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ON THE DEVELOPMENT OF THE ALGORITHM FOR DETERMINATION
OF STADIA CONSTANT OF ELECTRONIC TACHOMETERS

An algorithm for determining the stadia constant of the rangefinder is
developed and tested. This algorithm is based on the generalized reduced gradient
(GRG) method with consistent use of criteria of minimizing the maximum deviation
and minimizing the total sum of squares of deviations. There were some stages of the
research. First, we carried out 200 measurements with equal accuracy by a SOUTH
NTS-350 electronic tachometer. The statistical processing of measurement results
enabled specification of the optimal number of measurements for the device taking
into account the dependence of the correlation values of instrumental and random
errors. Having determined the optimal number of measurements, we continued the
study of the proposed method of calculating the stadia constant of electronic
tachometers. According to the data obtained during the measurement of the range of
the target, which consisted of four points, conditional equations were compiled.
These conditional equations are based on the relationships between the length of the
measured target and its segments in all combinations, taking into account the stadia
constant of the rangefinder. Due to the large number of measurements, the solution of
such system of equations is to find the minimum of some function for determining the
errors of the measured distances. Our methodology is based on the use of the
Lagrange multiplier method in finding the solution of a nonlinear programming
problem, which in most software resources is called the Nonlinear Generalized
Consolidated Gradient (GRG). The essence of this solution is to find a conditional
local extremum. In this case, it is most appropriate to consistently use the criteria of
minimizing the maximum deviation and minimizing the total sum of squares of
deviations. The method of minimizing the maximum deviation makes it possible to
reject gross errors in the measured values. The following minimization of the total
sum of squares of deviations will allow to minimize random errors of the measured
distances, as the selected samples are subject to the normal distribution law. Thus,
the most probable value of the constant correction of the rangefinder and lengths of
the measured target and its segments for all possible combinations has been
obtained.
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Introduction. Currently, rangefinder technology, particularly electronic
rangefinders, is widely used in almost all types of surveying and various studies [14,
17]. One of the areas of electronic tachometer application is engineering structures
deformations monitoring with periodic control of geometric parameters. However,
the problems in this area are challenging to solve and require high measurement
accuracy [7, 15]. To provide the required accuracy of measurement results, it is
necessary to minimize the impact of systematic errors that various factors may cause.
In particular, the mismatch of the electronic rangefinder — reflector axes of rotation
[6, 8]. A constant correction (v) for most modern tacheometers is set to zero [5].
However, its value may change over time due to device operation. Therefore, to
provide high accuracy and obtain reliable results of electronic tacheometer
performance, this systematic error should be considered. Classically, electronic
rangefinders' constant correction is determined on reference geodetic polygons [5, 9,
18] by comparing the measured values of tensor quantities with their reference
values. However, in Ukraine, there are not enough geodetic reference landfills and
metrological laboratories to provide rapid and high-quality control of rangefinder
equipment. All this justifies the need to improve existing and develop new methods
for determining the stadia constant correction of an electronic rangefinder.

The object of research is high-precision measurement and monitoring of linear
engineering structures in real atmospheric conditions.

The subject of research is methods and technological solutions for determining
the stadia constant correction of electronic rangefinder using modern geodetic
methods.

This work aims to develop a new method for processing the research results
while calculating the electronic rangefinders stadia constant correction by nonlinear
programming methods.

Achieving this goal involves solving the following research objectives:

1) development of recommendations for improving the accuracy and efficiency of
stadia constant correction determination of electronic rangefinder by providing the
optimal number of measurements;

2) development of a method for calculating the stadia constant correction of
electronic rangefinders by nonlinear programming methods with the possibility of
rejecting gross errors;

3) testing of the proposed technological solutions on the industrial site.

The scientific novelty of the obtained research results: for the first time, it is
proposed to use the generalized reduced gradient (GRG) method with consistent use
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of the criteria of minimizing the maximum deviation and minimizing the total sum of
squares of deviations to determine the stadia constant correction of rangefinders.

The practical significance of the research results:
1) possibility to conduct metrological control of rangefinders on the industrial site
before performing high-precision engineering and geodetic works;
2) reduction of range-finding measurement time by the way of definition of optimal
quantity of necessary measurements for the device;
3) increase the accuracy of determining the constant correction of the rangefinder by
at least 10% compared to the known method of correlates.

Analysis of recent research and publications. Currently, there are several [1,
2] classical methods for determining the stadia constant correction by measuring the
known distance on a geodetic reference basis. The authors of the first study [4]
measured 300-500 m long for the reference base. The authors of the second study [7]
measured the distances of known length within the phase cycle. The third study —
measured some primary data, the lengths of which were measured by another verified
device with the required accuracy [5]. These methods envisage stadia constant
correction of electronic rangefinder calculation as the difference between the known
distance and measured using the studied electronic rangefinder. The disadvantage of
the above methods is the need for research on a geodetic reference basis, the accuracy
of which should be 2 - 10-6 m, the impact of errors in the centering of the rangefinder
and reflector, destabilizing factors such as atmospheric conditions. However, there
may not be a reference base near the site of high-precision engineering and geodetic
works, and creating such a landfill in the short term is impossible. It is known that the
number of reference geodetic landfills in Ukraine is insufficient [10, 11]. Such
landfills operate in Kyiv, Kharkiv, Vinnytsia, Crimea, Mykolaiv, Lviv region [9], and
on the territory of Kolomyia airport in the Ivano-Frankivsk region (certificate of state
metrological certification of Ukrmetrteststandart No 23-0054 dated 28.05.2015). An
alternative to these methods can be considered techniques based on linear, angular
measurements [3]. The advantages of these methods are the high accuracy of the
results and the ability to perform measurements directly on the site. Still, when
processing the results in such a network, there are difficulties in choosing weights for
linear and angular measurements. In our opinion, the most effective and easy to
implement is the measurement of segments of the target in all combinations [6, 13].
The main advantages of this method are ease of implementation, no need for
additional equipment, and speed. There are no recommendations for processing the
results of such a study.

The main material. We assume that all the obtained values has the equal
accuracy, because all measurement results are homogeneous, obtained by the same
instrument and method of measurements under the same meteorological conditions.
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Thus, the total measurement error (&) can be represented as the sum of the
systematic (v) and random component (A)

O=V+A, (1)

To increase the accuracy of the obtained results, we excluded the random

component of the device error from the results of the measured distances.

Considering the property of compensating for equal errors, and the property of simple

arithmetic mean, it can be argued that the arithmetic mean will be free from random
errors. These conditions allow us to write:

@

l l n

4

In practice, the number of measurements is limited, so to obtain reliable results
it is necessary to check whether the values obtained are subject to the normal
distribution law, for which the density function of the distribution of random
variables is expressed by the formula

O(X)= exp_ﬁ. (3)

<

where m — the mathematical expectation;

o — the standard deviation (o°- variance).

According to the theory of errors, if random errors obtained from equilibrium
measurements obey the normal Gaussian distribution law, then the properties
described above apply to them. The use of the apparatus of mathematical statistics is
difficult, so an alternative to using the function of density distribution of random
variables can be used rule of 3c:

P(X -a|>30)—0. 4)

The rule of 36 should be used to verify the obtained measurements for
compliance with the normal distribution law: if the distribution law of the measured
values is unknown, but the condition specified in this rule is met, then we can assume
that the random variable is normally distributed.

The probability that the deviation in absolute value will be less than three times
the standard deviation is 0.9973.

The theory of the Gaussian method shows that an infinite increase in the
number of measurements does not give a noticeable increase in accuracy [12, 16].
Therefore, it is not advisable, and sometimes not possible to perform a large number
of measurements to determine a single value, in our case, the distance. The number of



Micmobyodysanns ma mepumopianivHe NiaHy8aHHs 265

required measurements is determined by the ratio of the instrumental (for electronic

rangefinder SOUTH NTS-350 m = 2 mm + 2 mm per 1 km) and random errors (A).
In this case, the efficiency of minimizing the squares of deviations is

maintained. To determine the standard deviation, we use the known formula

0(8):%\/27_11)1'.1' . (5)

where, Djj 1s the covariance matrix of measurement errors according to the
formula
O, L=y
Dy=1."1""" (6)

To determine the optimal number of measurements of one quantity, consider
the effect of correlation between measurement errors. As a result of measurements,
200 equivalent measurements were obtained and their root-mean-square errors (o)
were calculated. Calculate the correlation between measurement errors, the constant
correlation coefficient is k = 0.8834.

Fig. 1 shows a graph of the relationship between the number of n
measurements.

I 21 41 61 81 101 121 141 161 18I
n

Fig. 1. Dependence of the standard deviation of the arithmetic mean on
the number of measurements

The figure shows that the considered function takes smaller wvalues,
approaching its minimum with the increasing number of measurements n, the
considered function takes smaller values, approaching its minimum. However,
starting with a number of measurements (n = 40), the decrease in error becomes
insignificant and further increase in the number of measurements can be considered
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practically unjustified. For a more detailed assessment of the obtained sample, we
examine the effect of unaccounted for correlation between measurements on the
assessment of accuracy.

Calculate the root mean square error (MSE) according to the Bessel formula to
further minimize the impact of systematic errors.

8‘ :J ?:1(:Si_sa.ver)2 (7)

n—1

Having obtained the values of MSE for different number of measurements in
the range of one sample, consisting of 40 equivalent distance measurements,
graphically represent the effect of unaccounted for correlation for this case.

0,8 -

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
n

Fig.2. Dependence of the influence of the number of measurements on the MSE

Based on the obtained results, which are illustrated graphically (Fig. 2), MSE
decreased with increasing number of measurements. However, after the thirtieth
value (MSE=0.472198) began to grow monotonously. In this case, at n>30,
increasing the number of measurements is harmful in terms of ensuring the optimal
number of measurements.

According to the obtained results, it can be stated that it is impossible to
completely get rid of systematic errors, some systematic errors caused by minor
changes in measurement conditions remain. This feature is accompanied by a slight
correlation between the measured distances, which in turn leads to the accumulation
of systematic errors and deterioration of the results. Unreasonable increase in the
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number of measurements leads to an increase in the time interval of measurements
and loss of accuracy of the desired parameter (distance).

Having determined the optimal sample size, we will continue the study of the
proposed method of calculating the constant correction of the rangefinder (v)
according to the data obtained during experimental studies on the designed target.
Two stands at a distance of 125 m from each other were installed on the section with
concrete cover without significant height differences. The electronic rangefinder and
reflector are installed at items 1 and 4, respectively (see Fig. 3). After that, in the line
of sight 1 4 at distances of 41 m and 74 m set tripods in points 2 and 3, so the line is
divided into three parts. Each distance was measured thirty times, the optimal number
of measurements for this electronic rangefinder was proved above. The study was
performed in the morning in sunny weather at a temperature of 14°C, pressure 737
mm Hg. Art.

1 2 3 4
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Fig.3. A typical scheme of the creative method of determining
the rangefinder constant

Transferring the rangefinder between the tripods according to the following
scheme (see Fig.3) measure all possible distances:

1) from the first station measure distances: Si-2. Si1-3. Si.4;

2) distances are measured from the second station: Sz.3. Sz.4;

3) distances are measured from the third station: S3.4.

The average values of the measured distances and their variances are given in
table 1.

Table 1.
The results of measurements of the distances of the laid target
The average distance of the segment, m SME, mm
Si-2 41.5434 0.0156
Si-3 74.3465 0.0159
Si4 125.0361 0.0113
Sz3 32.8 0.0069
S24 83.4892 0.0132
S3-4 50.687 0.0069
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Considering the peculiarities of the above scheme of measurements (Fig. 3),
we can make the following equations to determine the correction:

( in_egas v+ Smeas vV — ( meas 1’) =0
2r‘n_ei‘-ozzs —v Sin_e_zzas. — v — (.Sih—ejl-as + 1‘,) =0
) {7:5:(13. —y 4 Smeas. _,, 4 Smeas. — v — ( meas 1,) — 0 5
-2 72—
Sme_eas. —v S_meas v — (Smeas 1,) =0 )
L Smeas v+ Smeas 1 (S.r.neas + 1-’:) =0

The first three dependences are made given that the sum of the true lengths of
the line segments, taking into account the constant correction of the rangefinder, must
be equal to the balanced length of the whole line S1 4. The other two dependences are
made on the same principle, however, for intermediate distances S1 3 and S2 4 in
accordance. Solving the above system of conditional equations, we obtain the values
of the constant correction of the rangefinder, approximating the dimensions of the
target and its segments, which will be consistent in all possible combinations.

Our methodology is based on the use of the Lagrange multiplier method in
finding the solution of a nonlinear programming problem, which in most software
resources 1s called the Nonlinear Generalized Consolidated Gradient (GRG). The
essence of this solution is to find a conditional local extremum. In this case, it is most
appropriate to consistently use the criteria of minimizing the maximum deviation and
minimizing the total sum of squares of deviations (least squares method). The method
of minimizing the maximum deviation makes it possible to reject gross errors in the
measured values. The following minimization of the total sum of squares of
deviations (9) will allow to minimize random errors of the measured distances, as the
selected samples are subject to the normal distribution law:

y,’; (S —Siem —y)2 — min. (9)

Thus, we obtain the most probable value of the constant correction of the
rangefinder, the value of the lengths of the measured target and its segments, which
will be consistent in all possible combinations.

Research results and their discussion. In order to adequately assess the
quality of the algorithm, the constant correction of the rangefinder is additionally
calculated by the known correlate method. After that, the result obtained by the
proposed method of nonlinear programming and the known correlate method is
substituted into each of the equations of system (8). Figure 4 illustrates the results of
the calculations.
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On the y-axis, the residual error is postponed after taking into account the
constant correction of the rangefinder; on the abscissa - the ordinal number of the
equation from the system (14). The numbers below the histogram show how much
the proposed method increases the accuracy of the known.
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Fig.4. Comparison of the accuracy of the proposed method
with the known ones

According to the analysis of histogram data, it can be stated that the proposed
technological solutions allow increasing the accuracy of balancing the value of the
constant correction of the rangefinder, the length of the measured field and its
segments compared to the known correlate method by at least 10%.

Let's evaluate the accuracy of the obtained results of the proposed algorithm.
To obtain MSE balanced lengths of the target and its segments, the calculation was
performed by the formula:

[t 2k 267 .6 (10)

n

m=\

The accuracy of the balanced approximate values of the length of the line and
its segments 1s almost three times higher than declared by the manufacturer of the
UPC measurement of the lengths of the lines of the investigated rangefinder SOUTH
NTS-350.

Conclusion

1. The advantage of the developed algorithm for processing the results of
research on the constant correction of electronic rangefinders over the existing ones
1s:
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- possibility to carry out metrological control of rangefinders practically on the
industrial site, before performance of high-precision engineering and geodetic works
without considerable time and material expenses in comparison with researches on
the reference geodetic range;

- reducing the time of rangefinders measurements by determining the optimal
number of required measurements for the device, taking into account the influence of
the correlation between the values of instrumental and random errors (A);

- no need for additional expensive devices.

2. The algorithm of processing the results of calculating the constant correction
of the rangefinder by measuring the length of the target and its segments in all
combinations is theoretically substantiated and tested. It i1s proposed to control the
number of required measurements of one distance based on the influence of the
correlation between the values of instrumental and random errors. The value of the
distance correction of the rangefinder was found by the method of nonlinear
programming with consistent use of the criteria of minimizing the maximum
deviation and minimizing the total sum of the squares of the deviations (least squares
method). At the same time, the obtained value of the constant correction of the
rangefinder is consistent with the value of the lengths of the measured target and its
segments in all possible combinations.

3. Experimental testing of the developed algorithm, the results of which
confirm the effectiveness of the proposed technological solutions and show an
increase in the accuracy of the results by at least 10% compared to the known method
of correlates.

4. The example of the SOUTH NTS-350 rangefinder study shows that the
accuracy of the balanced approximated values of the line lengths and its segments is
almost three times higher than the line length measurements declared by the SME
manufacturer.
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K.T.H., JIucko b.0., Maprunmwk LI.,
IBano-®panKiBChKUI HAIIOHATBHUH
TEXHIYHUN YHIBEPCUTET HA(PTH 1 razy

A0 IIMTAHHSA PO3POBJIEHHSA AJITOPUTMY BU3ZHAYEHHA
MNPUJIAJOBOI IONPABKHU EJJEKTPOHHUX TAXEOMETPIB

Po3pobneno Ta anpoOOBaHO alrOpUTM BHU3HAYEHHS MOCTIMHOI MOMpPaBKU
BijlajieMipa B OCHOBI SIKOTO € METOJ] y3arajJibHeHoro 3BefieHoro rpagienta (GRG) 3
MOCJIIIOBHUM BUKOPHUCTAHHSAM KPUTEPIiB MiHIMI3allll MAKCUMAJIBHOTO BIAXWJICHHS Ta
MiHIMI3aI[li MOBHOI CYMH KBaJpaTiB BiAXWiIeHb. JlOCHIIKEHHS MPOBOAWIUCH Y
nekiapka eramniB. CoyaTky 3a 10moMororo enekrpoHHoro taxeomerpa SOUTH NTS-
350 6yno oxepxkano 200 pIBHOTOYHHUX BHMIpIB. 3a JIONIOMOTOI CTAaTUCTHYHOTO
OMpAIIOBaHHSI PE3yJbTaTiB BUMIPIOBaHb OYyJIO BCTAHOBJIEHO ONTHMAlbHY KUIBKICTb
BUMIPIOBaHb JJIsSI MPUJIATY 13 BpaxXyBaHHSAM 3aJI€KHOCTI KOPEJSIIHHOI BEIUYMHAMU
IHCTPYMEHTAJIbHOI 1 BHUMAJKOBOI MOXMOOK. Bu3HAUMBIIM ONTUMabHY KUIBKICTb
BUMIpiB, OyJI0 TPOJOBXKEHO OCHIIKEHHS 3allPOIMIOHOBAHOI METOIAMKUA PO3PAXYHKY
MOCTIMHOT MOMpaBKU BlAJajIeMipa. 3a JaHUMU, OJEpKaHUMH Il Yac BUMIPIOBAHHS
BiJlJaIe CTBOPY, KU CKJIaJaBCs 13 YOTUPHOX MYHKTIB, OYyJIO CKJIaJICHO YMOBHI
piBHSIHHS. B OCHOBI SIKMX JIEKATh 3aJI€KHOCTI MK JIOBXKHHOIO BUMIPSIHOTO CTBOPY Ta
HOoro BIAPI3KIB Yy BCIX KOMOIHAIISX 3 ypaxyBaHHAM TMOCTIHHOI MOMpPaBKH
BiTasiemMipa. 3a HasSBHICTIO BEIWKOi KITBKOCTI BUMIPIOBaHb PO3B’S3aHHS TaKoOi
CUCTEMHU PIiBHSHb MOJISITA€ Y 3HAXO/KEHHI MIHIMYyMY JAesKoi (pyHKIIi BU3HAYEHHS
noXuOOK BUMIpSHUX Bijmanend. Po3pobieHa mMeToauka 0a3yeThCsi HA BUKOPHUCTAHHI



Micmobyoyeanns ma mepumopianbhe niaHy8aHHs. 273

METOJly MHOKHHKIB JlarpaHka mpu 3HAXOJKEHHI PO3B’A3KY 3ajlaul HENIHIHHOTO
MporpaMmyBaHHs, sika y OUIBIIOCTI MPOrPAaMHUX PECYpCiB Mae Ha3By - HemiHiiHU
MeTOoJ y3araiabHeHoro 3BeieHoro rpajienta (GRG). CyTs gaHOro pillieHHs MOJISITae y
3HaXOJKEHHI YMOBHOTO JIOKaJdbHOTrO ekcTtpemymy. Ilpm 1pomy, HaWHOLIBII
JOIIBHUMH € TOCJIJIOBHE BHKOPUCTAHHS KPUTEPIiB MiHIMI3AIli MaKCUMaJIbHOIO
BIIXUJICHHSI Ta MiHIMI3allli TOBHOI CyMU KBaJIpaTiB BIAXWI€Hb. MeToj MiHiMizalil
MaKCUMAJIbHOTO BIJXWJICHHSI Ja€ MOKJIMBICTh BiAOpaKyBaHHsS TpyOMX MOMUIIOK Y
BUMIPSIHUX 3HaueHHsIX. HacTymHa MiHiMi3allisi MOBHOI CyMH KBaJIpaTiB BIAXWJICHb
JaCTh MOXKJIMBICTh MIHIMI3yBaTH BUIIAJIKOBI MOXHMOKK BUMIPSHUX BiIIAJICH, OCKIITBKH
oOpaHi BUOIPKHM MiAJAIOTHCS HOPMAJIBHOMY 3aKOHY po3noairy. Takum 4YuHOM,
OTPUMaHO HAWIMOBIPHIIIE 3HAYEHHS MOCTIMHOI MOMPaBKU BijjalieMipa, 3HAYEHHS
JIOBKUH BUMIPSIHOTO CTBOPY Ta MOTro BIAPI3KIB, sIKI OyIyTh Y3TOJI)KEHHMMHU Y BCIX
MOXKJIUBUX KOMOIHAITISX.

Kito4oBi ciioBa: eNeKTpOHHUI TaxeoMeTp; MOXUOKH BUMIPIOBaHb; MIHIMI3allis
KBaJpaTiB BIAXUIICHB; TEOPisi TOXUOOK; pIBHOTOYHI BUMIPH.
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