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DEVELOPMENT OF A METHODICS FOR IMPROVING THE ACCURACY
OF DETERMINATION OF SPATIAL COORDINATES OF OBJECT POINTS DURING AIR
SURVEILLANCE FROM A UAV

Purpose. The purpose of the paper is to develop an optimal algorithm that will increase the accuracy of
determining the coordinates of the terrain when applying the aerial process using an unmanned aerial vehicle (UAV).
Method. The study performs the minimization of function based on the condition of collinearity. It clarifies the
elements of external orientation (EZO) of digital images and leads to an increase in the accuracy of the spatial
coordinates of the points of objects. The proposed function is the sum of the squares of the differences between the
calculated and measured reference points on the corresponding digital images. The sequence of implementation of the
proposed algorithm includes taking into account the condition of the minimum of this function, which allows
obtaining a system of six nonlinear equations for EZO. The process of determining EZO is performed in two ways: in
the first case, the function G is minimized directly by one of the numerical methods, and in the second — obtained as a
solution of a system of equations, which gives refined EZO values based on initial approximations obtained directly
from UAV telemetry. Modified conditions of the minimum of the function G, in which there are no differentiation
operations, are used to control the accuracy of EZO determination. As a result, we obtain the final values of the EZO
at the time of shooting. Results. An algorithm has been developed and tested on mock-ups on real examples, which
allows to increase the accuracy of calculating the coordinates of terrain points when using UAVs for the aerial
photography process. Scientific novelty. The research obtained the formulas, which increase the accuracy of
creating topographic materials by digital stereophotogrammetric method. Practical significance. The implementation
of the developed algorithm will significantly increase the accuracy of processing large-scale orthophotos and
topographic plans created on the basis of aerial photography from UAVs.

Key words: unmanned aerial vehicle, elements of external orientation, partial derivatives, nonlinear equations.

Introduction author calculated the accuracy of determining spatial

In choosing the parameters of digital shooting coordinates by very approximate expressions, which
from UAVs, in contrast to manned aerial photography, does not fully assess the results of research.
[Schultz, et al., 2015] presents a more rigorous
method for performing a preliminary calculation of
the accuracy of determining the coordinates of
points on aerial photography materials using unmanned

aerial vehicles (UAVs). The authors developed a

it is necessary to take into account a large number
of additional conditions, calibration of shooting
systems, local weather conditions, local parameters
of altitude and speed during aerial photography,

flight time, aerodynamic characteristics of UAVs.
Particular attention in foreign and domestic
publications is paid to the accuracy of determining
spatial coordinates, which is confirmed by a number of
scientific studies.

Most often, the preliminary calculation of accuracy
is performed according to the simplest scheme and
simplified methods, considering the resolution of
the digital camera to be the main factor [Mikhailov,
2012], which is absolutely unacceptable. A more
detailed overview of all factors and calculation of
their impact is given in [Bosak, 2012], but the

mathematical model for determining the coordinates
using a pair of aerial photographs, taking into account
the use of GNSS data to determine the coordinates
of the centers of photography and correction of the
inertial navigation system (INS). The authors find
the angular elements of the external orientation
using INS, applying the transformation algorithm of
the correlation matrices used to perform the previous
calculation of accuracy. The expression method is
used to calculate the effect of systematic errors. The
obtained strict mathematical expressions made it
possible to perform a study of a priori accuracy of
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determining coordinates for different conditions of
aerial photography. An experiment performed
calculation of the accuracy of aerial photography
for UAVs with typical characteristics used to create
topographic maps and plans. This approach, proposed
by the authors, is interesting, but ineffective. It does
not take into account the influence of errors of
external orientation elements and changes in
elevations between the centers of photography. This
will not adequately assess the accuracy of determining
the coordinates of points.

The publication [Bezmenov, & Safin, 2019]
considers the approach to determine the accuracy of
the photogrammetric serif for an arbitrary case of
aerial photography. To this end, we obtain analytical
formulas for calculating the errors of spatial
coordinates for any values of the elements of
internal and external orientation of the camera. The
formulas allow us to calculate the contribution of
the error of any of the model parameters to the
accuracy of spatial coordinates. In another work
[Bezmenov, & Safin, 2019], the authors improved
this approach, which provides a solution to the
problem of accuracy of photogrammetric serif
using the system of Euler angles. Researches allow
us to note sufficient universality of the general
approach to the specified task. However, the results
showed that the use of the classical approach to the
problems of estimating the accuracy of determining
spatial coordinates by the method of photogrammetric
serif leads to unjustifiably optimistic evaluation of
numerous experiments.

The article [ Yanchuk, & Trokhymets, 2017] covers
estimation of the possibility of using unmanned
aerial photography materials obtained from non-
professional UAVs in order to create a topographic
and geodetic basis for the development of master
plans for settlements. Accuracy assessment was
investigated by comparing the coordinates of control
points determined from the constructed orthophoto
with the coordinates obtained from the results of
GNSS observations in the field. Based on the
deviations of the coordinates of the control points,
the mean square errors of the plan and altitude position
of the points (0.10 m, 0.12 m, 0.18 m) were calculated.
Their values meet the requirements of the instructions
for compiling topographic and cadastral plans at a
scale of 1: 2000. It should be noted that the article
does not analyze the factors that may affect the

quality of the obtained data. It also does not make
an a priori assessment of the accuracy of determining
the coordinates of the points of objects.

he article [Simeenev, & Tarasova, 2012] considers
the reliability of the solution of the inverted
photogrammetric serif when using different initial
dependencies between coordinates of points of the
district and their image on a picture. The paper
presents the data characterizing the reliability of the
decision of a problem on analytical models of plain
terrain and a picture of scale 1: 10000. Based on the
analysis of singular numbers, a method for determining
the optimal scaling factor is proposed. According to
the authors, it ensures the matrix of a system of
normal equations and provides the reliability of the
decision of the problem. It is shown that the analysis of
the minimum values of the conditionality numbers
allows us to choose the optimal type of initial
dependences.

The linear solution of direct and inverse
photogrammetric serifs is described in [Tsvetkov,
2011]. The coordinates of reference points of the
terrain and the coordinates of their images in the
photo are set as the source data. The author emphasizes
that his proposed method does not impose restrictions
on the angle of inclination of the photo. It also does
not require preliminary values of the elements of
internal orientation. In general, it allows solution of
the collinear serif, that is straight serif, obtained by
the coordinates of an unlimited number of images
with the same and with different elements of internal
orientation. Studies have shown that such a serif is
solved in violation of the condition of coplanarity,
which is mandatory in the classical approach.
Another work [Korshunov, et al., 2013] investigates
the method of non-central inverted photogrammetric
serif and variants of incorrect solutions of this
problem. An interesting solution to this problem is
highlighted in the publication [Kim Hon Ir, et al.,
2017], which presents an algorithm for solving the
collinearity equation based on the quaternion
algorithm. Determining the elements of external
orientation regardless of the individual quaternions,
the angle of inclination and the initial value of the
unknown parameter in accordance with the analytical
processing of aerial photographs taken by unmanned
aerial vehicles, is based on the reliability of the
proposed method by experimental calculations.
The same idea was supported by another author
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[Bezmenov, & Safin, 2014]. He considered the
equation of collinearity on the basis of the
apparatus of quaternion algebra, where he replaced
the angular elements of external orientation (Euler
angles) with a quaternion.

In the publication [Silva, A. & Silva, D. 2015],
the collinearity equation is used. It gives the
rotations according to the Cartesian axis with the
Euler angles. It is indicated that there may be angle
combinations that leave the rotation matrix unstable
and thus, the solution may not converge or even be
undefined. This problem has been solved with the
substitution of Euler angles by quaternions. Programs
with iterative and direct methods with the substitution
of Euler angles by quaternaries were implemented
in order to compare with the colinearity method.

The work [Mazaheri, & Habib, 2015] introduces
three quaternion-based approaches to solve the
single photo resection (SPR) problem. The first two
are based on projective transformation and DLT
coefficients, the third general approach is based on
quaternion. The approach solves the rotation matrix
by enforcing a simple geometric constraint. It does
not need partial derivative calculation or any complex
computation.

Possibilities of using UAVs for modern combat

operations, reconnaissance of the area are covered
in the article [Chernyshev, & Kucenko, 2018]. In

order to improve the determination of the coordinates
of unmanned aerial vehicles in the area of the anti-
terrorist operation, the authors assessed the accuracy of
determining the location of radio emission targets by
difference-range method in a movable passive radar
system based on short-range anti-aircraft systems.
The results of the study showed that the errors of
measurement of coordinates in the difference-range
method are insignificant and at some positions of
the UAV are significant compared to its size. The
obtained dependencies allow us to choose the optimal
location of combat vehicles from passive direction
finders in terms of obtaining the minimum errors of
the UAV coordinates. Determination of spatial
coordinates in the work was performed taking into
account the estimation of the root mean square error

in the proposed coordinate system by the method of
statistical tests with a sample size of N = 500. It
provided the necessary accuracy of the results to
solve military problems. However, this accuracy
does not meet the requirements of topographic
shooting.

The article [Berezina, et al., 2018] analyzed the
coordinate reference of images obtained with the
help of UAVs. The authors developed a new method
of snapping images by elements of external orientation
to determine the spatial coordinates of the object.
They were calculated using reference points at the
allowable value of the deviation error from the
actual position of the reference points no more than
0.5 m. The method considered in the work uses the
simplex method of the deforming polygon. It
allowed us to restore the true values of the elements
of the external orientation, which increased the
accuracy of determining the geographical coordinates
of the points in the image.

The paper [Babinec, & Apeltauer, 2016] focuses on
geometrical properties of error propagation of the
object position estimation based on homography
estimation between the projection plane. We decided to
use uncertainty propagation analysis based on the
Monte Carlo method, due to non-linearity caused
by the use of position estimation from aerial imagery
captured by a low-cost action camera mounted on
low-flying UAVs.

Purpose

The purpose of the paper is to develop an optimal
algorithm that will increase the accuracy of
determining the coordinates of the area when applying
the aerial process using a UAV.

Method

The technique is to minimize the function built
on the condition of collinearity. It clarifies the
elements of external orientation (EZO) of digital
images. This in turn leads to increased accuracy of
the spatial coordinates of the points of objects.
Moreover, the proposed function is the sum of the
squares of the differences between the calculated



48 Geodesy, cartography and aerial photography. Issue 92, 2020

and the observation data of the reference points on
the corresponding digital images. The sequence of
implementation of the proposed algorithm consists
of taking into account the condition of the minimum
of this function, which allows us to obtain a system
of six nonlinear equations for EZO. The process of
determining EZO is performed in two ways: in the
first case, the function G is minimized directly by
one of the numerical methods; and in the second
case, it is obtained as a solution of the equations
system, which gives refined EZO values based on
initial approximations obtained directly from UAV
telemetry. Modified conditions of the minimum of
the function G that lack differentiation operations
are used to control the accuracy of EZO determination.
As a result, we obtain the final values of the EZO at
the time of the shooting.

Results

The paper proves the accuracy of the proposed
method, considering the essence of the classical
method. It is known that if it is not possible to
determine the EZO o, o, k, Xg, Yg, Zg, by the
hardware method, then the only way to obtain them
is the method based on the condition of collinearity.
Its essence is to select such parameters for which
the difference between the deviations of the
calculated and measured coordinates in digital
images is minimal. It is known [Dorozhynsky, &
Tukay, 2008] that the coordinates in the images are
determined by the coordinates in the field X;, Y,

Z; according to the following formulas:

a(X; = Xg)+b (Y, = Ys)+¢1(Z; - Zy)
ay(X; = Xg)+b3(Y; = Yg)+e3(Z; = Z5) (1)
ay(X; —Xg)+by (Y; =Yg5)+¢y(Z, - Zs)
a3(X; = Xg)+b3(Y; =Y5)+c3(Z; = Z5)

X;=x9=—f

Yi=yo=—f

To simplify the presentation of the material we
will take
Xp=Xo ~Xis Y= Vo ~ Vi>
u~X;=Xg, vi~Y; =Yg, w;~Z; = Zg. (2)
Then we get:
~ __oauitbyitaw o ayu by +ow

X = b YY1 = b >
asu; + 3V +C3Wi asu; + 3V +C3Wi

Z) = azu; + byv; +c3w; (3)

The choice of EZO elements o, o, k, Xg,
Yg, Zg 1is determined by the condition
Gla,o,16, X5,Ys,Zg) = D (x; — %) +(y; —51)° > min
)
and the estimation of accuracy is calculated by the
formula

n
mg =\/Z(xi‘f1)2+(yz‘—)~’1)2- &)
i=1

The traditional approach is to decompose the
right-hand sides of expressions (1) into the Taylor
series by EZO and to choose values at which equations
(1) hold or are close to zero. The minimum number
of points n required to determine the corrections is
determined by number three. In practice, their
number is taken larger, that is n> 3. Therefore, the
system of equations that arises during equilibration
is solved using the least-squares method. In this
approach, an important factor is the choice of the
decomposed point in the row, which is interpreted
as the initial approximation. The calculation algorithm
is as follows: for a certain initial approximation, a
system of linear equations is determined, from
which the EZO corrections are calculated. Next, the
refined values are taken as the initial and the
calculations are re-preformed, which end when the
previous and subsequent values coincide within the
required number of characters.

In our opinion, the accuracy of the EZO definition
is lost during the series decomposition, which in
turn leads to a decrease in the accuracy of determining
the coordinates of the points of the terrain objects.
This requires other approaches. In particular, the
following studies have identified the possibility of
improving the accuracy of EZO.

One option for another approach may be to
rethink the search for extreme values. The content
of the problem is to find the minimum of the function
G. A necessary condition for its existence [Shkil,
2015] is the equality with zero partial derivatives of
the function G:

G _y 96
oa 0Xg

Lo G (6)
oo oY

6_G:0 oG _0

oK 5ZS
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We present the function G in extended form:
: [[xM a|(X; = Xg)+b (% ~Ys) + e (2, —Zyjz +[yi+f“2(X" —Xg)+by (Y~ ¥s) +er(Z, —zyﬂ

Glo,o,x,Xg,Yg,Zg )=
; az(X; —Xg)+b3(Y; —Ys)+c3(Z, —Zy) a3 (X; - Xg)+b3(Y; —Yg)+c3(Z; - Zy)

(7
Differentiation of expression (7) by variables Xg, Yy, Zg gives the last three systems (6):
oG 3
R e —xnf——(x - )—+<yl+yl)f~ SRS T
8XS P Z Z]
b
LS —xl)ﬁ—(x -5 +(y,+y1>ﬂ’2 WO Sl ®)
S i=1 7
! . X - fc ~ . yic
Z Y l—x])f——<x xl)%+(yi+yl>¥—(yi+yl)¥
N i=1 21 Z 4
The first three equations of system (6) are II b12 +b22 +b32 =1,

established by differentiation by additional sy o
III Cl + CZ +C3 = 1 , l :(2’1’2’2’2’3’2’4’2’5’2’6)’)((_)’

I\ albl + a2b2 + a3b3 = 0,

variables-components of vectorsa =(a,,a,,a3),
=(b1,by,b3), c=(cp,c9,¢3), a=(ay,ay,a3),

Ez(bl,bz,b:;), 62(01,02,03), )_(::(XS’YS’ZS)?

which are connected by a number of conditions

A\ a ¢ + anCy + asCy = 0,

VI b]Cl + b2C2 + b3C3 = O.
In this statement, the problem is formulated as
I a12 + a% + a32 =1, finding the minimum of the Lagrange function:

n
F(ybyCy Xl peenlg) =D (x; = %) + (v; = 7)) + 1 (af +a3 +a3 =)+ 1] +b5 +b7 —1)+
i=1

[3 (cl2 + c% + 032 =D+ (b + arby + azbs) + Is(aic) + ayey + azez) + g (bicy + bycy + byes),

a i=1
aF n
o =2> (yi— J/1)—f+211a2 + A4y + Ascy =
2 i=l1
oF
. =—ZZ<<x —x1>—+(y, yl)—)+2ﬂua3 + Ayby + Ascy =
as i=1

Transforming the last three equations, we obtain:

oF oF oF ;
_a1+_a2+a as —22 ((x; =) fay + (v; = V1) Jfay —az((x; —=X))X +(v; =YV +24 =

aal aaz 3 llzl

oF oF oF u; - - I ~

—b +—b, +—b; —2Z:<<x,» =X) /b + (v =PSBy = by ((x; = %)E, + (v = F)F)) + A4 =0,
Oa, Oa, Oas =7

OF o OF ;
et t—— c3—2Z ((x; = %)) fer +(v; = ) fer — 5 ((x; = F)F) + (v, = F)F) + 245 =0.
aa] aaz a as i=1 Z]

Similarly, differentiating by variables b;,b,,b;, we find:

OoF or OF Vi - - — ~ o~
—b+_——by+_——by= 22 —((x; = X)) fby +(y; = 1) fby —b3((x; = X)X +(y; =YY + 4, =0,
ob, ob, 0Obs =z

OF oF oF
At —at
ob, ' ob,

OF  OF  OF v o o
Gt Gt G —2§ —((x; = X)) fey +(y; =Y fey —e3((x; = X)X +(y; =YY + 46 =0.

b 3 —22 L((x; = X)) fay +(; = 3)) fay —az((x; = %)% +(3; = )F)) + A4 =0,
3 i1 21
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By variables c¢;,c,,c; we have:

oF OF 8 ; ~ ~ ~ i~ ~ o~
TGt —at—G —22 ((x =X Jer + (v = Vi) fey —e3((x; = X)X + (v = V1)V + 243 =0,
aCl 502 a 3 i= l

OF OF OF w; - ~ ~ ~

Tt —at_——a3= ZZN—((% — X)) fay +(y; = V1) fay —az((x; —=X)X + (v = y)y1)) +4s =0,
861 662 663 i Z

OF oF OF ; ~ ~ ~ o~ ~
—b+—by+—_—b; —22 ((x =X b1 + (i = Y1) by —bs((x; = %)X; + (¥ = V1)Y1) + 46 =0.
aCl 602 a 3 i= l

We exclude variables 44,15, from the whole set of equations:

n

Z—((x =X+ (3 = Y1) oy = by ((x; = X)X +(v; = V)Y =

i=1 21

—Z—((x =X fay +(y; = Vi) fay —az((x; = X)X +(y; = V)V

i=1 21
Z?((xi =X e+ (v =Y ey —es((x = X)X + (v = Y)Y)) =
i=1 Z1 ©
= Zg(("i =X fa; +(y; =) fay —as((x; = X)X+ (v, = Y)V))s

i-1 21

Z—((X = X)) fby +(¥; =¥ Sy = b3 ((x; = X)X, +(¥; =YV1)) =

i=1 1
= Z—((x —X) fey + (i =y fey —e3((x = X)X + (v = Y1)I))-
i=1 %1
Differentiation of the function F by variables A, leads to a system of nine nonlinear equations with
and formula (9), and after their simplifications,  nine unknowns:

z L((x = X)) by + (0 = ) by = bs((x; = %)F + (v = 7)) =

i=l1 21
Z;" —X) fay +(y; =) fay —ay((x; — X)X, +(v; = F)I))

n

Z—((x =X Jfer + (v =Y fer —es((x; = X)X + (v = V)Y)) =

i=1 21

=3 (s = 7)) fay + (v = 1) faay —as(x; = F)F + (v = F)T)
Z?((xi _JNC] ) /b, +(J’i _i] )b, _b3((xi _JNC] )371 +(J’i —)71 )i] )=

—Z—((x =X fer + (v =y fey —e3((x; = X)X + (3 = Y1)Y1))

i=1 %1
a12+a§+a32=1
a12+a§+a32:1
b +b3 +b3 =1
ajc; +ascy +ase3 =0
bic; +bycy +b3c5 =0

clz +022+c32 =1
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In the given system it is possible to remove partially
unknowns therefore we will come to three nonlinear

Z1

1

1

21

We use the system of equations (10) as a
criterion for achieving the minimum of the
function G. The advantage of this approach is the
possibility of verification without finding deriva-
tives. To confirm the above calculations, we test
the proposed algorithm on the relevant examples.
Table 1 shows the coordinates of reference points

X

z;‘l:l(xi _’71)@—(%‘ - X)) 5

3

= z i ﬁ((xi =X fer + (v =Y fer —es((x; = %)X + (v = ¥)I))

equations. Supplemented by expressions (8) they give a
system with unknowns o, 0,x, X¢,Y¢,Zg.

~ . Ja ~ . Xa ~ . Ja - Ya
er‘lzl(xi_xl)é_(xi_XI)%"'(yi'i_yl)_f,wz ~ (i + 7)== =0

21 21 21 21

p ~\fb -\ %b ~.Jb ~ b
D = E) = Oy =X+ (0 + )= (0 + )= =0

Zl Zl zZ z

1 1

~ . Jc ~ Y
+( + T (D)
21 4

=0

D 2y = T by + (v = 3 fby = by (5 = )R+ (= T)T0) =
> ;—i((xi —F)) fay + (v = ) fay a3 (5 = 5)F, + (v = F)F))

D 2y =T fer + (v = ) fe = e (0 = )R+ (0 = T)T)) =

> ;”—l"«xi = F) fay + (v; = F) fay —as (5 = F)F + (3, = F)T)

Z i1 %((xi —x) /b1 + (v = Y1) Sby = b3((x; = X)X + (¥, = Y1)V1)) =
1

(10)

in the field measured in images obtained from
UAVs. Table 2 presents EZO, calculated sequen-
tially: I line — initial values, II line — adjusted
values taking into account direct minimization, III
line — specified as a solution of the system (6). The
error value G decreases by an order of magnitude
(eighth column, rows No. 2, 3).

Table 1
Coordinates of reference points in the field and their photogrammetric coordinates in the image
No. X (m) Y (m) Z (m) x, (mm) Ya (mm)
1 5455868.56 670717.53 574.45 10.666 14.473
2 5455710.54 670755.53 581.13 10.548 -11.845
3 5455757.67 670693.33 576.72 2.599 -1.760
4 5455834.278 670653.26 574.03 -0.642 12.248
5 5455702.22 670689.28 584.14 -0.296 -10.931
6 5455819.22 670627.87 573.77 -5.392 10.974
7 5455762.24 670673.22 575.95 -0.445 -0.182
8 5455771.55 670673.12 575.57 -0.,078 1.352
9 5455769.06 670691.81 576.07 2.818 0.142
Table 2
Elements of the external orientation of the left image
a’ ° K° Xg(m) Yo (m) Zg(m) mg (mm)
1 5022'40.5" 0°54'6.45" 14°44'20.18" 670650.10 5455759.04 784.62 9.260
11 5°22'40.,506" 0°54'4.23" 14°4420.18" 670655.99 5455760.70 784.62 0.053
111 6°05"21.6" 1°21'49.10" 14°3930.86" 670653.27 545575.89 785.00 0.006
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Checking condition (6) for our example shows
significant deviations (Table 3) for the initial
values (line I) and obtained with the minimization
of the function (line II). The calculated values of
EZO parameters from the system (6) give the
fulfillment of this condition (line III). Therefore,
the values of EZO are more real in solving our

Geodesy, cartography and aerial photography. Issue 92, 2020

problem, although they are significantly different
from the previous ones.

This is due to the following factors: firstly, the
value of the function is minimal, and secondly, all
partial derivatives are almost zero And this is a
condition of a minimum of the function of many
variables.

Table 3
The values of the derivatives of the function G
oG G G 8G. 3G 3G
No. o0 0 o X oY, o7
I -0.5176839 -0.1431993 0.0246195 -2.35232E-3 -6.54301E-4 -4.77721E-4
11 -4.58238E-3 -2.526614E-3 2.494619E-3 -8.25534E-6 -2.53483E-7 -4.61511E-5
III -5.446717E-12 5.61220E-11 2.78960E-12 -4.27043E-14 2.39136E-13 1.05774E-13

As noted above, let us test the system (10)
specifically on the example. The result for this
example is given in the table 4 (columns 1-6

show the results of calculating the left parts of
the system (10), and lines I-III are similar to
Table 2, 3).

Table 4
The values of the left parts of the system (10) of the derivatives of the function G
No. 1 2 3 4 5
I 0.028 9.175E-3 0.153 -0.335 -9.059
II -2.375E-3 -4.183E-4 0.028 -0.041 0.08
III 3.287E-12 -3.06E-12 -2.541E-11 2.385E-11 7.98E-11

Scientific novelty

The obtained formulas increase the accuracy of
creating topographic materials by the digital
stereophotogrammetric method.

Practical significance

The implementation of the developed algorithm
will significantly increase the accuracy of processing
large-scale orthophotos and topographic plans created
on the basis of aerial photography from UAVs.

Conclusions

From the above studies we can draw the following
conclusions:

1. The parameters of EZO are determined with
the help of classical approach with insufficient
accuracy required for the technological scheme of
creating large-scale orthophotos.

2. Improving the accuracy of the determination
of EZO is possible using the proposed algorithm,
which is confirmed by the examples of the real
material.

3. In further research, the authors plan to
consider the possibility of using direct solutions of
systems of nonlinear equations, which will help
avoid additional conditions for finding EZO.

4. Authors in the future are planning to carry
out thorough estimation of proposed methodology
using sufficient control points.
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PO3POBKA METOJUKU IMIABUIMEHHA TOYHOCTI BUSHAUYEHHA ITPOCTOPOBUX KOOPAUHAT
TOYOK OB’E€EKTIB ITP AEPO3HIMAHHI 3 BIUTA

Meta. Po3poOuti onTUManbHUI anropuT™, 3aBISKH SIKOMY BAACTbCS IiJBUIIUTUA TOYHICTh BU3HAYECHHS KOOP-
JUHAT MICIIEBOCTI IPH 3aCTOCYBaHHI acpO3HIMAIBFHOTO MPOIECY 3 JOTOMOIOK OE3MUIOTHOTO JIITAIEHOTO amapary
(BITJTA). MeTtoauka. BukoHyeThess MiHIMI3amisg QyHKIIT moOymoBaHOI Ha MiJCTaBi YMOBH KONIHEAPHOCTI, IO JIA€
YTOYHEHHS eJeMEeHTIB 30BHIIHBOr0 opieHTyBaHHA (E30) mudpoBux 300paxkeHs, a e y CBOIO Yepry NPHBOIUTE 0
MIIBUIIEHAS. TOYHOCTI MPOCTOPOBUX KOOPAHMHAT TOYOK 00’€kTiB. [Ipmyomy, 3ampomoHoBaHa (YHKIIS — [e cyMa
KBaJIpaTiB PI3HMIb MDK BHPAaXyBaHUMH Ta JaHUMH CIOCTEPEKEHb OIIOPHMX TOYOK HAa BIINOBIAHUX IHU(POBUX
300paxeHHsax. IlociinoBHICTE peanizaliii 3alpOMOHOBAHOTO AJITOPUTMY IOJISTa€ B TOMY, IO ypaxXyBaHHS YMOBHU
MiHIMyMy Ii€i QYHKII Ja€ MOXIHMBICT OTPUMATH CHCTEMY IIECTH HEMiHIHHUX piBHAHB cTocoBHO E30. IIporec
Bu3HaueHHS E30 BHKOHYETHCS ABOMa croco0amu: B MepIioMy BUNAAKy QyHKHil0o G MiHIMIZyeMo Oe3mocepeqHbo
OJTHUM 3 YHCEJIbHUX METOJIB, a B IPYTOMY — OJICPKY€EMO SIK PO3B’SI30K CUCTEMH PiBHSIHb, 10 JJa€ YTOUHEHI 3HAYCHHS
E30 na miacTaBi moyaTKOBUX HaONIMXKEHb, OTpUMaHuX Oe3nocepeanno 3 Tenemerpii BITIA. J[ns KOHTpOIII0 TOYHOCTI
BusHaueHHs E30 3acTocoByroThCsl BHAO3MiHEHI yMOBH MiHiMyMy ¢yHKIII G B SKuMX BiacyTHI omepamii nude-
peHuitoBanHs. B pesynbrati, orpumaemMo ocrarouni 3HaueHHs E30 B MomenT 3HiMaHHs. Pe3yiabraTn. Po3pobnennii i
anpoOoOBaHMil HA MaKeTHUX HAa PEAIBHUX MPHKIANAX aNTOPUTM, KU J03BOJISE MiJABUIIUTHA TOYHICTH OOYHCICHHS
KOOpIMHAT TOYOK MicreBocTi mpu 3actocyBaHHi BIIJIA mist aeposHimanbHOro mpouecy. HaykoBa HOBH3HA.
Otpumani popMynu, 3a JOIOMOTOIO SKHX ITiABUIIYETHCS TOYHICTh CTBOPEHHS Tonorpadidyanx MarepianiB Hu(poBUM
crepeodoTorpaMmmerpudHuM MetonoM. IlpakTuyHa 3HavyHiicTh. BrpoBaykeHHs po3poOIeHOr0 allrOpUTMY JacTh
3MOTY CYTTEBO MiIBUIIUTH TOYHICTh ONPAIFOBAHHS BEJIMKOMACIITAOHUX OpTO(OTOIUIAHIB Ta TONOrpadivHUX IMIaHIB
CTBOPCHHUX 3a MaTepianamu aecpo3HiMaHHs 3 BITJTA.

Kniouosi cnoea: 0e3NMiNOTHHN NiTAaTbHUN amapar, CIEMEHTH 30BHIIIHBOTO OpI€HTYBaHHS, YAaCTKOBI ITOXi[THI,
HeJiHIiHI piIBHIHHS.
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