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In this case, the use of UAVs, especially in automatic

Measures are taken to remotely monitor and assess trans-
mission capacity of power transmission line (PTL) networks
in countries with large-scale electric power infrastructure
such as the USA, the EU [1], China [2], Brazil, [3], RF [4].

The recent level of development of science and technol-
ogy makes it possible to use fundamentally new methods
for solving such problems in addition to classical methods.
They include topographic monitoring using unmanned aeri-
al vehicles (UAV) based on visual, thermo-visual and laser
scanning of PTLs followed by data processing.

Advantage of such remote monitoring methods consists
in possibility of automating and complex monitoring of the
transmission line parameters that characterize both exter-
nal state of the power system objects and its main electrical
parameters.

mode, requires careful study of routes and flight tasks. As
a result, requirements to quality of their management grow
which requires grading up the qualitative level of operators
training. Training of operators and working out of flight
tasks with a direct operation of UAVs on power lines is
expensive and not always possible. In this case, activity of
undertrained operators can lead both to the UAV failures
because of accidents and, accordingly, to expensive repairs
and the consequences posing a threat to people's lives. Thus,
it is advisable to use simulation and training complexes
(STC) which use computer synthesis of environment in
the process of training and modeling. Such complexes lack
disadvantages of conventional training methods, have a low
cost of both the complex itself and its operation, are safe for
people and enable simulation of any situations that arise
during operation of a UAV in the monitoring process.
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Visualization system (VS) is the key component of the
STC applying computerized synthesis of environment. The
system makes it possible to provide the operator with the
UAV control principles, allows him to respond quickly to
various situations arising during the flight task simulation.
It shows the results of his actions and enables monitoring
and evaluation of the training process [5]. The base part
of the VS-STC is the process of modeling the environment
visible to the operator in the most realistic way using tools,
methods and algorithms of computer graphics.

Urgency of the studies is determined by impossibility of
effective solution of monitoring problems without prelimi-
nary modeling using the STC the key part of which is the
VS. At the same time, existing algorithms and methods for
image synthesis in VS do not make it possible to realistically
represent wire PTLs.

2. Literature review and problem statement

Since their appearance, the UAVs were used mainly for
military purposes. But the cheaper hardware has resulted
in their greater availability as remote sensing tools [6].
They are used in such areas as precision farming, obser-
vation of landslides or communications. For example, the
problem of detecting road surface damage was solved in [7]
by means of stereoscopic survey of the roadway with subse-
quent obtaining of its three-dimensional model. However,
despite the rather high accuracy of the model of roadway
surface (about 5 mm) the method proposed cannot be
used to obtain models of objects having spatial structure
and located at several levels above the land. In addition,
the optical system itself is mounted on the UAV rigidly
which makes it difficult to photograph at varied angles.
The resulting surface texture also contains a luminance
component which is typical for all methods of photogram-
metry. Therefore, application of the model reconstructed in
this way directly in the VS-STC system is difficult since it
is necessary to remove glares and shadows that negatively
affect both quality of spatial reconstruction (as indicated
in the work) and subsequent calculation of illumination
during visualization.

Another widely used procedure for obtaining three-di-
mensional models of real objects, i.e. lidar scanning, was
considered in [8, 9]. Such scanning makes it possible to ob-
tain clouds of points that describe three-dimensional objects
spatially and provide with information on their surface char-
acteristics. Based on the resulting cloud, a grid of triangles
is created which is then used for further modeling and visu-
alization of the object. Disadvantages of this method include
relatively low resolution (of the order of units of meters).
Even though resolution can be raised to tens of centimeters
with the help of a number of improvements proposed in these
works, this is not enough to obtain a wire line model. At the
same time, the equipment used in this technique (lidars) is
very expensive and heavy. This imposes restrictions on the
size of the UAVs used and raises cost of the entire system.
It should be noted that lidar scanning does not create a
surface texture of the object which complicates calculation
of illumination. On the other hand, reflective characteristics
of the object surface are determined which makes it possible
to simplify classification and separation of objects in the
models obtained.

Paper [10] demonstrates application of UAV in archae-
ology with a three-dimensional reconstruction of the field
of interests at theoretical accuracy of object localization
about 0.6 ¢cm horizontally and 2.3 c¢m vertically. However,
similarly to [7], this method works with objects located at
nonintersecting altitudes and in small arcas (up to 100 m?).
For scanning of non-planar objects, it was suggested to make
several successive flights which in general significantly in-
creases time and complicates the process of model construc-
tion. Although there are realizations of such algorithms, for
example in [11], which make it possible to improve accuracy
(by 40-50 %) of the obtained models and slightly speedup
scanning, they do not solve the problem in general. In ad-
dition, the use of specialized algorithms of navigation and
positioning of the UAV cameras requires the use of expensive
and high-speed equipment on board the UAV.

It was pointed out in [12] that the accuracy of lidar scan-
ning is poor. It allows one to restore shape, even for objects
of large size, such as trees but just partially. Theoretical
possibility of using cameras working in the visible range
for recognizing large fragments of objects on the obtained
three-dimensional model was shown in this paper. At the
same time, the confidently recognized fragments have di-
mensions considerably exceeding section of the line cable.
Besides, the proposed method requires a complex flying
trajectory around the object to obtain its model which is not
always possible for a wire line because of overgrowing of the
PTL corridors and uncertainty in location of wire within the
line because of its sagging.

The method of obtaining panoramic images of real objects
which can be used for texturing in VS was considered in [13].
Similar to [7], a high-resolution camera working in a visible
light range was used as a data source. The method features
photographing with a substantial overlap and positioning of
the obtained frames using both a satellite navigation system
and a theodolite. This greatly complicates the process of
model construction. In this case, accuracy of determining
coordinates of objects on the landscape surface is about 5 mm
horizontally and 17 mm vertically. The paper demonstrates
an example of using this method to obtain the terrain surface
textures. However, this method does not ensure obtaining of a
spatial shape of the object corresponding to the texture.

Factors that affect accuracy of photogrammetric (and
lidar) methods for constructing three-dimensional models of
real objects with the help of UAVs were considered in [14].
They include weather conditions and insufficiently accurate
data provided by a positioning system. A method for esti-
mating and analyzing the errors that arise in solving this
problem was also considered. Principal impossibility of ex-
cluding a number of errors in determining coordinates of the
objects obtained by photogrammetric methods was shown.
In this case, the practical study carried out in the work used
the same distances (2-5 km) and altitudes (less than 200 m)
that are typical for monitoring wire PTLs.

A common drawback of the methods used is the need for
a complex procedure of obtaining the object images and the
use of expensive equipment. Disadvantages are the same:
insufficient accuracy of the three-dimensional models ob-
tained and lack of guarantees of obtaining a complete closed
model, especially for complex composite objects. In addition,
most of the known algorithms give a "cast" of the model at a
certain time moment which makes it practically impossible
to vary the model shape and parameters in real time. This is



because of objective complexity of automatic division of the
composite model into sections as well as long (up to several
days) and resource-intensive process of obtaining a three-di-
mensional model itself.

On the other hand, to solve the problems facing the
imitation and training complexes, it is necessary to change
parameters of the three-dimensional model depending on the
nature of the modeling processes and the tasks performed.
The models of three-dimensional objects obtained by the
photogrammetric method and lidar scanning do not fully
satisfy this requirement.

It should also be noted that the issues of texturing and
lighting calculation as well as realistic visualization of the
obtained models were practically not considered. The ap-
plied methods were destined to work with flat or laying at
the same level spatial structures (forests, landscapes, roads).
The methods for obtaining three-dimensional models of
complex industrial facilities such as wire PTLs and other
objects of energy infrastructure have not been investigated
sufficiently enough.

It should also be noted that the models obtained by
photogrammetry methods are highly detailed and cannot
be applied directly to VS-STC. This is because visualization
requires significant computational capabilities.

In this regard, there is a need of developing a method
for obtaining a three-dimensional model of a wire PTL and
synthesis of its image. It is expedient to base this model on
the analytical representation of a wire line. This will enable
its use for VS of simulation and training modeling in various
external conditions.

3. The aim and objectives of the study

This work objective was to develop a method for con-
struction of a three-dimensional model of a wire PTL that
could be used to synthesize images in VS-STC using 3D
graphics accelerators.

To achieve the objective, the following tasks were set:

- to analyze features of representing models of extended
objects with one of the overall dimensions significantly ex-
ceeding the others;

- to develop a mathematical description of the wire pow-
er line model and a method for obtaining its geometric rep-
resentation and visualization using computer graphics tools;

- to substantiate the possibility of using the proposed
method for image synthesis in real time for various values of
wire sagging.

4. Analysis of features of representation of wire lines

Let us consider analytical models of a wire line used in
calculating parameters of PTLs [15-19].

The most important characteristic of a PTL is the short-
est vertical distances from its wires to nearby structures
that must be observed under various weather and climatic
conditions (Fig. 1).

Mechanical stresses and wire sags vary with temperature
and load [15]. When temperature grows, the wire lengthens
resulting in the sag increase and a stress decrease in the wire.

The stress changes in the wire caused by changes of
atmospheric conditions are described by the following equa-
tion of the wire state [16]:
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Fig. 1. Diagram of vertical dimensions of PTL
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where 6, ©; isstressin the wire (MPa) at the initial time

and at the time of measurement, respectively; v is the spe-
cific load from the wire weight, MPa/m; E is the modulus
of elasticity of the wire material; / is the wire length, m; o is
the coefficient of linear expansion of the wire material; ¢, is
temperature at the initial time moment; ¢, is temperature at
the time of measurement.

Tensile stress in the wire can be determined as

o=, @

where T is the tensile force (tension in the wire), H; d is the
wire cross-section, mm?.

Expression (1) determines size of the sag according to
the known initial state and temperature change. The curve
of sagging of a wire fixed to suspensions at both ends at the
same level can be approximated by the equation [17]
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When applying load, T, =0, -d (2), the total wire length
will be equal to

L=L,(1+o-t)(1+B-c,), ©

where B=1/E is the coefficient of elastic elongation of the
wire material, mm?/N.

According to [18], it is necessary to take into account
significant errors in calculation of long spans or at significant
differences in the altitude of the power line supports (topog-
raphy) as a limitation of applicability of the "classical" method
for calculating parameters of a wire line. It is also advisable
that calculations take into account the difference in locations
of the wire suspensions along the vertical axis (Fig. 2). Then,
according to [19], equation of the wire sag curve takes the form:

)= 2oty ®



where ¢ is the parameter that determines shape of the sag
curve; (xo,yo) are coordinates of the lowest wire point;
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5. Mathematical model of a wire line

In order to apply expressions (7), (9) in
constructing a line model in three-dimen-
sional space, represent the PTL as a piece-
wise linear function. Superpose direction
of each segment with the x-axis (Fig. 2).
In this case:

l=\/(x1—x2)2+(z1—22)2,

where x;, z are the coordinates of the
point of suspension in a plane parallel to
the plane of the earth's surface.

It is advisable to shift the origin of the
coordinate system to one of the points of
suspension beginning and represent the
values in the x-axis in a relative form tak-

» ing (x,-x,)/[=1 then x{=0, x;=1, in

(13)
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Fig. 2. Diagram of vertical dimensions of PTL taking into account different heights
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The total length of the wire will be [18]
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The amount of wire sag at a point with coordinates (z, y)
can be defined as

f(g,x):a[ch[xﬂ‘i‘°(e)]—ch(""f°(8)]], )

€ €

where €=¢-x,.
According to [20], elongation of the wire from heating by
solar radiation can be approximated by the expression

AL, =o-1-(¢,—t,).

(10)
Accordingly, the change in the amount of wire sag will be
linearly dependent on Al

Afmn:%:avl-(q—to)

K K ’ b

where K =3,42 is the empirical coefficient when tempera-
tures change At=2..12 °C.
The total wire sag for temperature ¢, will be

fi:fO+Afsun' (12)

X x the suspension points:

A={x1,y1,z1}, B={x2,y2,z2}.

Expression (9) takes the following form

f(e,x’)zI-e-ch(1_x°)—l-£-ch(m),
€ €

where x’=x/I, xj=x,(¢)/l.

The augend in expression (14) does not depend on x and
can be calculated once before calculation of the line begins.
To obtain the line coordinates for each PTL section, the fol-
lowing algorithm is used:

1) the value of /is calculated according to (10);

2) x,(€) and the corresponding x; are calculated;

(14)

’

"0); is defined
€

3) constant summand l~e-ch(

4) P=A;

5)s=0../, with step ¢;

— x':(s+t)/l, P’ =x"-B+(1-a')-A;

-B=B - /(ex)

- create segment {P,P’};

-P=P".

The line in the STC modeling system is represented as a
set of nodes (supports) and the topology of their connection.
Each line is assigned a unique identifier that makes it pos-
sible to dynamically load the line parts located in different
parts of landscape and uniquely determines their connec-
tion. The active (loaded) nodes of the lines are ordered in
ascending order of identifiers. For nodes with the same line
identifier, ordering is performed remotely depending on the
distance from any of the end nodes. This ensures correct
sequence of nodes in the line. Since the nodes in the line are
arranged in series, one may choose not to save topology of
their connections.

Each node has several connection points (wires, light-
ning ropes) which must be connected in corresponding lines.
To obtain each line, it is necessary to determine position and
orientation of the node in the world coordinate system for
each pair of neighboring nodes, then determine position of
the connection point by translating its coordinates from the
local system (relative to the support) to the world system.
According to (13), we proceed to representation of the line in



which the axis connecting two nodes will coincide with the
x-axis in the diagram of vertical dimensions of the PTL wire
(Fig. 2). Further, sag is calculated for each line according to
(14) taking into account temperature (10) with a constant
step Ax=1. Thus, a set of points will be obtained that ap-
proximate the line with some small inaccuracy depending on
the step and the € value. Use of such a sequence for geometry
synthesis is impractical for the visualization system in view
of redundancy of the points, even at a small distance (50 m)
from the observer.

It is advisable to simplify line representation in such a
way that representation of the line wire in a form of segments
at any distance from the observer is unnoticeable. Analysis
of the chain line shape (Fig. 2) allows one to conclude that
the most noticeable shape distortions introduced by "linear-
ization" will be in the locations where the wire sag is greatest
(the greatest tangent inclination angle). At the same time, as
distance from the observer increases, z— oo, noticeability of
distortion decreases proportionally to 1/z.

Another problem that occurs when visualizing wire
lines consists in a significant anisotropy of their dimen-
sionality (thickness is much less than length) which leads
to appearance of aliasing effects, even at insignificant dis-
tances from the observer when projection of the wire thick-
ness becomes smaller than the pixel size in the synthesized
image. This, in turn, leads to a variety of visual artifacts
(flickers, line fragmentation) alien to the picture observed
during the UAV operation. To reduce such artifacts, it is
advisable to draw the line fragments as a line, rather than
a grid of triangles, with thickness less than a certain value,
smoothly reducing their noticeability when they move
away from the observer.

Thus, it is necessary to develop a procedure for changing
(selecting) the levels of detail by three criteria:

1) noticeability of linearization distortions as a function
of distance from the observer;

2) size of projection of the line wire diameter on the image;

3) minimization of the number of primitives (triangles,
line segments) which form the line model.

Let us establish criterion for distortions in linearization
as the angle of the line fragment inclination

k, :arctg%h, 15)

where Ah=Ay (Fig.2) is the height difference between two
points of the line; Ax is the distance between two line points
along the x-axis of a horizontal line.

The criterion &, for the size of projection of the line wire
diameter in the image is obtained knowing that the size of
the object projection is equal to

__(d/2)-h
B fov,’
2tg7
8 2

(16)

where fov, is the vertical viewing angle; d is the wire diameter;
h is the height of the synthesized image in pixels.
Let us assume that &, = f(z), Then it follows from (16) that
b, = _dh
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Choose the value of p as
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p = T+: ﬁ7

in order to take into account the cases when the line projec-
tion in the image is positioned at an angle close to 45° to the
pixel grid.

The criterion for minimizing the number of primitives
forming the line is not specified explicitly but is obtained
from the abovementioned two criteria which minimize
the number of points in the line (15) or the number of
primitives required to represent the line fragment (17).
Both criteria can be calculated in advance: k at the
stage of constructing the line model and %, before the
start of the image synthesis since it depends only on the
shape of the observer's field of view and the size of the
synthesized image which do not change during the frame
synthesis.

To ensure maximum speed of the line geometry synthesis
function which is performed before it is rendered in each
frame, it is advisable to create [ sets of points (levels of
detail) with the &, value consistently increasing in each of
them. Thus, the problem will be reduced to selection of the
necessary detail level, [, for each line fragment (connection
between nodes) depending on the z,, magnitude, i.e. the
distance between the observer and the nearest point in
the line fragment. Proceeding from the assumption that
the wire is located along the horizontal axis of the PTL
without significant deviations, this quantity is defined as
Inin{zo,zn/z,zn}, i. e. a minimum from the distances to the
end points of the segment and the midpoint (or the point
with the maximum sag).

The choice of the type of the primitives forming the line
section is defined as follows:

line=z,, >k,

tri=(z,, <k,)I(I<l), (18)

where [line is the attribute of drawing with line segments; tri
is the attribute of drawing with a grid of triangles;

Zmax =max {ZO’Zn/Z’Zn}’

where [ =B-/ _ is the threshold of detail level; B=0,2...0,5
is the detail factor that allows one to adjust smoothness of
transition between representation of the wire in a form of
triangles or line segments.

The line and tri attributes overlap which makes it possi-
ble to realize a smooth seamless transition between different
representations by means of some redundancy (1-2 line frag-
ments) during rendering.

6. Method for obtaining a geometric line representation

To obtain geometric representation of a line in the
UAV’s VS-STC using the key points of the chosen set /,
it is necessary to construct a set of vertices and indices
to describe their connections. This set will be loaded into
the graphics accelerator and rasterized using the specified
firmware.



To represent in a form of line sections (Fig. 3), the set
of vertices, V, will exactly coincide with the set of the line
points and the set of indices (primitives) can be obtained as

P,={v,,0,,} for k=0..m-1, (19)

where v is the number of the vertex in V; m is the number of
points in the selected set, /.

The matrix B can be obtained from two adjacent points
of the line, A and A.{, which specify its direction
D=|A, -4 (22)
To obtain rows of the matrix (of orthogonal vectors

perpendicular to D in the 3x3 domain and the origin
offset)

- o - - - ° L — T,
0 1 2 3 4 5 m2  m-l T,
{0,013, {12}, 2.3}, (34}, 4.5}, ..., (m-3, m-2}, {m-2, m-1} B=15) (23)
Fig. 3. Representation of a fragment as the line sections A
The fragment is continuous, so indices of the vertices  where
coincide for adjacent primitives.
To represent a fragment in a form of a grid of triangles, it T, =|DxT|};

is necessary to synthesize a circle for each point and connect
adjacent circles in a way providing a cylinder with diameter
equal to the wire diameter (Fig. 4).

In order to convey appearance of the wire line taking
into account illumination parameters specified in VS-STC,
it is necessary to calculate the normal to the surface of
the cylinder and two-dimensional texture coordinates to
obtain the wire surface properties discretized and recorded
in the texture.

Let us establish that each circle consists of s segments
of the same size. Then one can obtain an offset from the line
center for each point of the circle as

n={-sin¢,cos¢,0}, (20)

2-m . . L .
where ¢==— is the angle of rotation of a point in a unit
i

circle, i=0...s.
The coordinates of the circle point with allowance for
(20) are defined as follows

d

C=N-T+A, 1)

where A is the coordinates of the point from the [ set;
N =B-n is the normal to the wire surface in the world space;
B is a 3x4 matrix for transition from the local space (Fig. 2)
of the PTL fragment to the world space of the VS-STC.

Fig. 4. Representation of a fragment of a line in the form of
a grid of triangles

{-p..p,,D,}if D|>|D,],
“|{-p,.0,.0}if|D.|<|D.
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A pair of texture coordinates {u,0} is defined as
follows:

u:su-\/D.D,

v=ifs, (24)
where s, =0,25...4,0 is the coefficient specifying frequency
of repetitions of the texture pattern depending on the line
length (a higher value gives a higher repetition frequency).

For the u coordinate, when selecting the texture, it is
necessary to enable the repeat mode in which the integer
part of the coordinate will define the repeat number. For v,
the values do not leave the range 0...1, so any sampling mode
(repeat or limit) can be used.

The set of indices (primitives) consists of number triples
(triangles are used) and can be obtained for even triangles

I)ko :{vk +j_jmax’vk +j’vk +j+1}7
for odd triangles

Pk1={Uk+j+17vk+j+1_jmax’vk-‘rj_jmax}’ (25)
where j . is the number of segments forming a circle; j is
the current segment; v, is the number of the first vertex
forming the circle

(26)

. JHLAf jHl<g .
+1_{ ]20"']max_1'

1o i =

Expression (26) makes it possible to seamlessly close
the cylinder which approximates the wire line surface.
The triples of the triangle indices obtained according to
(25) are oriented clockwise and form outer surface of the
cylinder. The resulting geometric description of the line
does not contain clearly visible kinks or artifacts for any
position of the observer within the line section modeled
in the STC.



Because of geometry specificity of the wire lines (a di-
mension on one of the coordinate axes considerably exceeds
dimensions on the other axes), even at a small distance from
the observer, the line projection will have thickness less than
the pixel size. This feature requires special processing of the
deleted line fragments. Since it is impossible to correctly
visualize objects with dimensions less than a pixel in the im-
age, filtering by various methods is used in practice. Its main
principle is the change of color of such fragments depending
on their thickness. Such a filter can be described as follows

d=(1-a)c+a-c, 27)
where ¢’ is the displayed pixel color; ¢,c, are the line and
background colors, respectively; o= f(d,) is the filtration
coefficient dependent on the distance between the line frag-
ment and the observer.

Thus, the problem reduces to calculating the o value and
determining the background color, ¢,. The a quantity is cal-
culated in the vertex firmware synthesizing geometry of the
wire line according to the following expression:

max(0,d,—d,,) 28)
d—d, '

max min

o= min[l,

where d_;, is the distance from the ob-
server at which the line size becomes less
than the pixel size (which is calculated
according to the expression (17); d, . is
the distance from the observer at which
the line cannot be drawn.

The resulting o value lies in the range
from 0 to 1 and is stored in one of the
channels of the G-buffer [21] formed for
the delayed illumination calculation and
then used to calculate the resulting color.
The synthesized image is superimposed
on a full-screen filter:

where w; is the pixel weight coefficient; w, is the sum of all
coefficients for the pixels satisfying condition (30).

7. Results obtained in the experimental study

Quantitative characteristics of the line model for various
¢ values are given in Table 1.

Program implementation of the proposed method was
performed in C++ language and a study of its performance
characteristics was performed. The API Direct X was used
as a basis for functioning of the VS-STC. The images were
synthesized using the ATI Radeon 7770 graphics acceler-
ator. The performance was tested on a system running in
Windows OS and equipped with a 32 GB RAM, an Intel
Core i7 6700 processor running at 3.4 GHz. A ~12 km sec-
tion of the 330 kV PTL between Yakivlivka and Konstantiv-
ka villages (Kharkiv region, Ukraine) and the landscape at
a distance of up to 4 km from the PTL were taken as a basis
for modeling. The frame rate in the VS-STC was fixed at a
level of 30, the size of synthesized images was 2,560%1,080.
To calculate illumination, a method of delayed lighting us-
ing the G-buffer and the o value was entered in one of its
channels. Examples of images synthesized by the VS-STC
according to the proposed method are shown in Fig. 5.

Fig. 5. Examples of a wire line images synthesized according to the proposed

c(x,y),

if G, =0,

29
c(x,y)-(1-G,)+¢,(x,y)-G,, if G, >0, (29)

c'(w)={

where G, is the value of a quantity calculated according to
(29) and placed in the G-buffer; (x,y) are pixel coordinates
on the screen.

To determine the c, (x, y) value, the following procedure is
used. Colors of all pixels in the vicinity of a pixel with (x,y),
coordinates for which the following inequality is satisfied are
selected

d,>d(x,y)+D, (30)
where d(x,y) is the distance from the observer for the pixel
with (x,y); coordinates; d, is the distance from the ob-
server to the pixel in vicinity of (x,y); 5=0,1..2,0 is some
empirically chosen threshold that divides background and
objects in the image.

All pixel colors satisfying (30) are summed with the
weight coefficients and the resulting sum is normalized and
used as the background color in expression (29)

1

¢, (%,y)=— 2 G- @,
wo dy>d(x y)te

3D

method at various observer positions

Table 1
Quantitative characteristics of the line for various € values
Span 1 Span 2 Span 3
: lensgptalllr,1 m Sag, m ler?gptelllr,l m Sag, m ler?gl?ca}llr,l m Sag, m
10 252.21 3.22 365.25 4.58 446.29 5.58
9 257.23 3.58 365.29 5.09 446.33 6.20
8 | 257.27 4.02 365.34 5.72 446.39 6.98
7 | 257.32 4.60 365.41 6.54 446,48 7.98
6 257.40 5.37 365.52 7.63 446.61 9.31
5 257,53 6.44 365.70 9.16 446.84 11.17
4 257.77 8.05 366.05 11.46 447.26 13.97
3 | 25829 10.75 | 366.78 | 1529 | 448.16 18.65
2 | 259,78 16.17 | 368.89 | 23.00 | 450.74 | 28.05
1] 26791 | 3285 | 380.40 | 46.74 | 464.85 | 56.98

Dependence of the number of line segments for various
detail levels on the parameter (sag magnitude) is given in
Table 2.



Table 2
Dependence of the number of segments on ¢
€ Level 1 Level 2 Level 3 Level 4
10 45 27 15 10
9 49 28 15 10
8 56 31 15 1"
7 64 35 20 1
6 75 40 23 14
5 88 46 27 15
4 108 59 32 16
3 142 76 40 23
2 186 109 59 31
1 366 184 107 56

The length of the segment between suspensions was
366.2 m, initial number of segments was 369. On average,
the optimization time for 369 segments was 42 ys.

The graph of the number of line segments for various
detail levels vs. the sag value, ¢, is given in Fig. 6.

The ratio of primitives in the optimized line for various
detail levels to that of the original line (without optimiza-
tion) is shown in Table 3.

The number of triangles, c,, and vertices, c,, forming a
line is linearly dependent on the number of segments and is
determined as follows:

CA = Cs ‘(2‘jmax)’

¢, = (1) o (32)
where ¢, is the number of segments in the line.

As can be seen from Table 3, after optimization, at the
last level of detail, the number of primitives at the maximum
sag did not exceed 2 % of the original fragment.

Table 4 shows performance indicators of the method for
two lines.

Table 3
Optimization level
€ Level 1 Level 2 Level 3 Level 4
10 0.122 0.073 0.041 0.003
9 0.133 0.076 0.041 0.003
8 0.152 0.084 0.041 0.004
7 0.173 0.095 0.054 0.004
6 0.203 0.108 0.062 0.005
5 0.238 0.125 0.073 0.005
4 0.293 0.160 0.087 0.005
3 0.385 0.206 0.108 0.008
2 0.504 0.295 0.160 0.011
1 0.992 0.499 0.290 0.019
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Fig. 6. Dependence of the number of segments on

Table 4
Time of synthesis of the line fragments
Line 1 Line 2
No.| Length, Sythe— Synthesis Length, S.yn.the— Synthesis
m sis time, | speed, m sis time, | speed,
us km/s us km/s
11292953 | 227 12,905 |2,830.05 | 208 13,606
2 | 2,875.68 215 13,375 | 2,888.18 215 13,433
3 | 2,864.61 209 13,706 | 2,641.66 193 13,687
4 | 277447 | 226 12,276 |2,592.62 | 295 8,789
5 |3,347.13 274 12,216 | 2,576.73 189 13,633
6 | 3,014.34 218 13,827 | 3,189.65 232 13,748
7 13067.77 | 272 11,279 |3,149.52 | 225 13,998
8 |2,553.26 190 13,438 | 2,827.13 205 13,791
9 | 3,449.78 247 13,967 | 2,218.31 165 13,444
10 | 2,394.10 | 174 13,759 |3,569.46 | 255 13,998
111337537 | 312 10,818 |2,176.71 169 12,880
12| 3,227.03 223 14,471 | 2,056.36 167 12,314

8. Discussion of results obtained studying the method

The developed method makes it possible to obtain a
three-dimensional model of a wire line and its image in real
time for any observer location. Synthesis of the geometric
model from analytical representation of the line makes it
possible to obtain an image of the line for various wire sag
values. Such model changes depending on external con-
ditions are impossible or extremely difficult to implement
using other methods, in particular lidar scanning and pho-
togrammetry. This is because they ensure only recording of
the shape and appearance of the model at some particular
time. In this case, the resulting shape itself can have spatial
discontinuities. This does not occur when the proposed
method is used.

The resulting triangular grid can be directly processed
by firmware of the graphical processor. The method can
be used in the VS-STC in which a 3D graphics accelerator
(available in any modern STC) is used to synthesize images.
Also, the method enables obtaining of normals and texture
coordinates on the line surface. When synthesizing an



image, this makes it possible to calculate illumination and
apply textures to the line surface. This, in turn, increases
realism of the synthesized image in general.

The computational resources necessary for the syn-
thesis of the line image are minimized by using switchable
detail levels which enables use of cheaper hardware for
building a VS and leads to a reduction in the STC costs
in general.

The proposed method shortcoming consists in impossi-
bility of direct specifying the number of triangles that form
the wire line model. This necessitates dynamic allocation of
the graphics accelerator memory to store grids of triangles
representing the line. To visualize the line sections distant
from the observer, it is necessary to store the a value for each
pixel of the synthesized image which requires operation of an
additional buffer in the graphics accelerator memory (or an
additional channel in the G-buffer).

Filtration according to expression (30) can be used to
smooth out edges of vegetation objects or the grass cover
and also models rendered by means of a transparency mask,
e.g. the detail levels of the power line supports displayed at a
considerable distance from the observer.

In the future studies, it is planned to develop methods
for modeling emergency and abnormal situations on wire
power transmitting lines as well as their visualization in a
VS-STC.

9. Conclusions

1. A model of a wire PTL based on the chain line model
was considered. Its refinement has been done in such a way
that the model has enabled obtaining of a three-dimensional
description of the line for VS-STC taking into account dis-
tance between supports and the amount of wire sag in real
time. The model can be used both for the same and different
wire suspension heights.

2. A method has been developed for obtaining a grid of
triangles and synthesizing an image of a power transmission
line for any observer location in real time. It enables synthesis
of a line image using a graphics accelerator. The method also
makes it possible to calculate illumination and texturing of the
line surface. The number of primitives in the optimized model
used to represent the line does not exceed 2 % of the original
(for 50 % cases of observation distances). This allows one to
minimize necessary computing resources for visualization. In
this case, the line parameters can change in real time in con-
trast to the lidar scanning and photogrammetry methods.

3. Software implementation of the method and study of
speed of the process of obtaining geometry and synthesis of line
images were carried out. The speed of synthesis of a wire line is
more than 13,000 km/s. The obtained results have allowed us
to confirm the possibility of applying the method for real-time
synthesis of images of lines of various configurations.
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