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Abstract

Determination of the accuracy characteristics of geodetic instruments is — according to the law — the duty of geodetic services
doing all the surveying. The certificates are given by the authorized units equipped in special comparative bases. The specifics of
modern scanning instruments require much research to get full information about real accuracy of instrument. Wide application
of reflectorless measurements in the inventory and monitoring of the natural and anthropogenic objects requires the recognition
of accuracy parameters of the definite instrument. This refers both to positioning the head based on reference points, but also the
components of the situation error of the point in the cloud. An important component included in the situation error of the point
the error of the distance measurement in the option of full automation. Automatism and short time of the measurement of the
set of point requires specific approach to the way of determining the characteristic of telemeter. One can use the existing bases
for this purpose. In article the algorithm of the use of existing comparative base of the Geodetic Metrological Laboratory of
AGH for the needs of testing reflectorless telemeters of scanning total stations of laser scanners within the range of the present
length of the base in the online mode.

PROPOZYCJA ADAPTACJI ISTNIEJACEJ BAZY KOMPARACYJNEJ GML AGH
JAKO RUCHOMEJ BAZY TESTOWEJ DLA POTRZEB WYZNACZANIA
DOKLADNOSCI DALMIERZY LASEROWYCH INSTRUMENTOW SKANUJACYCH

Stowa kluczowe: kalibracja instrumentow, skaning laserowy, geodezyjne bazy pomiarowe

Abstrakt

Wyznaczanie charakterystyk doktadno$ciowych instrumentéw geodezyjnych stanowi w odniesieniu do wymogoéw prawnych
obowiazek stuzb geodezyjnych wykonujacych wszelkiego rodzaju prace geodezyjne. Swiadectwo atestacji wydaja upowaznio-
ne do tego celu jednostki wyposazone w specjalne bazy komparacyjne. Specyfika nowoczesnych instrumentéow skanujacych
wymaga szerszego zakresu prac badawczych dla uzyskania petnej informacji o rzeczywistej doktadnosci instrumentu. Szerokie
zastosowanie pomiardw bezzwierciadlanych w pracach inwentaryzacyjnych i monitoringu obiektéw naturalnych i pochodzenia
antropogenicznego wymaga rozpoznana parametrow doktadno$ciowych okre§lonego instrumentu. Dotyczy to zaréwno pozy-
cjonowania glowicy w oparciu o punkty referencyjne, ale takze sktadowe btedu potozenia punktu w chmurze. Istotng sktadowa
btedu potozenia punktow jest btad pomiaru odlegtosci w opcji pelnej automatyzacji. Automatyzm i predko$¢ pomiaru zbioru
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punktow wymaga specyficznego podejscia do sposobu wyznaczenia charakterystyki dalmierza. Mozna wykorzysta¢ do tego
celu bazy juz istniejace. W artykule przedstawiono algorytm wykorzystania istniejacej bazy komparacyjnej Geodezyjnego La-
boratorium Metrologicznego AGH dla potrzeb testowania dalmierzy bezzwierciadlanych tachimetrow skanujacych i skaneréw

laserowych w zakresie obecnej dtugosci bazy w trybie ciagltym.

1. INTRODUCTION

According to the content of the Enactment of the
Minister of Internal Affairs and Administration of 9™
November 2011 on the technical standards.... 3], mea-
surement works requiring high precision have to be
carried out with the application of technologies or in-
struments meeting accuracy criteria for a specific type
of surveying. This means that surveyors, by the proper
selection of technologies or instruments, should provide
appropriate accuracy of the obtained measurement re-
sults. This factor is very important in case of point or
areal monitoring (Marcak H., 2001) of natural (natural
scarps and slopes) and/or anthropogenic (buildings, ar-
tificial scarps, earthworks, spoil tips) elements of envi-
ronment. The stability of these elements is crucial for
the safety of the users. The control and awareness of
the real accuracy and repeatability of the applied instru-
ments and conditions limiting their application (Pareja
F., et al. 2013), is particularly important in the works
connected with the measurement of control lines, geo-
detic services in investments and the control of subse-
quent construction stages (the control of the correctness
of project implementation), exploitation of individual
elements of the industry infrastructure (including min-
ing) and large size engineering objects (Bhatla A., et al.
2012; Golparvar-Fard M., et al. 2011; Bosche F., 2015).

The stage of the selection of the measurement set
to determine the changes in the geometry of the exam-
ined objects requires metrological control of these in-
struments. In practice, this stage is carried out in field
or laboratory conditions on control bases, specially de-
signed for this purpose. Basic measurement instruments
in the surveying inventory and monitoring are total sta-
tions with the option of scanning or robot measurements
and laser scanners. Regardless the construction of this
group of instruments, the positioning of any point in
space, towards the points of the control line is carried
out by the registration of horizontal and vertical angles
as well as skewed distance. The applied now stepper
motors, responsible for the angular deviation of the tele-
scope (total stations) or mirrors (scanners) and systems
of compensators (Lichti D.D., 2010), guarantee precise

angular network (in horizontal and vertical planes), the
accuracy of which does not depend on the character of
the measured surface (Gawalkiewicz R., 2005). The
problem is the measured distance, which has the great-
est impact on the value of mean error of the situation
of point m,. In case of scanners making measurements
from free stands, an important component, influencing
the mean value of the error in the situation of the cloud
of points, is positioning based on the resultant directions
to special reference shields. The example of such a test
base, allowing us to define the influence of a specific
configuration of signals and turns of the shields on the
size of the error of positioning the instrument was illus-
trated in figure 1b (example: university base in Calgary
(Chow J.CK., et al. 2010; Rondeel S., et al. 2015).

For many years in various countries special compar-
ative bases have been constructed outdoors (field bas-
es) or indoors — laboratories (Lichti D.D, 2006; Abbas
M.A., etal., 2014), the main task of which is the quality
control of the measurement instruments (in the frame-
work of legal metrological control of measurement in-
struments) used by geodetic services to the inventory of
natural phenomena and the used engineering construc-
tions and recording of changes in their geometry in the
framework of the carried out monitoring. This refers
to the control of instruments positioning in the field,
based on signals of different type, as well as the accu-
racy of the measurement of the defined group of details
towards the scanning head (Chan T.O., et al. 2015). The
duty of the metrological control of total stations and
scanners results from the Law on Measurements of 11"
May 2001 [1] and the regulations required in the Eu-
ropean Union, i.e. — Measuring Instruments Directive
(MID), announced in the Official Journal of the Euro-
pean Union No. L135 on 30™ April 2004 (Polish special
issue, chapter 13, volume 34) [2].

A significant number of test principles is based on
points permanently stabilized in the ground, usually
distributed in different distances, but preserving straight
line and constant level of heads to force centring of
the tested instruments as well as signals and shields.
The example of such a field base is a test base “Wista”
AGH in Krakow, schematically presented in figure 1a.
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Another straight line base of changeable heights of
centring heads is a calibration base Curtin University
in Perth (figure 1a). Today, the limitations in the area
(property problems) force the construction of “broken
bases”, which means that the system of forced stands
reminds the broken line, while the measurement of lon-
ger distances alongside this line is carried out applying
the return signals established on the breaking points, as
well as in case of the Broken Base of the Length in the
Borowa Gora (stands 1 and 2 —figure 1d), or the broken
base GLM AGH-UST. Another geometrically atypical
base is the academic construction of test stands of the
State Technical and Economical University in Jarostaw
(Banas M., 2012), consisting of pillar measurements
making the network of quadrangles (figure 1f).

Not always the definition of the accuracy character-
istics of the telemeter requires long bases. The range of
the studies on the accuracy of length measurements can
be limited to the range and size of the objects subdued
to inventory, thus predicted range of surveying. The
drawback of bases based on discrete points presented
in figure 1a, ¢, d, e, f, g is the definition of accuracy only
for the selected ranges. Thus practical and very useful
in metrology are bases, allowing “flexible” range of the
research, i.e. in the way allowing flexibility in shaping
base distances of the distance range from HD = Om to
its maximal length HD,,,.. Due to a proper construction
based on special linear guides, where a trolley with spe-
cial handles for return mirrors or target shields and pat-
tern instrument, e.g., linear interferometer (or any other
telemeter of increased accuracy), the definition of the
accuracy characteristics of any instrument is possible to
the measurement of linear values, both to return signals,
but first of all the flat surface of the shield. After a prop-
er modification of the tested surface (more complex, but
mathematically defined) on the trolley moving on the
trail, one can determine the accuracy characteristics of
instruments in the situation of more geometrically com-
plicated structures.

A specific way of study refers to the instruments
with automatic mode of angular and linear measure-
ment, i.e. scanning total stations and laser scanners. The
automation of the reflectorless measurements requires
precise definition of reflecting surface in the 3D space.
Measurement points are mapped on this surface. The
analysis of the distribution of these points making the
cloud towards the target shield, precisely positioned
in 3D space, makes it possible to define the distribu-

tion of the length measurement errors and facilitates
obtaining accurate information on possible fluctuations
for a very big sample. A high credibility of studies is
obtained when the measurements are made referring
to the surfaces of different colour, roughness, texture
or material the reflecting surface was made of. Such
studies also allow the definition of extreme conditions
making measurement impossible, caused by the disper-
sion of the recognition of light impulse on the reflecting
surface. The article presents the algorithm of the use of
the existing comparative base of Geodetic Metrolog-
ical Laboratory of AGH-UST for the needs of testing
reflectorless telemeters of scanning total stations and
laser scanners in the range of the present length of the
base in the on-line mode.

2. THE DESCRIPTION OF TEST BASE

Worldwide, in technical literature referring to me-
trological issues in the range of geodetic testing of la-
ser telemeters, many configurations of the elements of
test bases could be found (e.g., different relations of
distances between the measurement pillars). The ma-
jority of traditional study lines in the range of several
hundred metres of distances is located within free spac-
es and consists of the measurement pillars (discrete
points) situated alongside straight-line sections. The
longest objects of this type are, among others, straight-
line baselines (Lechner J. et al., 2008; Hazelton N.W.J.,
2009):

* Kostice Baseline — Czechy (1450.011m);

* Taylor Baseline — in the county of Marion, State
Missouri — USA (1300m);

» Wista AGH in Krakow — Poland (1230. 047m —
figure 1a);

* Breaside Baseline and Hamilton Baseline in State
Victoria — Australia (1160m);

 Aarau Baseline in Aarau, canton Argovia — Swit-
zerland (1080m);

and curved line baselines:

» Hobart Baseline in Hobart in Tasmania — Australia
(1160m);

* Heerbrugg Baseline in canton Sankt Gallen —
Switzerland (1021.45m);

* Bathurst Baseline in New South Wales — Australia
(888m — base of changeable height of the stands in
the arch revised in the vertical plane);
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Many of them are used as test objects in the wide-
ly spread now technology of laser scanning (Hazelton
N.W.J., 2009). The selection of the type of the calibration
base is determined by factors such as: the characteristics
of the base (on-line measurements or discrete points), the
measurement range of the examined scanner, configura-
tion of pillars (test distances). Usually, for this purpose
bases of length of 200+-300m are applied (average length
of the range of the measurement by laser scanners). The
documented example of test bases applied to define the
accuracy characteristics of scanners are:

* Permas Jaya (Johor Bahru District) — Malaysia
(200.993m — straight line base — figure 1e — Abbas
M.A., etal. 2013);

* Curtin University in Perth — Australia (582.486m —
straight line base of changeable height of stands in
the vertical plane — figure 1c¢).

* Kyviskes Calibration baseline at the Gedimi-
nas Technical University — Lithuania (1320m —
straight line base — figure 1g — Buga A., et al. 2008;
Antanavicitté U., et al. 2013);

* HAV baseline in Hamburg — Ohlsdorfie (120m —
academic base at the Hamburg Univeristy of Ap-
pied Sciences — Kersten Th., et al. 2004).

The possibility of smooth regulation of distance is
guaranteed by the interference comparative base located
in Geodetic Metrological Laboratory (Geodezyjne Lab-
oratorium Metrologiczne — GLM AGH) of the Faculty
of Mining Surveying and Environmental Engineering
of the AGH University of Science and Technology in
Krakow. It makes the equivalent of the University base
in Zurich in the Institute of Geodesy and Photogram-
metry, of 52m length, which is also used in determining
the accuracy characteristic of laser scanners (Schulz Th.,
2007). The universal bases are also straight line bases
(Salo P, et al. 2008; Kutalmis G., Halil E., 2013):

» Leica Geosystems w Heerburgg — Switzerland
(120m — called “railway” — source: www.leica-
-geosystems.de/de/Reporter63 MAG 201009 en.pl);

* Helsinki University of Technology — Finland (80m);

* Yildiz Technical University — Turkey (20m).

Another important advantage of both comparative
bases is the possibility of the application of laser in-
terferometer of Hewlett Packard HP 5529A with dou-
ble-frequency helium — neon laser HeNe of maximal
power 1.0mW, to determine pattern length. The device

applying the phenomenon of light interference, al-
lows the definition of the section length with accura-
cy £1.7ppm (in the air) [1]. Such a device guarantees
preserving high degree of confidence to the measured
base length, not only because of the construction, but
also due to stable atmospheric conditions taking place
in the room of the Faculty comparative laboratory.
The presence of the set of ventilators in the laboratory
GLM AGH makes sure that the atmospheric parame-
ters are constant during the experiments, i.e.: constant
temperature, pressure and air humidity. Making stable
conditions in the closed room of GLM AGH eliminates
the errors of laser interferometer HP 5529A, otherwise
caused by external factors. In the interference method
of measurement, the carrier of the data of the measured
length is the length of the light radiation A, while the
calculated number of bands is proportional to the dif-
ference of optical waves of the rays (Frukacz M., Mark-
iewicz M., 2000). In the measurements, the important
role is played by the linear retro-reflector HP 10767A,
which makes the source of information of the pattern
distance, defined by interferometer and the geometric
centre of the prism, which makes the base of the accu-
racy analysis of the measurement distance of the test-
ed surveying instruments (total stations, scanners) (Ja-
nusz J., et al. 2003). The disadvantage of the described
system is a limited length of the base, i.e. a small range
of the measurement. Until recently, GLM AGH base
made it possible to determine the accuracy characteris-
tics of the length measurement of tested instruments in
the range distance 0 + 34.2m (today up to 17m). Short-
ening the base in GLM AGH narrowed down the dis-
tance range of the studied instruments. It is, however
still possible to define the accuracy of tested telemeters
of reflectorless instruments applied in the processes is
usually connected with the construction and architec-
ture inventory of the objects (architectural monuments,
industrial buildings, including mining, etc.) and the
monitoring of objects or their selected parts in terms of
pod structural deformations.

Apart from the limited examining range of the com-
parator’s trajectory, another limitation is the construc-
tion of interferometer and the lack of centering sign on
its body, which does not allow the realization of test
tasks with the use of stands with forced centering, and
consequently, direct comparison of values measured
with the pattern value. Thus drawing conclusions on
the accuracy of tested telemeters is carried out based
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on the analysis of differential measurements based on
the records of laser interferometer and tested telemeter,
according to the scheme illustrated in figure 2. Hori-
zontal situation of the comparator’s rail the trolley with
the attached retro-reflector is moving provides high
accuracy of the determination of pattern values on the
whole length of the base. Such a system allows the defi-
nition of the accuracy characteristics of any telemeter
in the form of the errors of the length differences mp,
based on repeatable manual point measurements to the
retro-reflector HP 10767A. In case of determining the
pattern values it is important to apply a high class of
retro-reflectors. The precision of making prism can de-
cide on the distribution of length measurement errors
in the considered range of studies, and, referring to the
problem of the analysed base to the differences of the
determined length (Gawatkiewicz R., 2006).

In case of GLM AGH calibration base, it is possi-
ble to make a study model allowing the obtaining of
any distance of the tested instrument — base purpose
(shield, sphere, cylinder, etc.) in the range of the full
length base. GLM AGH base consists of the aluminium

Tarczki referencyjne do nawigzania
sytuacyjno - wysokosciowego skanera
np. Faro 30 Focus lub TX5 Trimble

rail (channel section) supported by several openwork
supports, which allow spatial regulation of the straight
line in both planes, i.e. horizontal XY and vertical XH.
The verges of the beam of the channel section make
a kind of rails on which the wheels of the trolley with
the attached retroreflector HP10767A. Additionally the
trolley has a winder, which should protect from acci-
dental move during the test measurement for the given
distance (linkage between the rail and rolls of the trol-
ley). Equipping the trolley with additional target shield
makes a test field to check and mark mean errors of dis-
tances and their distributions with the application of re-
flectorless instruments, first of all scanning instruments.
Placing pattern instruments and tested pattern on the
axis of the trajectory, towards initial trajectory towards
the initial and ending situation of the trolley with the
retro-reflector, guarantees obtaining optimal test system
with a small number of necessary reductions. This also
makes it possible to mark the deviations of the curva-
ture of the trajectory horizontal and vertical planes (in
the points where the trolley stops) based on the analysis
of the measured horizontal and zenith angles and the

Tarczka kontrolna kierunkowa
(w osi bazy komparatora)

Tarcza celownicza na ruchomym wézku

wyposazona w reflektory do przestrzennej

identyfikagji uktadu
5

Fig. 2. The scheme of the test base of the horizontal comparator with the application of the measurement set: (1) — laser interfer-
ometer Hewlett Packard HP 5529A, (2) — precise total station TCA 2003 Leica or S6 Trimble, (3) — trolley equipped with retro-
reflector HP 10767A, mini prisms Leica GMP101 and target shield, (4) — tested instrument, e.g., scanning total station of scanner
Rys. 2. Schemat bazy testowej komparatora poziomego z wykorzystaniem zestawu pomiarowego: (1) — interferometr laserowy
Hewlett Packard HP 5529A , (2) — tachimetr precyzyjny TCA 2003 Leica lub S6 Trimble, (3) — wozek wyposazony w retroreflektor
HP 10767A, mini pryzmaty Leica GMP101 oraz tarcze celownicza, (4) — instrument testowany, np. tachimetr skanujacy lub skaner
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lengths to the retro-reflector in a full range of the length
base. The scheme of the base was illustrated in figure 2.
Despite of the application of the aluminium T-bean
of a significant stiffness, playing the role of the trajec-
tory for the moving trolley, supported by many points
on the whole its length, the ideal straight line of the trail
verges cannot be achieved. The twist of the trajectory can
also result from the quality of making the T-beam (toler-
ance). This system resembles a train rail or crane track,
on which the wheels of the trolleys move. Every devia-
tion from the trajectory in any plane is transferred into
geometric deviation of the moving trolleys. Thus the sys-
tem of horizontal comparator GLM AGH forces to intro-
duce corrections to the length due to lack of the straight
line of its axis (trajectory) and leeway between the rail
of the comparator, and the rolls of the trolley causing its
local horizontal twist, and this way — the target shield at-
tached to it. The combination of the influence of the twist
of the verge of the rail and the factor connected with the
leeway between the edges of the rails and the wheels of
the trolley forces to look at the pattern plane of the target
shield in any of its situation, as a result of its twist in the
space. Thus it requires making a definite algorithm of the
measurement and calculation to obtain high credibility
of the base system in every place the base shield stops.

3. THE PROPOSED ALGORITHM
OF SPATIAL ANALYSIS
OF THE ACCURACY OF TESTED
SCANNING INSTRUMENTS
BASED ON THE HORIZONTAL
COMPARATOR EQUIPPED
IN A TARGET SHIELD

To determine the accuracy characteristics of total
stations and laser scanners in close range measurements
(up to several meters) with the application of horizontal
comparator of GLM AGH, a practical test tool is a target
shield moved on the rail of the comparator with the help
of the trolley. The twist of the trajectory influences the
changes of the system of the trolley and shield in the re-
lation to the initial (zero) state, which causes that the base
planes (the areas of the shield being a target) are not par-
allel in subsequent states towards the initial system. Thus
testing total stations and laser scanners requires the ap-
plication of not only interferometer, as base to determine
the corrections of the base length, but also precise total

station used to determine the position of additional two
signals attached to the target shield located on the trolley
to create a system that could be mathematically solved.

Based on the spatial model presented in figure 3, ev-
ery time, it is possible to determine coordinates of the
prisms of the shield, which define the equation of the
plane of the shield surface in its every situation. More-
over, linear measurements to retroreflector allow the
adjustment of the distance measured with base instru-
ment (precise total station). The twist of the trajectory on
which the trolley with prism and shield disturbs the sys-
tem, compared to the initial situation. Thus, apart from
a natural translation of the trolley system also its special
twist occurs. Consequently, each position of prism and
shield corresponds to other coordinates, adequate to the
values of the distortion of the trajectory and transverse
dislocations of the trolley. Treating system as a fully rig-
id model (distance between the measured elements are
constant) the definition of new coordinates of the shield
in i" situation, based on the angular and linear observa-
tions (in two situations of the telescope). The determina-
tion of coordinates of the shield corners was carried out
using the triple product of three vectors. Owing to them,
the determination of the shield corners was carried out
from the given below system of coordinates, assuming
that the distance between three points (prisms) and their
sought co-ordinates do not change (are constant). The
discussed model reflecting the presented situation in the
initial state is presented in figure 3.

Having data coordinates of thee geodetic prisms at-
tached to the trolley moving on the rail of the compara-
tive base of the trolley and also coordinates of the cor-
ners, the target shields, marked based on the orthogonal
measurements method in the initial state (lower edge of
the shield perpendicular to the trajectory axis of the base),
the distances between them were determined, i.e.: d;, d,,
d; (figure 3). The twist of the trajectory base, on which
the trolley and shield with the prism is moving, changes
the situation of the whole system towards the initial situ-
ation, i.e. “zero” situation (figure 4). The lack of straight
line in the trajectory, transverse dislocations of the trolley
during the move, apart of moving the model, also causes
its twist in space. The degree of trajectory deformation
and local movements of the trolley towards the edge of
the rail perfectly describe measured prism and chang-
es of their coordinates defined in the polar measurement
with the application of a precise total station. The knowl-
edge of new coordinates of prisms in subsequent situa-
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Fig. 3. Graphical illustration of the study model in the initial state “0”. HP® — retro-reflector HP; GMP1° and GMP2° — precise

mini prisms Leica; ¢, and ¢, — spatial angles between vectors a,, b, and ¢,

Rys. 3. Graficzna ilustracja modelu badawczego w stanie poczatkowym ,,0”. HP® — retroreflektor HP; GMP1° i GMP2° — precy-
zyjne mini pryzmaty Leica; ¢, 1 ¢, — katy przestrzenne mi¢dzy wektorami a,, b, i c,

tions of the trolley, assuming that the presented system
is rigid, allows determination of new coordinates of the
aluminium target shield making reference for scanning
measurements, i.e. tests focused on the determination of
the accuracy characteristics to make the distance mea-
surement, based on the system of three equations:

i i i i i i
cosp = ab' +ab +a,b,
1 2 2 2 2 2 2
\/aOX +a,,” +ay, -\/bOX +b,," + by,
b +c b o+ b
_ Yoy h~ h
cosg, = 2 2 2. [y 2op 24p 2 (1)
Cox +COy +Con "A/Dor T 0y + Oy,
L i v
V==-la xc'|-b
6
where:
14 — the volume of pyramids of the base in

points HP°, MP1°, GMP2° and ver-
tices in points: 6°, 7°, 5°1 4°.

1 9

— angles between two non-zero vectors
in space;

[alx,al ),,a’h] — coordinates of vector @', defined based

on geodetic coordinates of the classi-
cally measured prisms in /™ situation
of the analysed model;

[c’x,c’ y,cth — coordinates of vector ¢’ defined based

on geodetic coordinates of the classi-
cally measured prisms in /" situation
of the analysed model;

[aowaowaoh :|’|:b0x5b0y’b0h:I":cOx’COy’COh] — coordinates

of vectors 50,50,50 defined based on
geodetic coordinates of the classically
measured prisms in the initial situation
of the analysed model;

— sought vector anchored between the
defined prism, and the determined
point of the target shield of coordi-
nates [bix,biy,bih].
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Triple product of vectors |ﬁi xc' | -b" can be written
in the form of matrix:

i i
a, a, a,

x y
R A i i )
‘axc b=\, Y = )
i i i
b, b, b,

Having the constructed system of linear equations of
3 unknowns (formula 1) and making its transformations
into the form:

2 2 2 2 2 2 _
cos¢1«\/a0x +a,,” +ay, ~\/b0x +by," +by,” =

g i g i i
=a' b +ad b, +a,b,

2 2 2 2 2 2
cos¢2~\/c0x +¢, * ¢y, -\/bOX +by,” +by,” = )

i i g i i
=c.b .+ b+,

6V = (ai},c" h—aihciy) b o+ (d —d ) biy +

+ (aixciy - aiycix) b,

then the application of Cramer’s formulae is possible.
They take the form:

w. W W

bix = =, b = y 5 blh = —= (4_6)
W’ y Wz Wz
where:
wi — main indicator of system made of coeffi-

cients with unknowns &', b',, b';;

w', Wi, Wi,— indicators made of matrix W’ replacing
subsequently first, second and its last
column of absolute terms (constant —
left side of the system — formula 3), due
to which the coordinates of the sought
vector b were found.

The obtained coordinates vector b’ = [b"x,bi y,bih]
allow the determination of spatial coordinates of the
sought point (corners of the shield) in i situation.
I tak, e.g., dla point 6 coordinates defined from the
relation:

Xisg=[b's + X'Gup], (7
Yig = [bl}+ Yiour)s ¥
H's =[b',+ H'gupo], 9

Using the described algorithm, is caused by coordi-
nates of the remaining points characteristic for the tar-
get shield (corners), i.e., points 5, 6!, 7' for i situation
of the trolley — figure 6.

The knowledge of the spatial coordinates of the cor-
ners of the shield (4, 5, 6/, 7Y, defined based on the
mentioned above parameters, allows determining the
equation of the plane for each stand of the shield in the
full range of the base.

The equation of the plane of the shield with the test
material (varying in colour, texture, roughness), serves
as a fundament of formulating length measurement er-
rors based on the mapped within the shield points of
test measurement of the scanning instrument. A typi-
cal, very simple tool to check the accuracy of reflec-
torless telemeters is the target shield fixed on classical
tribrachs (also in the calibration of the systems of air-
borne laser scanning of flat objects — Skaloud J., Lichti
D., 2006). The introduction of additional horizontal an-
gular scale (Gawatkiewicz R., 2006), allows its twist to-
wards the light beams emitted by the tested instrument.
Such a study model allows us to additionally examine
the influence of twisting the area under the inventory
on the accuracy of the distance measurement.

In case of the application of the horizontal com-
parative base GLM AGH, determining base distance
to retro-reflector HP is applied with the application of
laser interferometer HP. It allows precise definition of
the distance do one of the signals of the spatial sys-
tem and determination the values of the dislocation
of the trolley with the target shield in the differential
measurement. The application of precise angular—tele-
meter instrument (S6 Trimble, TCA 2003 Leica), al-
lowed the spatial coordinates of three prisms put on
the trolley and indirectly defining 3D coordinates of
moving alongside the axis of the trajectory of target
shield. Due to the application of the base instruments
of higher accuracy than test telemeters, determination
of the accuracy characteristics of the distance measure-
ment can be based on the theory of real errors. The
development of traditional 2D system of interpretation
errors in distance measurements with the application
of scanning total stations and laser scanners, into 3D
system, allows the determination of spatial distribution
of real errors. In the analysis of distribution errors one
can accept local system of coordinates that start in the
middle of the scanning head (point P, of coordinates
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X;=0.0; Y, =0.0; H; =0.0) and axis X located along-
side the axis of the comparative base. For a larger num-
ber of points mapped within the shield (P}), accepted
for the analysis, it is necessary to determine their the-
oretical situations on shield P",.
Coordinates of spatial points:
* scanning head of the scanning total station of scan-
ner (Xy; Y3 Hy);
» measurement points mapped in the light of the tar-
get shield P!, (X',; Y',; HY),
allow the determination of linear equations of the pencil
of lines going trough the centre of the scanning head.
Thus the equation of the line is defined by the para-
metric form L p'y:

x=x +1(x, —x,)
Ly 13y =3+t =y) s te®R (10)
h=h+t(h',—h)

Moreover, the knowledge of spatial coordinates of
selected 3 corners of shield (points Ps, Py, P, —figure
5), allows the determination of parametric equation of
plane, based on two independent vectors #, v. Thus the
parametric equation takes form:

x = X5 +a(xg = x5)+ Bx; —x5)

y=ys+ta(ys—y)+ B, =y (11)
h = h, +a(hy —h) + B(h, —hg)

IIPsPan'

In case, when straight line / passes the beginning of
the system of coordinates (scanning head), the equation
of line takes the form:

x=t-x,
Ly, ¥ =13 (12)
h=t-h,

Puncture point of line 1,5, with plane I7p; pg p; is €x-
pressed by the relationship:

Ilpiéap7rw4né,z:14xf2.t4— 03
+By', - t+Ch'y-t+D=0

Thus parameter ¢ for any measurement point mapped
on the target shield is defined by the formula:

B -D
Ax', + By, + Ch',

i

(14)

The definition of direction co-efficients A, B, C of
the equation of plane /7 in space is possible through the
use of the definition of vector products. In case of inde-
pendent vectors (non-zero) i, v:

A
—
N:;x;:(% skl
Yy = Ysih; —hy
B C (15)
s - N A

Xo = Xs53hg —hs| |Xg = X535 = Vs

|

X; = Xs3hy —hs| X, = X535y — Vs

Thus the plane equation takes form (16):

Iy pgpr s A(x—x5)+ B(y —y5)+ C(h—hs) =0
I, pg py - AX + By + Ch + (= Axs — By; = Chg) =0

Coordinates of the point of shield puncture with line
P',, i.e. the point equivalent to errorless situation of the
mapped point P, are:

( _xi2 -D .
P A, + By, +Ch

Vi

_yiz D .
Ax', + By, + Ch',’

(16)

-h',-D
Ax', + By', + Ch',

)

Real error of distance measurement myc is defined
by the relationship:

_ i Vi
md—‘PzP 2

(17)

:\/(xyiz_xiz)ZJ’_(yyiz_yiz)Z+(h|iz_hiz)2

A graphical interpretation of error in length mea-
surement my is presented in figure 5.
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X
R b

¥ P(0.0,0.0,0.0 y

pe - potozenie punktu pomiarowego (btedne)

ZO - teoretyczne potozenie punktu na tarczy (bezbtedne)

Fig. 5. Graphical interpretation of the model of the analyses of distance measurement errors: a — graphical interpretation of
errors in perspective; b — view of the target shield with the mapped points (view from above)

Rys. 5. Graficzna interpretacja modelu analiz btgdéw pomiaru odlegtosci: a — graficzna interpretacja btedéw w perspektywie;
b — widok tarczy celowniczej wraz z punktami odwzorowanymi (widok z gory)

4. CONCLUSIONS

The horizontal comparative base of Geodetic Metro-
logical Laboratory AGH, is a practical tool of the accu-
racy control of measurement instruments based on fully
automatic reflectorless angular—linear measurement in
the scanning mode. Due to the application of laser in-
terferometer Hewlett Packard of accuracy =1.7ppm, the
control of distance differences determined to the ret-
ro-reflector HP with the help of precise total station,
used to determine coordinates of all the return signals
included in the rigid trolley and shield system moving
alongside the trajectory. The determination of coordi-
nates of prisms and the target shield linked with them,
giving the possibility of mathematical definition of the

measurement system in space. Made in such a way ge-
ometryc system based on the measurement of the an-
gles of horizontal and vertical skewed distances to ref-
erence points (return signals attached to the trolley) at
the application of laser interferometer HP and precise
total station, allows spatial analysis of the shield. Apart
from this, the combination of these data with the set of
points projected in the scanning measurement of the
tested scanning instrument on the shield surface in the
calculation sheet Excel, by Microsoft, fully allows us to
make conclusions about the distribution of errors m,and
allows its visualization in the form of the chart of the
mean values or export of these data to the programmes
of 3D graphics and their 3D presentation e.g., in pro-
gram Surfer by Golden Software.
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In case of the application of scanning total stations
and scanners in works connected with documenting
architecture details and post-exploitation mining ex-
cavations, in the close range distances, the range of
the comparative base GLM AGH seems to be a suffi-
cient interval of the telemeters’ control. The advantage
of the base is “flexibility” in the distribution of shield
alongside the trajectory of the comparator, which en-
abled us to check the accuracy of tested instruments
for any distance within the length range of the base.
This allows the definition of the trend in the parameter
of length measurement accuracy (mean error distance
m,), which has a significant influence on the results of
the modelling of the objects under the inventory. Thus,
often in case of the application of different scanning
instruments, obtaining a high accuracy of point models
depends not only on the size of laser spot, the kind of
telemeter, but also on a proper selection of measure-
ment check-points for the scanned element (distance:
instrument — object).

The article was financed in the framework of the AGH-
UST grant (badania statutowe) 11.11.150.195.
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