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Investigation of the Distance Dependence
of the Combined Influence of the
Incidence Angle and the Surface
Roughness on the Reflectorless Distance
Measurement of a Scanning Total Station

Untersuchung der Distanzabhangigkeit des
gemeinsamen Einflusses des Auftreffwinkels
und der Oberflachenrauheit auf die reflektorlose
Distanzmessung einer scannenden Totalstation

Miriam Zamecnikova, Hans Neuner

Several influences on the reflectorless distance measurement clearly contribute to the error budget of
scanning total stations (TLS+TS) or terrestrial laser scanners. Their effects have to be determined in
investigations, in order to account for them later in deterministic and stochastic distance models. Previous
research shows that the systematic distance deviations under the incidence angle significantly vary with
surface roughness.

This paper focuses on the distance dependence of the combined influence of the incidence angle and
the surface roughness. Systematic and stochastic distance deviations were quantified for the material
granite in the distance range between 10 and 30 m. For this purpose, the investigation procedures are
based on individual measured distances by TLS+TS without indirect derivation of the scanned surface. In
accordance with the framework conditions of the proposed research, it is proven here, that the combined
influence shall be included as a function of the distance only in the stochastic distance model.

Keywords: Incidence angle, surface roughness, reflectorless distance measurement

Einfliisse auf die reflektorlose Distanzmessung tragen deutlich zum Fehlerbudget von scannenden Total-
stationen (TLS+TS) bzw. terrestrischen Laserscannern bei. Ihre Auswirkungen sind in Untersuchungen
festzustellen, um sie anschlieBend in funktionalen und stochastischen Distanzmodellen einzubeziehen.
Bisherige Forschungen haben die signifikante Variation Systematischer Distanzabweichungen unter dem
Einfluss des Auftreffwinkels und der Rauheit aufgezeigt.

In diesem Beitrag wird die Distanzabhéngigkeit des gemeinsamen Einflusses des Auftreffwinkels und
der Rauheit untersucht. Systematische und stochastische Distanzabweichungen wurden durch Mes-
sungen auf Granit im Distanzbereich zwischen 10 und 30 m quantifiziert. Dazu wurden Messstrategien
eingesetzt, die einzelne mit TLS+TS gemessene Distanzen untersuchen und ohne indirekte Ableitung der
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gescannten Oberfldche auskommen. Fiir die geltenden Rahmenbedingungen der Untersuchungen ist zu
schlieBen, dass der gemeinsame Einfluss als Funktion der Distanz nur im stochastischen Distanzmodell

auszudrticken ist.

Schiiisselworter: Auftreffwinkel, Rauheit, reflektorlose Distanzmessung

1 INTRODUCTION

The influences on the reflectorless (RL) distance measurement are
an essential part of the error budget of terrestrial laser scanning
(TLS). These errors are reason for systematic and/or stochastic
distance deviations, which have necessarily to be taken into account
in order to perform highly accurate applications at the millimetre
level. The systematic deviations are to be determined during the
calibration of instruments or eliminated by corresponding measuring
procedures. The stochastic distance deviations must be taken into
account in the planning of the measurements, in the post-processing
and in the evaluation of results. To enable this, the influences and
their properties have to be examined.

/Zamecnikova & Neuner 2017a/ investigated the influence of the
incidence angle (IA) on the distance measurement of a scanning
total station (TLS+TS) using granite plates of different roughness
levels at a distance of 10 m. The study revealed that the systematic
distance deviations change under the influence of the IA with the
surface roughness. Therefore, it is necessary to list both parameters
in deterministic distance models. An influence of the IA on the sto-
chastic distance deviations in the observed distance range could not
be detected.

Next possible influence on the RL distance measurement is the
distance between the instrument and the measurement object. With
increasing distance, the received signal strength decreases /Schulz
2007/, /Kaasalainen et al. 2011/, /Zamecnikova et al. 2014/. The
signal strength in the close range does not describe this dependen-
cy /Kaasalainen et al. 2011/, /Zamecnikova et al. 2014/, /Mukapa
etal. 2017/. This dependency can lead to larger systematic and
stochastic distance deviations.

The behaviour of TLS systematic deviations in scanning mode (3D
mode) triggered by different distance /Schulz 2007/, /Mechelke et al.
2008/, /Gordon 2008/, /Linstaedt et al. 2009/ is not uniform due to
other investigated distance ranges and using different TLS. The in-
direct derivation of the distance endpoint by means of the centre
point of the sphere or the flat target, as well as the decreasing the
number of scanned points with the increasing distance can signifi-
cantly influence or even obstruct the examined distance deviations.
In /Gordon 2008/ the combination of the distance range and the IA
influence on the 3D-point accuracy was investigated and pronounced.

The stochastic distance deviations in the scanning mode are
expressed as the noise of the modelled plane obtained at different
distances and the IA /Bohler et al. 2003/, /Soudarissanane et al.
2011/, /Wunderlich et al. 2013/.

In general, the investigations of the distance deviations in scan-
ning mode are difficult because of the lack of reproducibility of the
scanned points.
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/Wujanz et al. 2017/ determined stochastic deviations in static
mode (1D mode) as a function of signal strength, which varies with
the object distance, IA and different materials. Then the distance
standard deviation was applied to the scanning mode. The distance
range influences the systematic and the stochastic distance devia-
tions in the1D-mode /Schulz 2007/, as well.

In contrast to these experimental investigations, /Schafer 2017/
used an approach of the simulation of the RL distance measurement
process for the systematic deviations modelling of total stations. The
systematic deviations vary with the distance and IA as in static mode
of TLS.

As a continuation of /Zéamecnikova & Neuner 2017a/ the aim of
this contribution is to determine whether the systematic and sto-
chastic distance deviations are dependent on the distance range
under the combined influence of 1A and roughness. In contrast to
previous investigations based on modelled surfaces and targets, this
approach is used to quantify the two types of distance deviations
based on the directly measured individual distances.

This study provides new partial knowledge for the determination
of the deterministic and stochastic model of measured distances of
a TLS+TS in scanning mode.

This paper first describes the experimental determination of the
distance deviations in section 2 and subsequently discusses the
quantified systematic and stochastic distance deviations in section 3.

2 EXPERIMENTAL DETERMINATION OF
DISTANCE MEASUREMENT DEVIATIONS

The systematic and stochastic distance deviations have been inves-
tigated using the scanning total station Leica Nova MultiStation
MS50 (with the standard deviation (o) of the RL distance measure-
ment op=2mm+ 2ppm and o of the angle measurement
0.3 mgon /Leica 2017b/). The laser spot dimension is specified with
7 x 10 mm @ 30 m /Leica 2017b/. The distances were measured
in scanning mode (scanning frequency 62 Hz at a horizontal and
vertical resolution corresponding to 1 cm, the ratio between this
resolution and the size of the laserspot is ca. 1:1 at 30 m) to three
flat granite plates. The experiments were carried out under labora-
tory conditions in the laboratory of the TU Wien.

The distance influence has been realized by the variation of the
distance between the measuring instrument and the measuring
object. The distance deviations have been quantified in three
distance ranges of 10 m, 20 m, 30 m.

The combined influence has been determined by the rotation of
the measuring object around its vertical axis (assuming — 1 position
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of the measuring object = 1 |A) and by alternating the roughness via
the roughness level by using granite plates with “smooth” (S),
“rough” (R), “very rough” (VR). The roughness, as the mean square
value of the profile coordinates /DIN EN ISO 4287:2010/2013/ of S
is in the range of a few hundredths of a millimetre, whereas in R and
VR it reaches one to two tenths of a millimetre respectively. The ratio
between this roughness measure and the laser spot dimension in
vertical direction is 1:330 for the S surface, 1:80 for the R surface
and 1:40 for the VR surface.

In the following chapters, the conceptual base of investigation,
measurement and evaluation of both types of distance deviations is
given in abbreviated way. The detailed description of the proposed
methodology can be found in /Zamecnikova & Neuner 2017a/.

2.1 Determination of
Systematic Distance Deviations

Systematic distance deviations are defined by direct comparison of
Dris (Hz7.s, V1) with an assigned reference distance Digt (HzZes, Vier)
(Fig. 1).

The Dy is derived from coordinates of the initial point, i. . the null
point (Pg) of the TLS+TS and the endpoint (P, at the measuring
object. Following, three steps are used to determine coordinates of
these points (Fig. 2):

m A three-dimensional precision network, formed by the points N;,
is measured along the investigated distances by the levelled laser
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tracker (LT) — Leica Absolute Tracker AT960 /Leica 2017a/ from
several station points;

| The startpoint (Pg) of the Dy or the TLS+TS null point is deter-
mined by means of the angle measurements from the TLS+TS to
the points (N;) of the precision network by spatial backward inter-
section;

| The endpoint (P;) of the Dy is determined by the area-wise meas-
urement of the granite plate using the hand-held scanner (HS)
Leica Absolute Scanner LAS-20-8 /Hexagon 2017/.

The stability of the measuring setup — the network and the TLS+TS
was controlled over repeated measurements of the precision net-
work over time. The standard deviation of the derived D is less than
0.1 mm /Z&mecnikova & Neuner 20170/, which is better than one
order of magnitude of the oy.

The D 5 are measured by scanning a centre section of the object
with a size of 20 x 15 ¢cm from the same TLS+TS position as the
D.t. The Dy 5 are obtained from the coordinate triple (X7.s, V115, Z115)
which refer to the instrument’s local coordinate system (see Fig. 7).
They complete the triple of polar elements (Dr.s, Hzys, Vris), where
Hzys has as zero-reference the x5 axis and Vs has as zero-re-
ference the zy 5 axis. To obtain a consistent triple of polar elements
(D, Hzmis_rer, Vris_rer) With zero-reference of its angular compo-
nents referring to the X axis and Z axis, respectively, only the
orientation unknown (OU) of the TLS+TS station with respect to the
reference coordinate system needs to be determined, as both Z-axes
(2115 and Z) are oriented to gravity by levelling the instruments
(Fig. 3). The OU is calculated as difference between azimuths deter-
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mined from reference coordinates and directions measured by
TLS+TS.

The correspondence between Dy and the D g is established as
“nearest neighbour” based on Hzys e and Vs e in the reference
point cloud of the HS. Maximum permissible angular deviations
AHz, AV of the exact values Hzrs res and Vs rer are 0.3 mgon at
the distance of 10 m, 0.15 mgon at 20 m, 0.1 mgon at 30 m. These
maximum permissible angular deviations cause a max. distance
deviation of 0.06 mm from the D,r. Thus, per IA 130—240 distances
correspondences between Dy s and Dy can be found.

The distance deviations AD; are calculated as the difference be-
tween the distances Dy ;and Dyis_;. In order to reduce the influence
of the stochastic deviations, which are attached to these distance
deviations, the respective mean value AD,, of the individual distance
deviations AD;is calculated at every IA as well as its standard devi-
ation oap,,.

With this approach, the AD,, were determined for each granite
plate under 19 IA at each examined distance range: (0, =(10, 20,
30, 35, 40, 45, 50, 55, 60) gon. Positive IAs correspond to the
clockwise rotation of the plate about the nearly vertical axis and re-
versely negative 1A to a counter clockwise rotation.

The determined values AD;, could also be influenced by devia-
tions such as the eccentricity between the collimation axis and the
RL distance-measuring axis of the TLS+TS as well as by the system-
atic deviation of the OU. Both deviations represent an angle which
leads to wrong correspondences between Dy and Dy and thus,
affects the distance deviation with 1A /Zamecnikova & Neuner
2017b/. These influences are eliminated by averaging the AD;,
obtained for the same IA by clockwise (+IA) and counter clockwise
(—IA) rotation. The representative values for further analysis are:

_ ADyoa + ADy

AD , 1
5 (1)
as well as the associated standard deviations:
ol + o2 N
Onp = \/ AD,,+IA ; AD,, IA. @)

2.2 Determination of
Stochastic Distance Deviations

The stochastic deviations are expressed by a standard deviation
under repeating conditions. In this case, the Dy are determined by
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the Dy via OU to the
reference coordinate
rel system

+X

repeated scanning the granite plate of a certain roughness under an
adjusted IA from a station point located in an investigated distance
range. Since all three measured values Hzs, Vi, Dris are stochas-
tic quantities, the repeatedly measured distances are detected via
Hzys, Vs, if the Hzys-, Vrs-noise is small enough to have a
negligible impact on the distances allocated to calculate the standard
deviation.

A mean section of 10 x 15 cm of all three granite plates was
measured repeatedly under 10 1A (0, —(10, 20, 30, 35, 40, 45, 50,
55, 60) gon) from each station, where the three station points of the
TLS+TS were located at the distances of 10, 20 and 30 m (Fig. 4).
Per IA, roughness level and distance range the measurements were
repeated 100 times successively to generate a sufficiently large
sample of the repeated distances. The stability of the TLS+TS was
monitored by the measurement to the network points at the begin-
ning and at the end of the repeated scanning.

Between 100 detected scans, the nominally same driven point
differs significantly (Fig. 5) and forms a point area instead of a noisy
point. The point lies in the mean interval with a larger V-span (at
10 m: 51.1 mgon, 20 m: 15.4 mgon, 30 m: 10.2 mgon) and with a
smaller Hz-span (at 10 m: 2.4 mgon, 20 m: 1.7 mgon, 30 m:
0.9 mgon). A point range is located on a max. area of 0.7 x 10 mm?.

In view of the counter-clockwise rotation of the measuring object
with respect to its approximately vertical axis, longer Dy with
increasing Hzyg are expected (see Fig. 4). The Drs should not
change systematically over V75 in a point area if the surface rough-
ness is homogeneous.

At the level of a point area this expectation about distance varia-
tion with respect to Hz is fulfilled only at 20 m (Fig. 5b). However, for
the 10 m distances this expected variation can be noticed at a level
of single (nearly) vertical profiles within one point area (see Fig. 5a).
For the 30 m distances this expected effect cannot be observed at
all (see Fig. 5¢).

*+¥ns

Measuring Lo

object

Fig. 4 | Measuring setup for the determination of stochastic distance deviations
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Regarding the variation of D 5 over V5 in a point area, one no- to the same Hzy g with a permissible deviation of 0.05 mgon, which
tices from the pairwise comparison of figures that this expectation is is below the resolution of the TLS+TS angle measurement, and to

fulfilled as the Dr.5 (Fig. 5) do not correlate with V. the Vrs-interval of a point area. This ensures a sufficient redundan-
Considering the approach to the quantification of stochastic devi- cy of the Drs.
ations mentioned at the beginning of the chapter as well as the oc- According to these specifications, the following quantification

curring point areas the repeatedly measured distances should refer procedure was adopted: A point area (i. €., the same nominally driv-
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Fig.5 | Hzys, Vris-graph (left) and corresponding Hzy s, Drs-graph (right) of a nominally same driven point between 100 scans (i.e. 1 point area) of the smooth
granite plate under IA of 60 gon at a distance of a) 10 m, b) 20 m, ¢) 30 m (colors label the length of distances as can be seen from the right pictures — seven
distance intervals were chosen)
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Fig. 6 | Hzrs, Vrs-graph (left) and corresponding Hzrs, Dris-graph (right) of a point area of the smooth granite plate under 1A of 60 gon at distance of 30 m

with marking the repeatedly measured distances (green crosses)

en point) was selected from 100 scans. The relative frequencies of
the obtained Hzy s realisations were calculated and the Hzys pwith
the highest relative frequency was selected. The Hzy s of repeatedly
measured distances are identified using the selected Hzys p (Fig. 6):

Hzys p — 0.05 mgon < Hzys < Hzps p +0.05 mgon.  (3)

As can be noted from (Fig. 6, right), the distances, which were
selected as repeatedly measured distances according to the above-
mentioned procedure, still exhibit a systematic variation with respect
to Hzqs. Nevertheless, this systematic effect was not eliminated in
the following results, as performing so would lead to unrealistic
quantifications of the opr s at the micrometer level.

The calculated residuals with respect to the mean of the repeat-
edly measured distances closely follow a normal distribution.

All distance residuals vp; ; obtained over all point areas k of a
IA-position of the granite plate are included in the estimation of the
distance standard deviation opys:

k number of point areas,

n, number of repeatedly measured distances in k-point area,

n number of all residuals per position of the measured object
(min. 1400).

In Fig. 5 the pattern of the scan data obtained at the distance of

20 m differs from the pattern resulting at 10 m and 30 m. The

scanning at 10 m and 30 m was carried out in December 2016. On

the other hand, the scanning for 20 m as well as two |A-positions at

10 mand 30 m were carried out in May 2017. The latter are meant

to provide a connection between the two measurement epochs. The

reproducibility of the o 5 obtained for the redundant IA-positions

in the two epochs is max. 0.1 mm.
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3 RESULTS

The quantified systematic and stochastic distance deviations are il-
lustrated and interpreted in the next chapters. Following the motiva-
tion of this work to assess the influence of distance range, IA and
roughness on distance measurement, the results are compared with
the received signal strength S. The signal strengths recorded with
the TLS+TS (Fig. 7) decrease with longer distances and lower
roughness level as well as with higher IA.

3.1 Results — Systematic Distance Deviations

The quantified distance deviations and associated standard devia-
tions in three distances are shown in Fig. 8 and Fig. 9.

The reproducibility of the distance deviations is characterised by
differences in the distance deviations between two independent
measurement epochs with a time interval of one week. The distance
deviations differ by a maximum of 0.09 mm. Larger differences up
to 0.20 mm occur at a distance of 30 m for the VR surface. These
differences can be explained by the possible inhomogeneity of the
VR surface because the measurement influences on the instrument
station at 30 m are the same to the S and R surface where the re-
producibility is under 0.09 mm.

Comparing AD at each IA with respect to the distance in Fig. 8,
a change of the AD is recognisable. In the case of IA 0 gon, AD
varies by 0.12—0.15 mm with the increasing distance for S, by
approx. 0.15 mm for R, by 0.13 mm between 10 and 20 m and by
0.27 mm between 20 and 30 m for VR (7ab. 7). The AD change up
t0 0.13 mm for S, up to 0.29 mm for R, and up to 0.35 mm for VR
(Tab. 2).

The standard deviations (Fig. 9) lie only below 0.03 mm due to
the large number of individual distance deviations per one position
of granite plate. The reasons for increasing this noise in the order
20 — 30 — 10 m will be investigated in the future research.

The distance dependence of the combined influence was as-
sessed with a statistical test for two uncorrelated values with a sig-
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Fig. 7 | Received signal strength (transformed values) dependent on the distance, IA and surface roughness a) smooth, b) rough, c) very rough
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Fig. 8 | Systematic distance deviations of the combined influence of the 1A and the roughness depending on the distance a) smooth, b) rough, c) very rough
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nificance level of o = 5 % /Heunecke et al. 2013/. The difference of
distance deviations for the same IA and roughness level between two

distances (all combinations) is tested:
a= ADx— AD,
i=1A;j=10, 20, 30; k = 20,30,10.

The null and the two-sided alternative hypothesis are

Hy E {d,} =0,
The test statistic is
= ®
Ud,
The Idl lie in the interval

(0.00—0.40 mm). Their o (0.14 mm) is
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Fig.9 | Standard deviations associated to the systematic distance deviations (Fig. 8) a) smooth, b) rough, c) very rough

Between distances

20

40 60

IA [gon]

Variation of systematic distance deviations

Smooth Very rough
10-20m -0.12 mm -0.16 mm -0.13 mm
(%) 20-30m -0.15mm | -0.15mm | -0.27 mm
10-30m —0.28 mm -0.32 mm -0.40 mm
Tab. 1 | Variation of the systematic distance deviations with the distance
under IA of 0 gon
(6)
Between Variation of systematic distance deviations in mm
distances Smooth Rough Very rough
Max Span Min Max Span Min Max
10-20m | -0.12 0.00 012 |[-0.18 |-0.02 0.16 | -0.21 0.07 0.28
20-30m | -0.21 | -0.10 011 | -0.15 0.09 024 |-0.27 |-0.08 0.19
10-30m | -0.28 | -0.15 013 |[-0.32 -0.03 029 |-0.40 [-0.05 0.35
Tab. 2 | Total variation of the systematic distance deviations with the distance under all IA
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Fig. 10 | Standard deviations of the D 5 due to the combined influence dependent on the distance: a) smooth, b) rough, c) very rough

expressed according to the variance propagation law with the em-
pirical oap (Fig. 9) for Dy s and standard deviations of the D, ac-
cording to GUM (0.1 mm, /Zamecnikova & Neuner 2017b/). The null
hypothesis was accepted, thus no significant distance dependence
of the distance differences was found at S at all positions (30), at R
at 93 % positions (28 from 30) and at VR at 87 % positions (26 from
30).

The amount of AD decreases with the increasing distance, the
greatest amount of AD occurs at the shortest distance of 10 m. The
hypothesis that larger AD occur in case of lower signal strength is
not reflected in the results of all surfaces (Fig. 7, Fig. 8). It can be
explained by the superposition of the stronger signal strength and
the deeper penetration of the laser at shorter distances /Zamecnikova
et al. 2014/. It should be noted that the zero point error of the dis-
tance rangefinder of the TLS+TS has not been checked, so that all
AD can be shifted in the absolute reference. Thus, the relation be-
tween minimal and maximal systematic deviation may turn over.

3.2 Results — Stochastic Distance Deviations

The oprs grows with the increasing distance (10 — 20 — 30 m)
(Fig. 10). As expected, a larger dispersion of the D 5 occurs with the
sinking received signal strength (compare Fig. 710 and Fig. 7). Under
IA of O gon, it reaches about 0.07 mm at 10 m, about 0.08 mm at
20 m and 0.15 mm at 30 m at all plates. With the higher IA, the
standard deviation increases up to 0.24 mm at S, 0.19 mm at R and
0.17 mm at VR. It varies between the distances 10 and 30 m at S
up to 0.17 mm, for R 0.10 mm, for VR 0.09 mm under IA.

The standard deviation opr s between distances (j, k) for an IA was
assessed with a statistical test for two empirical variances with a
significance level of o = 5 % /Heunecke et al. 2013/. The null hypo-
thesis, the two-sided alternative hypothesis and the test statistic are:

Ho: E {UDTLS_/} =F {UDTLS_k}: ©)
/=10, 20, 30; k = 20, 30, 10;

Ha  E{oons_j} = E{ooms ¢} (10)
2
ODpTS k2 2 .
T = 2 1 ODTLS_k = Opris_j; OF
ODTLS_j

2
ODTLS_j 2 2

T = ——=, 0brs_j > Obris_s- (1)
ODTLS_k
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It has been shown that the opr 5 changes significantly depending
on the distance.

In /Wujanz et al. 2017/, an exponential function between the oprs
and the received signal strength in the TLS Z+F IMAGER 5006h in-
cludes the influences of the 1A, roughness and range. In comparison
to that MS50 conforming to (Fig. 77) three functions for each dis-
tance range would be necessary to describe this relation between
oprs and S. The possible reason might be the output received signal
in transformed values and the principle of distance measurement
/Leica 2017¢/ that differs from Z+F IMAGER 5006h.

4 CONCLUSION

The distance models are important for all scanned surfaces beyond
the engineering geodesy applications. They can be determined
twofold. Firstly, they are derived from the experimental quantified
distance deviation, which lead to the functional relationship bet-
ween distance deviations und error influences /Gordon 2008/,
/Z&mecnikova et al. 2014/, /Wujanz etal. 2017/. Secondly, the
models are set up based on the theoretical model knowledge /Lichti
2007/, /Holst & Kuhlmann 2014/, /Schéafer 2017/ and the quantified
distance deviations are used for the validation of the models.

In this paper the first approach was adopted. The systematic and
stochastic distance deviations were quantified for three granite
plates of different roughness levels under different IA and in the
distance range between 10 m and 30 m.
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Fig. 11 | Standard deviation of the D 5 under the combined influence and
distance dependent on the received signal strength
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The dependence of systematic distance deviations on the com-
bined influence of IA and roughness is apparent. However, their
significant variation with distance was not established. The stochas-
tic distance deviations expressed by the standard deviation are de-
pendent on the distance. Also, the term of the combined influence in
the stochastic distance model is a function of the distance. Over a
larger distance range, the greater influence of the distance as a re-
sult of the decreasing signal strength and the increasing laser spot
of the measuring beam cone would probably be shown, similarly for
systematic distance deviations.

In order to establish the deterministic and stochastic distance
models for granite, the distance deviations have to be quantified for
more roughness levels and distances. In case of the deterministic
model not only surface sides errors (scanning geometry and object
properties), but instrumental errors as the additive constant and the
scale error (the cyclic error) should be investigated.
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