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DETERMINATION OF PERMANENT CORRECTIONSOF BALL REFLECTORS

Today, there are many manufacturers of triple-prism, spherical reflectors with different mechanical characteris-
tics. That is why there is a problem of matching the signal reflection center with the geometric one. The purpose of
this work is to evaluate the methods of determining permanent corrections of electronic tacheometers, ball reflectors
and to develop recommendations for their use. Method. To determine the instrument correction, a displacement inter-
ferometer is used. It contains a two-frequency He-Ne laser with a wavelength of I = 0.63 pum (red range). The study
compared the results of length measurements by an interferometer and an electronic total station with a ball reflector.
This allowed determining the instrument correction. The research defined the constant correction of reflectors and
total stations on the phase section of the field base using the method of created linear observations. Results. Experi-
mental studies of ball reflectors of various manufacturers and Leica electronic tacheometers were conducted. The
determination of constant instrument corrections of the total station and reflector using the displacement interferome-
ter can be performed with an accuracy of 0.1 mm. This significantly depends on the accuracy of measuring lines with
the total station. The use of ball reflectors with a built-in triple prism allows significant increase of distance measure-
ment accuracy by reducing centering errors, considering the constant instrument correction (up to 0.4 mm for
Leica 1201 total stations). Scientific novelty. The methods of determining permanent corrections of ball reflectors and
total stations were investigated. The proposed method determines the measurement interval length with the exception
of systematic constant correction of the electronic total station and reflector. Practical relevance. The use of ball re-
flectors is recommended for quick and unambiguous installation at points, convenience of their use for monitoring
observations, as well as for increasing the accuracy of linear measurements due to the reduction of centering errors. In
order to achieve high-precision measurements of short lines, it is recommended, according to the performed studies,
to carefully determine the constant correction of the total station and ball prisms. This makes it possible to increase
the accuracy of line measurements at least three times compared to the declared accuracy of the total station manufac-
turer.
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Introduction the observed points are difficult to access. It is ne-
cessary to determine the constant instrument cor-
rection of ball reflectors. In addition to permanent
corrections of the electronic tacheometers them-
selves, the measurement results include permanent
corrections of reflectors. The total permanent cor-
rection to line measurements for each tacheometer
and reflector set is determined individually.

The accuracy of measuring lines depends on the
accuracy of determining corrections in the measu-
rement results. Modern electronic tacheometers are
equipped with high-precision laser measuring sys-
tems. Design features of these systems in geodetic
devices are associated with the occurrence of per-
manent corrections. The appearance of ball reflec-
tors with built-in triple-prisms in geodetic produc-
tion led to an increase in the accuracy of measuring
lines due to the reduction of centering errors of
sighting targets and the unequivocalness of their

Goal

Evaluate methods for determining permanent
corrections of electronic tacheometers and reflec-

installation in magnetic stands and holes.
There is an actual problem of using ball reflec-
tors for measuring lines in special conditions, when

tors and develop recommendations for their appli-
cation to increase the accuracy of linear measure-
ments.
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Analysis of previous research

The most complete studies of instrument and
cycle correction are usually performed on a linear
basis. Reference intervals between base points must
be known with precision [Instruction] mp =
= 0.3 mm(a + b X Skm).

Let us calculate the permissible errors of the
phase section, on which the instrument corrections
are usually determined. According to the instruc-
tions for topographic electronic tacheometers, for
which a = 2 mm, we will get mp = 0.6 mm. For
more precise definitions a = 0.5 — 1 mm, then
mp = 0.1 — 0.33 mm. The base points are tubular
signs laid at a depth of approximately 2.5 m. In the
upper part of the sign there is a metal platform with
a hole for forced centering of the device and reflec-
tors. The centering error on other bases exceeds
0.05 mm with the use of special devices or screws
[Standard screw. Stalemate. 145153]. Creating such
a base is quite expensive. Accurate measuring
reference intervals is also difficult and costly.

There is a known method of determining the
permanent correction of distance measurement in
all combinations on such bases [Kostetska,
Bletskan, 2011]. The authors improved the method,
using the Gaussian method and found the minimum
of the function for determining the errors of the
measured distances [Lysko, Mykhailyshyn, 2021].
In our previous works, we proposed a method of
determining the reference segments of the basis by
the linear-angular method [Litynskyi et al., 2015].
Also, in the user instructions for electronic tache-
ometers, manufacturers offer a way to determine
the instrument correction by measuring the entire
segment and its two parts. The work [Pokotylo,
Korliatovych, & Vovk, 2020] proposed a technique
for determining meter intervals of the base using a
control meter and a camera, which increases the
accuracy of counting. Such methods of determining
permanent reflectors are used in engineering and
geodetic works. In the works during the installation
of the equipment in the design position, there is a
need for additional studies of electronic tachome-
ters. For example, the work [Burak, & Mykhai-
lyshyn, 2018] developed the method of using elec-
tronic tachometers to determine the parameters of
under-crane tracks. In the work [Vivat, et al., 2018]
reviewed the methods of determining the geometric

parameters of technological equipment and sug-
gested the use of electronic tacheometers with addi-
tional accessories to increase the accuracy of measu-
rements. For quick coordinate reference and moni-
toring stationary and moving targets [Periy,
Vankevich, & Samara, 2021] it is proposed to per-
form observations on ball reflectors with magnetic
stands. The work [Lackner & Lienhart, 2016] in-
vestigated the accuracy of electronic tacheometers
with the help of an interferometer. It presented the
possibility of increasing the measurement accuracy
using special equipment. Manufacturers of industri-
al equipment suggest utilizing ball reflectors which
increase the measurement accuracy of electronic
tacheometers by three times [Schweitzer, &
Schwieger, 2011]. In the works [Werner, Petrakov
& Shuplietsov, 2018; Lienhart, 2017] suggest using
laser trackers and modern high-precision multista-
tions [Leica Nova TS60] for high-precision measu-
rements in industry. Auxiliary equipment for in-
creasing the accuracy of measurement by electronic
tacheometers is researched in the work [Tserk-
levych, et al., 2022].

In this article, we performed a study of different
diameter ball reflectors with different permanent cor-
rections. The studies were carried out according to a
number of methods using various devices to compare
the accuracy of determining the instrument correction.
We developed a method of increasing the accuracy of
measuring distances, thus, determining coordinates by
electronic tacheometers using ball reflectors. The
studies were performed on a linear basis and verified
with an interferometer.

Methodology

Currently, there are several manufacturers of
ball reflectors on the world market. And although
their mechanical characteristics is almost the same
(spherical accuracy, alignment of the center), they
have different determination of coordinates by
measurements. We examined seven ball reflectors
from different manufacturers (Fig. 1).

Determination of the instrument correction was
carried out using a displacement interferometer
according to the method described in [Method of
determination of the instrument correction
Pat. 120949]. It involves movement measurement
between two positions of the carriage with a
reflector by an interferometer and measurement of
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the reference lines to the reflector by a total station
(Fig. 2). The DI-1 interferometer contains a dual-
frequency He-Ne laser. It emits an optical beam
with a wavelength 1 of approximately 0.63 pm (red
range), consisting of two optical oscillations formed
due to the splitting of the Ne line in a magnetic
field (the Zeeman effect). These oscillations have a
mutually perpendicular polarization located in the
horizontal and vertical planes. When the reflector
moves towards the interferometer, the frequency of
passage of the information channel pulses increases
in relation to the frequency of passage of the refe-

rence channel pulses. When it moves in the oppo-
site direction, the frequency decreases. This change
determines the speed and direction of the reflector’s
movement. After moving the reflector to the side of
the interferometer, the number of pulses passed in
the information channel turns out to be greater than
in the reference channel. And after moving in the
opposite direction, it is less than in the reference
channel. The magnitude and sign of this difference
in the number of pulses unambiguously define the
amount and direction of movement of the reflector
with an accuracy of 0.005 mm.

N " \ /
Movable carriage, Movable carriage
position 2 position 1
Total

station

a

b

Fig. 2. Scheme for determining the correction of reflectors (a), measurement process (b)

To determine permanent reflectors in the field,
you can apply the method of line measurements.

On a flat area, the angle of inclination of which
does not exceed 2°, choose a line 20-30 m long.
Install the device at one end of the line, then put a
reflector on a tripod at another end.

d; d2
® ®
A
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~30 M

Fig. 3. Scheme of created linear measurements
of segments

An additional tripod with a reflector is installed in
the target with an accuracy of 1 mm, approximately
in the middle (Fig. 3).

Let us assume that the true values of the hori-
zontal projections of the lines are known AB=d;
and bB=da.

From the installation of the device at point A,
two lines are measured with an unknown constant
correction K of the rangefinder and the reflector:

dAE=d1+K, (1)
dAB=d1+d2+K. (2)

Install the device at point B. Measure two more
lines dsa and dss. At the same time, it is important
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to control the reverse horizontal projection of the
first line das and the angle of creation:
dgp = d; + K, 3)
dBB = dz + K (4)
Let us add (3) and (4) and get:
dBA+dBB :d1+d2+2K (5)
Subtract (2) from (5) and get the value of the con-
stant correction K of the rangefinder and reflector:
dpa + dpg — dpg =
=d,+d,+2K—(dy +d, +K) = K;. (6)
To control the determination of the permanent
correction, measure these two lines from point B.
Then the permanent correction is found three
times. To do this, subtract (1) from (2) and get the
true value d,:

dBB=d2+K! (7)
dgp =d; +d, + K, (8)
dy =dpg—dpg=dy +dy + K —(dy + K), (9)
K; = dgg — d. (10)

Similarly, from the point B — d;:
dl =dBA_dBB =d1+d2 +K—(d2+K), (11)

K, = dpg — dy. 12)

The third value of the constant is found from

equation (5) by formula (6). Based on the results of

six-line measurements, three values of the instru-

ment correction for the corresponding reflector are
determined.

Results

Determination of the instrument correction was
performed with the help of an interferometer of
displacements in three steps using a patented me-
thod [Method of determination of the instrument
correction... Pat. 120949].

Table 1 shows the obtained results of the
constants determined by the interferometer and
electronic total station Leica 1201. This corres-
ponds to the accuracy of measuring lines accor-
ding to the regression equation m;, = 1mm +
+ 1mm - D - 107, with the use of ball reflectors
of various design sizes.

Table 1
Determination of permanent corrections of Leica 1201 electronic total station
and ball reflectors using an interferometer in 2022
No. Ball reflector Diameter, mm Constant, mm CSD, mm

1 Im2-1 32 -5.53 0.06
2 I112-2 32 -5.44 0.03
3 I125-1 32 -22.82 0.06
4 [125-6 32 -22.67 0.05
5 IINo.196 45 -16.63 0.06
6 ITNo.162 38 -17.49 0.06
7 I16/No. 45 -13.93 0.09

av. 0.06

The corrected standard deviation (CSD) of the
constant correction determination of the total station
and reflector was 0.06 mm. This indicates high-
precision measurements made by the electronic total
station. Somewhat worse results were obtained on
the Pb/No. ball reflector which had a poorly made
spherical surface of the ball. Table 2 shows the re-
sults of constant corrections determined by an inter-
ferometer and a Leica 1205 electronic total station.
This corresponds to the accuracy of measuring lines
according to the regression equation mp = 2 mm +
+2mm- D - 107°, with the use of ball reflectors of
various design sizes.

Comparing the results of recent corrections with
different tacheometers, it is necessary to consider
the systematic value for each day. The systematic
error of determining the constants for different tach-
eometers means a constructive change in their con-
stants.

This av.=—0.24 indicates discrepancies in the
constants of the devices themselves, since the meas-
urements were performed on the same reflectors and
according to the same observation method. The
results of the comparison are shown in Table 3.
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Table 2
Determination of permanent corrections of Leica 1205 electronic total station
and ball reflector s using an interferometer in 2021
No. Ball reflector Diameter, mm Constant, mm CSD, mm
1 1112-1 32 -5.31 0.07
2 1112-2 32 -5.19 0.04
3 1125-1 32 -22.62 0.04
4 I125-6 32 -22.49 0.05
5 IINo.196 45 -16.34 0.02
6 IINo.162 38 -17.21 0.03
7 I16/No. 45 -13.67 0.08
av. 0.05
Table 3
Comparison of Leica 1201 and Leica 1205 electronic total station permanent corrections
and ball reflectors using an interferometer in 2022
Diameter Constant Leica Constant Leica Difference Le_ica
No. Ball reflector mm ' 1201, 1205, 1201 and Leica
mm mm 1205, mm
1 Im12-1 32 -5.53 -5.31 -0.22
2 I112-2 32 -5.44 -5.19 -0.25
3 I125-1 32 -22.82 -22.62 -0.20
4 I125-6 32 -22.67 -22.49 -0.18
5 IINo.196 45 -16.63 -16.34 -0.29
6 IINo.162 38 -17.49 -17.21 -0.28
7 I16/No. 45 -13.93 -13.67 -0.26
av. -0.24
CSD 0.04

In 2020, experimental measurements were con-
ducted to determine the permanent corrections of
four spherical reflectors on the phase section of the
linear basis of the LNAU in Dublyany.

For this, measurements of horizontal projec-
tions of lines from five points of the linear basis
were performed alternately. They were carried out
in three rounds by a Leica 1201 robotic electronic
total station using the ATR function of automatic
targeting at the maximum of the reflected signal.

Table 4 demonstrates the results of processing
the determination of constant corrections, their
accuracy assessment and comparison with the de-
termined corrections using an interferometer.

The analysis of Table 4 indicates a doubling of
the adjusted standard deviation of the constant cor-
rection definition. This is explained by the triple
measurement of lines to determine the constant on a
linear basis compared to the double measurement in
the determination using an interferometer.

The analysis of the created line measurements
results allows us to introduce a method of determi-
ning the interval length, excluding the systematic
constant correction of the electronic total station and
reflector. Using equations (9) and (11), we deter-
mined the intervals of the bases measured by the
electronic total station with the exception of the con-
stant ones by four reflectors at different settings of
the instrument at marks 1, 3, 8, 13 and 15. The re-
sults of the obtained intervals are shown in table 5.
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Table 4

Comparison of Leica 1201 electronic total station permanent corrections
and ball reflectors using a linear basis in 2020

Constant Permanent CSD determination The difference between
Ball re- Diameter, Leica 1201 Leica 1201 the constants determined
No. - . of the constant on a .
flector mm and interfer- and linear . . by the interferometer
. linear basis, mm . .
ometer, mm basis, mm and the linear basis, mm
1 1112-1 32 -5.93 -5.77 0.22 0.24
2 I112-2 32 -5.44 -5.61 0.20 0.17
3 I125-1 32 -22.82 -22.93 0.19 0.11
4 1125-6 32 -22.67 -22.90 0.20 0.23
av. 0.20 0.19
CSD 0.01 0.06

Table 5

Comparison of the intervals measured by the electronic total station Leica 1201
on ball reflectors considering the constants of the device with the intervals of the linear basis in 2020

No. Intervals between pipe marks of the linear basis, m
definitions 1-3 3-8 8-13 13-15
1 9.99260 5.00032 4.99992 10.01063
2 9.99260 5.00047 4.99970 10.01063
3 9.99277 5.00043 4.99983 10.01067
4 9.99263 5.00032 4.99995 10.01062
5 9.99280 5.00047 4.99962 10.01082
6 9.99295 5.00045 4.99963 10.01067
7 9.99275 5.00057 4.99968 10.01063
8 9.99277 5.00057 4.99968 10.01057
9 9.99220 5.00073 4.99965 10.01057
10 9.99303 5.00037 4.99972 10.01050
11 9.99288 5.00078 499943 10.01062
12 9.99277 5.00058 4.99967 10.01055
av. 9.99273 5.00050 4.99971 10.01062
CsD 0.00021 0.00015 0.00014 0.00008
Basis 9.99315 5.00041 5.00002 10.01024
[()t;g;;e;‘\f;’ 0.00042 -0.00009 0.00031 -0.00038

The magnitudes of the differences (basis-
average) fully correspond to the accuracy of deter-
mining the five-meter intervals of the linear basis
with the help of a compared control meter with the
use of photo-fixation in the countdown.

Scientific novelty and practical significance

The methods of determining permanent correc-
tions of ball reflectors and total stations were inves-

tigated. The study introduced the method of deter-
mining the length of measurement intervals, ex-
cluding the systematic constant correction of the
electronic total station and reflector.

The use of ball reflectors is recommended for
quick and unambiguous installation at points, con-
venience of their use for monitoring observations,
as well as for increasing the accuracy of linear
measurements due to the reduction of centering
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errors. In order to achieve high-precision measure-
ments of short lines, it is recommended to carefully
determine the constant correction of the total station
and ball reflectors. This makes it possible to in-
crease the accuracy of line measurements at least
three times compared to the declared accuracy of
the total station manufacturer.

Conclusions

1. The use of spherical reflectors with a built-in
triple prism allows significant increase in accu-
racy of measuring distances by reducing cente-
ring errors, considering the constant instrument
correction (for Leica 1201 total stations up to
0.4 mm).

2. Measurements of short intervals by Leica 1201
and Leica 1205 total stations on tripelprism re-
flectors are the same in accuracy, although they
have different regression equations stated by the
manufacturer.

3. Determination of constant instrument correc-
tions of the total station and reflector with the
use of a displacement interferometer can be per-
formed with an accuracy of 0.1 mm, which sig-
nificantly depends on the accuracy of measuring
lines with the total station.
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BU3HAUYEHHS [TOCTIMHUX TTOITPABOK KYJIbKOBUX BIJIFBIBAUIB

Ha cporonsi icHye 6arato BUpOOHHMKIB BiIOMBa4iB TPHUIIEIBIIPU3MOBHX, KYJIIbKOBHX, MEXaHIYHI XapaKTEPUCTUKH
SIKHX PI3HATHCS, caMe TOMY iCHYE Mpo0OiieMa CyMillleHHsI LIEHTPY BiIOMBaHHS CUTHAITY 13 IX TEOMETPHYHHUM [EHTPOM.
Mera 1i€i poOOTH — OIIHUTH METOAM BU3HAUEHHS MOCTIHHMX TOMPABOK €JIEKTPOHHUX TaXEOMETPiB, KYJIbKOBHX
BiIOMBaUiB Ta pO3pOOUTH pEKOMEHAIT o0 TX 3acTocyBaHHs. Meronuka. J{ns BU3HaUYeHHS IPUIIa0BOI ONPaBKU
3aCTOCOBAHO iHTepdepoMeTp MepeMillieHb, SKUH MICTUTh aBo4YacTOTHHH He-Ne masep 3 JOBXKHHOK XBWII A =
0,63 MM (uepBoHMH fiamazoH). [TopiBHSHHS pe3yNnbTaTiB BUMIpPIOBaHb JOBXUH iHTEp()EpOMETPOM Ta €JIEKTPOHHUM
TaXEOMETPOM [0 KYJIbKOBOTO BiJI0MBaua a0 MOXKIJIMBICTh BU3HAYMTH TPWIAJOBY NONpaBKy. BukoHaHo mocmi-
JOKEHHSI BU3HAUYEHHsI ITIOCTIHHOI MONPaBKU BiIOMBadiB 1 TaxeoMeTpa Ha (a30Bii AUIAHIN NOIBOBOro Oasuca i3 BHKO-
PHUCTaHHSIM METOJIUKH CTBOPHUX JIHIHHUX CIIOCTEpe)KeHb. Pe3ynbraTi. BUKOHAHO eKcreprMeHTalbHI JOCIiIKEHHS
KYJIbKOBUX BiZOMBaYiB Pi3HUX BHPOOHHUKIB Ta €ICKTPOHHHUX TaxeoMmeTpiB Leica. ITokazaHo, 1110 BU3HAYECHHS MTOCTIH-
HUX IPUJIAIOBUX ITONIPAaBOK TaXxeoMeTpa Ta BiOMBaya i3 3aCTOCYBaHHAM iHTep(hepoMeTpa nepeMillleHb MOXKHA BUKO-
Haty 3 TouHicTio 0,1 MM, sIka 3HAYHO 3aJI€XKHUTh BiJl TOYHOCTI BUMIpPIOBaHHS JIiHIH TaXeOMETpOM. 3aCTOCYBaHHS KYJlb-
KOBHX BiJOMBauiB 3 BMOHTOBAHOIO TPHUMEIBIPU3MOIO Ja€ 3MOTYy 3HAYHO MiJBHIIUTH TOYHICTh BU3HAYCHHS
BUMIpPIOBaHHS BiJlajied YHACIIIOK 3MEHIIEHHsI OXMOOK LEHTPYBAaHHS 13 BpaxyBaHHIM IOCTIHHOI MPHIIa0BOI MO-
mpaBku (s TaxeomeTpiB Leica 1201 mo 0,4 mm). HaykoBa HOBHM3HA. JIOCTIPKEHO METOAM BU3HAYCHHS IOCTIHHUX
TIONPaBOK KYJIBKOBUX BiIOMBAYiB Ta TaXEOMETPIB. 3allpOIIOHOBAHO METO/MKY BU3HAUCHHS JIOBXKHUH BUMIPIOBAIBHUX
IHTEpBAJIB i3 BUKIIOYEHHSIM CUCTEMATHUYHOI ITOCTIHHOI MOMPaBKK €JIEKTPOHHOI'O TaxeoMeTpa i BimouBaua. [IpakTuy-
Ha 3HAYyIIiCTh. PEKOMEH/I0BaHO 3aCTOCYBaHHS KyJIbKOBUX BiJOMBAUiB JJIsI IIBUKOTO Ta OAHO3HAYHOT'O YCTaHOBJICH-
HS HA TYHKTaX, 3pYYHOCTI IX BUKOPUCTaHHS JJIsI MOHITOPUHIOBUX CIIOCTEPEKEHb, a TAKOX JUIS ITiJBUIIEHHS TOYHOCTI
JHIHHUX BUMIPIOBaHb 3MEHIIEHHSM MOXHUOOK IIEHTPYBaHHs. J[J1s1 TOCSATHEHHsS] BHCOKOTOUHUX BUMIPIOBaHb KOPOTKHX
JIHIH PEKOMEH/I0BaHO, BiJINIOBIIHO 1O BUKOHAHHUX JOCII/KEeHb, PETEIbHO BU3HAYHUTH IOCTIIHY MOMPaBKy TaXeOMeT-
pa Ta KyIbKOBHX IIPHU3M, 1€ Ja€ MOXKJIMBICTh MiJBHIIUTH TOYHICTH BUMIpY JIiHIH IpUHAWMHI BTPUYi, TOPIBHIHO 13
3asIBJICHOIO TOYHICTIO BUPOOHHKOM TaXxeoMETPiB.

Kniouosi cnoea: mocrtiiiHa TpuiiazioBa IONpPaBKa, €JNEKTPOHHUI TaxeoMeTp, KYJIbKOBHH BiIOWBAY, TpUIIENb-
pu3Ma, iHTeppepomMeTp.
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