHUSL
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