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Abstract

In geodesy, mandatory regulations on standardized specifications of terrestrial laserscanners’
performance features are still missing which would allow an objective comparability of differ-
ent scanner models. In this paper feasibly realizable testing series are presented, which will
support such comparability using objective criteria. Basic concept especially is a relevant
question for users concerning the quality of a TLS-generated 3D point cloud at plane surfaces
and edges as a function of the chosen scanning filter setup. The comparison concept is ap-
plied using three up-to-date TLS systems (Faro Focus®®, Leica HDS7000 and Leica Scansta-
tion P20) and results are presented. One particular intent is to show a set of test arrangements
for practical use to obtain system independent benchmarks describing quality features rather
than using the pure manufacturers’ technical data specifications. Furthermore at the begin-
ning an overview on an existing TLS standard testing procedure is given.
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1 Preface

The terrestrial laserscanner (TLS) market is fast-pacing which leads to a great variety of meas-
urement systems and a nearly annual reissue of well-known models showing more and more
promising specifications. Generally speaking, all systems can be found working reliably and
suitably for the all-day geodetic needs. But when investing in a new instrument, especially this
“all-day work” needs to get a closer look to find the individual optimal buying decision. The
major numbers usually obeyed here seem to be measurement speed and range which are
placed very effective in advertising by the manufacturers. But usually measurement speed is
connected to smoothing filter influences as filtering is applied directly to the raw data during
the measurement process. As a rule, the user has no access to the unfiltered data then, so
inevitably the question on geometry truth and detail reproduction losses (e.g. when scanning
edges) arises when these filters become effective. Thus, how significant are the manufactur-
ers’ specification numbers when being compared — especially for anyone’s individual survey-
ing task and accuracy expectations?

Mandatory regulations on standardized specifications of terrestrial laserscanners’ performance
features are still missing which would allow an objective comparability of different scanner
models (e.g. STAIGER 2005 and WUNDERLICH 2012). Besides the standardization of specifica-
tions in terms of a laboratory TLS testing procedure (KERN 2010, GOTTWALD ET AL. 2008),
based on work of HEISTER (2006) the geodetic user community for many years is exerting for
standardized field testing procedures to ensure usability right before usage (GOTTWALD ET AL.
2008, GOTTWALD 2008, TUXSEN 2008 und WEHMANN 2008). Also to be mentioned is a currently
being developed DVW (German surveyors’ association) consultative document entitled “Pro-
cedure for standardized testing of terrestrial laserscanners” by NEITZEL ET AL. (2013) which
directly addresses the users rather than the scientists and will propose a workable (field) pro-
cedure.

Until now, many contributions to objective testing and calibration of TLS systems in laborato-
ries can be found, where universities and colleges are involved as well as manufacturers,
which also work together in forums and initiatives (e.g. the “Offenes Forum Terrestrisches La-
serscanning”). A comprehensive scientific overview can be found in GORDON (2008). At pre-
sent, amongst others, testing sites exist at the HCU Hamburg (LINDSTAEDT ET AL. 2012), HS
Bochum (FELDMANN ET AL., 2011), HTW Dresden (WEHMANN, 2007) and i3Mainz (KERN, 2011).
Maximum testing range at this sites is restricted to < 25-30 m resp. <70 m (HTW Dresden),
though. While theory already is well developed, the practical implementation is limited by halls
being big enough for permanent testing facilities. The geodetic laboratory at the Chair of Ge-
odesy at the Technische Universitdt Minchen, which is a member of the Society for Calibra-
tion of Geodetic Devices (SCGD, in German: GKGM) now also is implementing some of the
suggestions in an own laboratory hall.
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2 Existing concept of a TLS testing procedure

The actual draft of a guideline for testing of terrestrial laserscanners by KERN (2010) called
“Testing procedure for acceptance and control of terrestrial laserscanner systems'” substanti-
ates and widens pre-work and suggestions especially by BOHLER (2005) and HEISTER (2006).
The basic principles used here are based on the German VDI/VDE-guideline 2634 Volume 2
,Optical 3D-measuring systems — Optical systems based on area scanning®” (VDI/VDE 2634,
2012) and are meant to introduce a consistent testing procedure based on selected, compre-
hensible and use-oriented specifications. The basic principle is the measurement of geometric
and calibrated testing specimens of superior accuracy which become arranged spatially dis-
tributed in a well-defined measurement volume.

The measurements themselves have to be done under usual conditions. The determination of
specifications is done using least-squares adjustment. To achieve a complete system test,
data evaluation should be performed using the (manufacturers’) software bundles which are
being used also in every-day’s work, but as some evaluation tools still are missing therein,
actually some special testing software is used. The VDI/VDE guideline allows various (data)
filtering and pre-processing, where each a set of constraints for individual specifications is
used. The documentation of the filter type and pre-processing steps would be useful in that
case, but very often these information is subject to manufacturers’ corporate secrets.

In KERN (2008) and HUXHAGEN ET AL. (2009) the adoption of the VDI/VDE specifications by
HEISTER (2006) is explained in more detail and widened for the use with TLS. The specification
numbers are determined objectively and therefore can act as good clues to compare real
quality measures of scanners to the manufacturers’ data as well as to other scanners. Unfa-
vorable is the necessity of special and very accurate testing specimens and of a testing site
covering the whole scanner range. The suggested quality parameters are:

2.1 Probing error

The probing error R is defined as the standard deviation of all radial deviations r; of n probing
points which become used to estimate all the testing spheres with free radius in the testing
volume. R is a parameter of the surface noise which is independent of the (varying) angle of
incidence on the spheres’ surfaces. It is notably, that R is not equal to the line of sight noise
and therefore the ranger precision. HUXHAGEN ET AL. (2009) goes into more detail when exam-
ining further dependencies on measurement distances and sphere size which become ne-
glected here.

M:l

R= r’ (1)

1

1
n -

! Priifrichtlinie zur Abnahme und Uberwachung von Terrestrischen Laserscanner-Systemen®

2 ,Optische 3D-Messsysteme — Bildgebende Systeme mit flachenhafter Antastung”
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Using the standard deviation sg; of the p estimated sphere radii, an additional accuracy state-
ment can be given. In HEISTER (2006) the probing uncertainty ugr is defined:

2.2 Sphere-radius error

The sphere-radius error Rk is defined as mean value of all deviations of the k estimated radii
compared to their known reference values. This parameter gives information on local system-
atic irregularities of form.

1 k
Rk =7 2, (3)
i=1

2.3 Sphere-spacing error

The sphere-spacing error AL is defined as mean value of all spacing deviations AL; when the
spheres have been estimated using a fix reference radius. The spacing deviations AL; are de-
rived from the known reference distances | and the measured distances I, of p pairs of
spheres. The reference distances have to be determined with superior accuracy in advance.
The sphere-spacing error is a parameter of the TLS’ size accuracy truth within its working vol-
ume.

AL=— XAL; mit AL, =1, -1, 4

1o

1
P
An additional accuracy statement is given by the standard deviation of the testing sample. In
HEISTER (2006) the spacing uncertainty u, is defined:

As an option the sphere-spacing error can also be obtained using 3D similarity transfor-
mations and taking the coordinates’ standard deviations as point errors. However, when the
scale factor is fixed to 1 (6-parameter transformation) while it significantly differs in reality,
there might be a dependency between the sphere distances and the difference between
measurement and reference values; for more details see KERN (2008).

2.4 Resolution power

The resolution power AV is defined as minimum joint width on a Boéhler-star (BOHLER, 2005),
where points of a point cloud can significantly differed in front face points and back face
points. Impact factors on AV are the sample rate (angle increments), beam divergence, angle
of incidence, influences of signal processing and effective data filters, especially to improve
surface noise. To see the mathematical definition, please refer to the literature mentioned
above.
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3 Practical TLS comparison series

The method of the Chair of Geodesy at the Technische Universitat Minchen described here is
an objective comparison for TLS systems to evaluate accuracy, geometric truth, measurement
speed and achievable range. It is meant as a contribution in objective TLS specification in-
quiry. The problem of the impact of scan quality settings on the resulting measurement noise
and gross erroneous points at edges (signal interference) are of special interest. Generally we
may assume that noise suppressing filters will yield good results on flat surfaces but we will
lose geometry truth at edges. Calibrated test specimens will not be used in this approach.

Therefore a test procedure checklist was created which allows objective conclusions on dif-
ferent comparative parameters which are relevant in different tasks. As test specimens we
intentionally use constructions which easily can be confected and used by other interested
people. Additionally, we use methods which are similar to the reference bodies tests and an
examination of 3D accuracy which uses a testing site. However, the focus of this paper is laid
on the simple methods which we chose in a way to cover the known scanners’ ranges up to
200 m (in 10 m steps).

3.1 Scan quality settings

At first we need a little abstraction to be able to compare the impacts of all the various scan
quality settings of different instrument types. Quality settings differ in names, but all mostly
consist of different grades of raw data filtering foist and a connected bandwidth of possible
scan resolutions r. The impact of raw data filtering on the point clouds can only be evaluated
empirically, as we do not know about the underlying algorithms. Their disclosure is not only an
actual wish of engineering surveying specialist users, but also a necessity for real quality rating
of measured point cloud data.

The comparison measurements performed are based on suitable quality settings with respect
to the highest possible resolution setting. Then we make measurements at three settings: min-
imum quality (lowest setting, foist = 0%), maximum quality (highest setting, foist = 100%) and an
intermediate setting (fost = 50%) where we define the latter to be the one which is the “recom-
mended setting” by the manufacturers. Within each quality setting, we use the highest possi-
ble resolution r = 100% to get as many single measurement points on each target as possible.

3.2 TLS comparison conceptual design

A detailed overview on our concept can be found in Table 1. The comparison parameters
mentioned therein will be shown in detail. Parts of the table which are highlighted in gray have
not been executed in the context of our instrument tests, but are mentioned to complete our
conceptual design.

3.3 Comparison parameter accuracy
When comparing accuracy, the ranger of the TLS system is getting analyzed. It is distin-

guished between measurement precision (statistical accuracy) and absolute 3D accuracy (cor-
rectness) of single, discrete points derived from 3D point clouds when using TLS targets.
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Table 1: TLS comparison concept

Comparison attribute

Comparison parameter

Deduction

Realization

Testing parameter

Concrete values

Accuracy

Geometric truth

Range

Speed

Testing specimen: white surface

= fpist: distance measure-

* Aabedo= ~ 40 %

. - ) with al nd angle inciden ltering in 19 = Ag=15°
. Opist: ranger noise dependent on | Standard deviation of residuals . a bs.ado and angle incidence ment filtering in [%] . Au =500
Precision . . testing fields, measurement = a: angle of incidence f,DIST = %
distance of a free adjustment plane . . . ) . r=1009
distance in several intervals in[] r= %
Aot * Albedo: reflection in [%] | * Apst=10m
o3p: absolute 3D accuracy
= 0q: distance accurac . ) . .
¢ . y Result of a 3D network adjust- 3D testing site using manufac- _no
3D- = owz: horizontal angle ac- . . foist=0 %
accurac curac ment, LSA using redundant two- | turers‘ targets and software none 0
y y . face measurement data (system calibration) r=100%
= ov: vertical angle accuracy
Various calibration parameters
Testing specimen: White circular
Nrichtig: geometrically correct . I . ring with defined distance from ) ApsT=20m
. ) . ) Point classification using 3opist- = fpist: distance measure- R
Edge behavior points (geometrical truth with ) ) background, measurement . y=0
. confidence intervals . . i | ment filtering in [%]
respect to distance) distance in several intervals Atpist = 50 %
Apist
Testing specimen: geometric
Form truth Geometric parameters (e.g. Nominal/actual comparison of reference body, measurement = (foist: distance meas- Apist=10m
sphere radii) geometric parameters distance in several intervals urement filtering in [%]) (ArpisT = 50 %)
Apist
= fpist: distance measure- DMpist= 5-10 m
Maximurm mo- G Maximum measurement Capture efﬂmgncy € or proof of Testing specimen: whlte sur . ment fllterlnlg m [%] y=0°
delling range distance to obiects normally distributed measure- face, measurement distance in = a: Angle of incidence .
grang ) ments several intervals Apist in [°] Aspist = 50 %
= Albedo: reflection in [%)] r=100 %
Testing specimen: manufactur- » : resolution setting in [°]
Maximum re- dzie: maximum measurement Nominal/actual comparison and ers’ targets, measurement . (]; distance megsure Apist=5-10m
istrati distance to target lity of target coordinat distance i | interval ot i -
gistration range istance to targets quality of target coordinates istance in several intervals ment filtering (%)) Aipist = 50 %
Apist
Time of data ttypisch: typical measurement time . Time measurement / data from foist = 50 %
- . Measurement time none
acquisition [min] handbooks r = constant
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3.3.1 Precision (Noise)

A measure for the precision of individual measurements of a TLS system is the deviation of
measurements from a sample’s mean value. The standard deviation of a LSA plane is defined
as a reference value for single measurement noise. As the testing plane is set up perpendicu-
lar to the scanners’ line of sight, influences of the angle of incidence can either be neglected
or specially be analyzed by a defined tilt of the plane. The determination of the precision is
done similar to the probing error concept of HEISTER (2006) and HUXHAGEN ET AL. (2009).

Our testing specimen is a 60 cm x 80 cm flake board which has been coated with a dim white
and therefore is diffusively dispersive surface. It is furthermore subdivided in individual testing
areas for special testing parameters (Fig. 1). The areas at the left and right are used to deter-
mine Opist relative to the measurement distance (precision of the ranger) when the specimen is
scanned in constant intervals within the full scanner working range. To simulate different ma-
terial reflection, customary photographic gray value cards are attached in the center (Opteka
gray cards, black RGB 16/16/15, gray RGB 162/162/160 and white RGB 220/224/223). The
albedo values of these cards have been determined in the Leica laboratory in Heerbrugg as
completely diffuse reflection with 5% uncertainty, while the albedo is defined as the reflective
value determined compared to an “ideal” diffuse reflector.

The albedo values are dependent on the laser’s wave length. In table 2 the wave lengths of the
Leica scanners HDS7000 and Scanstation P20 are listed. The Faro Focus®® which was not
tested for albedo values uses a 905 nm laser.

20 cm
* |
| |
21.5cm
1 < I > I I
25.5cm 4
15 cm
60 cm

”
<

A

80cm

Figure 1: Specimen “Board” to determine TLS noise

10
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Table 2: Albedo-values of testing areas

Albedo values for tested wave lengths

Testing area Leica HDS7000 (1550 nm) Leica ScanStation P20 (808 nm)
White coated flake board 53,6% 87,5%
White gray value card 83,1% 86,3%
Gray gray value card 33,2% 32,5%
Black gray value card 52% 5,8%

On top of the board three vertically rotatable testing planes identical to the board material are
mounted to simulate different angles of incidence (see fig. 1 down right). The combination of
so many individual testing areas is used to obtain a broad spectrum of different testing cases
(parameter sets) out of one single scan and therefore under identical circumstances. Doing so,
we get a direct comparability of different object characteristics and save lots of testing time.
For individual testing, the combination of the areas may be chosen on anyone’s demands.

3.3.2 3D Accuracy

The 3D accuracy is an absolute accuracy value and defined as the mean deviation of meas-
ured coordinates from their reference values. To determine them, coordinates from high-
definition TLS target scans are used which are calculated using LSA with very high redundan-
cy and therefore are virtually free from ranger noise effects. The 3D coordinate’s accuracy can
be expressed either by the point error osp or by the repatriated standard deviations oq4 (dis-
tance), on; and oy (angles). Influencing parameters are all (systematic) errors in distance meas-
urement (e.g. additive and scale constants), imprecision of the angle measurements as well as
axis errors and eccentricities. KERN ET AL (2008) give a compilation and classification of all
possible influencing parameters.

In a current master’s thesis (REIDL, 2012) at the Chair of Geodesy of the Technische Universitét
Muinchen, an approach from NEITZEL (2006) is used and extended to determine TLS axis er-
rors; the possibility of a measurement in two faces is required for this. The advantage is, that
known reference values are unnecessary by using a 3D point field. NEITZEL (2006) performs a
pure component calibration while REIDL (2012) extends this in terms of a system calibration
and uses the laserscanner’s dedicated targets and analyzing software. The additional influ-
ences of the overall system are reflected in the observations’ accuracies of a free 3D network
adjustment (LSA). These are considered in the calibration, whereby the system reference is
established. Besides the axis errors, also other instrument errors (e.g. vertical collimation error)
can be determined within the 3D network adjustment. This is an extension of HESSE (2008).

Furthermore current studies deal with the determination and separation of additive and scale
constant. First results show erratic influences, depending on the distance, and therefore a
non-linear scale factor, which indicates a piecewise correction with Lookup-Tables.

11
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3.4 Comparison parameter geometric truth

We defined the term “geometric truth” during this TLS comparison series especially to exam-
ine the impact of (smoothing) filters on the point cloud quality. Here we consider the share of
geometrically erroneous points to be of special interest. Furthermore it can be analyzed,
whether an explicitly defined geometric body is really represented by the measured point
cloud in geometry and size.

3.4.1 Edge behavior

Especially at clear geometric edges or at nose faces (i.e. parallel levels with different depth),
false points created by interference reflections arise (e.g. the so-called comet-tail effect). Alt-
hough ToF scanners use full-waveform-analysis which may reduce such a worsening
(WEHMANN ET AL., 2007), smearing effects can be found at edges. In practical work, edge
modelling hence is only done using plane intersection while neglecting measurements in the
edges’ surroundings. If the data for plane adjustment is worse or even missing (emersed ob-
jects or due to shadowing effects), the true object boundaries can no longer be obtained. This
problem is intensified by raw data filtering, because this may lead to broader areas of interfer-
ence signals. In addition, systematic patterns and artefacts can be found at edges. The reason
for that (see fig. 2) is subject for further investigation, but shall be at least mentioned here.

Figure 2: Erroneous points when scanning edges (HDS7000): Sphere mounted on plane on tripod (top
left) with interference points and artefacts at tripod legs, vertical edge with interference points (top right)
and object silhouettes misplaced backwards (down)

In all day’s work the determination of object boundaries (edges) is an important task. Ranger
precision (point cloud noise ratio) is not the critical thing here — in fact misplaced points is
much more problematic for modelling. Thus we examine the impact of scan quality settings on
the geometric truth concerning edge detection here: the “geometric truth” nicnig [%] is the per-

12
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centage of scanned points which are suitable to characterize a given geometric specimen cor-
rectly, i.e. not influenced by interference signals. Mathematically we define those points to be
correct, which are contained in a + 3opist confidence interval around the reference geometry
(1% error probability), where opist is the empirical standard deviation of a LSA geometry and is
thus based on the individual noise level of the scanner in use. As the result value is a percent-
age, this comparison value is theoretically independent of the chosen resolution.

As a specimen a breaker plate with a 10 cm wide ring is used which is mounted 10 cm in front
of a white 60 cm x 60 cm background plane (fig. 3). To allow exact edges in measurement
direction, the lateral planes have been beveled towards the backside, so no laser signal can
strike there. Both the “board” and the “breaker plate” have been crafted in the geodetic labor-
atory’s precision mechanical workshop. The testing concept shown here widens the sugges-
tions for edge detection, which were made by BOHLER (2005) and WEHMANN ET AL. (2007) in a
merely qualitative way. It may be adopted and expanded to any desired geometry.

Figure 3: Specimen ,,Braker plate” to determine a TLS* edge behavior

We intentionally do not used a fixed bandwidth for evaluation (e.g. some centimeters), as our
threshold complies with the usual definition of gross errors in geodetic observations on the
one hand, and is also similar to the typical modelling process using LSA and geometric primi-
tives on the other. Higher scan quality influences point cloud quality, especially by reducing
noise. Hence, for the user the point cloud seems to be more precise; but this will probably
lead to a higher rate of geometric false points as described above. To increase point cloud

13
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precision (or to reduce single point noise) does therefore not mean a better geometric truth — it
may even degrade. So the comparison parameter niichig is Not to be thought of being depend-
ent from the noise level opist - our concept acts more like a normalization towards the scan-
ner’s noise level which allows the result to be comparable.

Continuative considerations on TLS resolution quality are not performed here. Please refer to
the relevant literature, especially the tests of BOHLER (2005).

measurement
direction

‘Illll

10cm 20cm 10cm

[ . DR

iy
o
o
3

Side view

| ' ' |
I Measurement noise (+3c0) |

Figure 4: Determination of the comparison parameter niqnig to rate the edge behavior

3.4.2 Form truth

To measure form truth usually the sphere-radius error Rk is used (see formula 3). By different
radii R in adjusting LSA spheres, a mean value of the relative equivalence of the determined R
and the reference values can be found. It gives information about the geometric quality of de-
rived objects, and thus about modelling quality. As point humber usually is high redundant,
noise effects may be neglected. To use a sphere as a specimen is especially suitable, as it
allows varying angles of incidence and different reflection intensities over the full possible
ranges.
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When modelling, it is necessary to identify those points which will really be used for the best-
fit algorithm. Usually all points, which occur because of interfering signals and thus are erro-
neous (comet tail effect), become disregarded. This also implies, that geometric and size truth

cannot be found for the measurement data, but only for the result of a special modelling algo-
rithm.

Figure 5: Best-fit sphere out of point cloud (TLS-System HDS7000)
Apart from spheres, from truth can also be derived with other geometric primitives, e.g. inter-
section angles of best-fit planes or area or capacity values of reference bodies.

3.5 Effective working range

Within the range values stated by the manufacturers one might expect results of different
quality, dependent on beam divergence, angular resolution, ranger quality and target surface.
This impacts point density as well as usability of an individual point.

3.56.1 Maximum modelling range (object measurement)

The capture efficiency €(d) is calculated as the ratio between theoretical and real number of
measurement points on an object with respect to the measurement distance d (see fig. 6). A
criterion for a maximum possible range which is suitable for practical work is a minimum al-
lowable value &k (pre-defined critical capture efficiency).

e(d) [%]

dpax d [m]

Figure 6: Maximum modelling range and critical capture efficiency

15



P" i Blue Series Books No. 21
S Technische Universitdt Miinchen, Chair of Geodesy

The determination of the maximum modelling range dmax thus can be done (assuming a linear
relation) by:

d.. at e(d.,)=es and &d)=

max

6)

The number of theoretical points n: on a testing plane is calculated by the given measurement
distance d and the angular resolution. The number of points being really available is obtained
by counting points inside a + 3onist confidence interval of the LSA plane. The minimum allow-
able value g« needs to be chosen sensible. A recommendation is dependent on the later use of
the data. In addition the residuals of the measurements after the LSA can be analyzed regard-
ing their affiliation of a normal distribution. This is equal to a reliability measure for single
points in a given distance and allows to detect a suitable maximum distance for reliable object
modelling.

As a testing specimen one may use a plane or sphere, where possible influences of angle in-
cidence and reflectivity should be regarded. Testing is done on a linear track with at least the
length of the nominal working range of the scanner. It may usefully be combined with the de-
termination of the noise Opsr.

Figure 7: Capture efficiency on a white plane surface at 20 m, 100 m and 160 m distance (HDS7000)

3.5.2 Maximum registration range (target measurement)

Comparison tests in range are also to be performed for target modelling. This allows infor-
mation on the usability of manufacturers’ targets for data registration dependent on the meas-
urement distance, which might significantly differ from object modelling distance. A general
determination concept and a concrete guideline for the HDS7000 is currently in progress at
the Chair of Geodesy at the Technische Universitat Minchen.

On the one hand we need to detect the quality of the geometric modelling and target point
calculation with the points available in a certain distance at all, on the other hand it is neces-
sary to verify them with reference values. Suitable limits need to be defined to ensure a de-
sired registration accuracy. The examination needs to consider (predefined) resolution settings
and scan quality settings. If a (usually too short) comparator track is available, scale irregulari-
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ties can be uncovered in addition. For full range scale examination, long reference tracks be-
00BWY

come necessary.

~H Elack/White Target

iniSphere 12em g
/v/
; {

Figure 8: Analysis of measurement distance using different targets (HDS7000)

3.6 Measurement speed

Determination of data acquisition speed is rather trivial. We use a panorama scan with 5 mm
point resolution at 10 m distance and a medium scan quality setting, which gives us a typical
measurement time typiscn. Predefined resolution settings may differ from that; therefore with
many predefined quality and resolution settings an impartial comparison is only possible with
limitations.

Of special interest is the fact, whether higher quality settings with significantly longer meas-
urement times are justifiable by an accuracy gain. This can be done in combination with all the
comparison methods mentioned above, and is to be performed best in the context of a real
business task.
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4 TLS systems compared (scanners and software)

To get practical results of our comparison concept, three scanners sold by Leica Geosystems
and Faro have been used: the Leica HDS7000 (identical in construction to the Zoller & Fréhlich
Imager 5010) and the Faro Focus® which use the phase comparison principle (PCP) as well as
the Leica ScanStation P20 which is a time-of-flight instrument using Waveform Digitizing
(WFD). WFD may be thought of a combination of PCP and ToF - theoretically a high meas-
urement speed can be combined with high accuracy in medium working range.

To see the specifications of the manufacturers’ data sheets, especially regarding the nominal
distance uncertainty, please refer to the appendix.

e
i

1000

Figure 9: From left to right: TLS systems Faro Focus® (FARO 2013), Leica HDS7000 (LEiCA, 2013) and
Leica ScanStation P20 (LEICA, 2013)

4.1 Data conversion and import filter settings

In the TLS testing series described in the following, data conversion was done using the man-
ufacturers’ original software Leica Cyclone (Version 7.4.1) and Faro Scene (Version 4.8). Data
conversion for the HDS7000 point clouds in *.zfs format were done with Leica Cyclone using
preset standards®. Measurement data of the Focus® also have been processed using the Faro
Scene standard settings*. The ScanStation P20 data conversion had to be done with a proto-
type software tool “DataCopyTool” outputting *.ptg format files to be used with Cyclone then.
The prototype software was provided by Leica, because Cyclone 7.4.1 was not able to access
P20 data at testing time as that scanner was still under development. During conversion to
*.ptg format also the standard settings were used®.

8 Software menu Edit — Phase-Based Scanner Filter Settings — Filter Setting For: HDS7000 — Intensi-
ty: Minimum 0.06 Maximum 120 %, Invalid (Skirt): Angle 25 deg, Mixed Pixel: Pixel 6 Angle 2 deg,
Range: From 0.5 To 187 m, Single Filter: Pixel 2, Intensity Overload Threshold: 5718750

4 Software menu Tools — Options — Default Filter — Apply default filter on first load: Yes, Reflectance
Threshold: 300, Grid Size: 3 px, Distance Threshold: 0.02 m, Allocation Threshold: 50 %

5 Software menu Export Scan — Filtered PTG Format (*.ptg)
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To judge the impact of the import filters on the results of noise and edge behavior, all the anal-
yses have been done with deactivated filter settings in a second run also. Filter deactivation is
possible in the software menu settings. It is important to understand the difference between
import filtering and scan quality settings (which also are filters), because the latter are already
applied at data capture time and cannot be avoided, while the first only affect at import level
(see fig. 10).

Terrestrial Laser Scan quality
scanner settings

|

Polar coordinates

.
_

TLS system

Point cloud

|

Import filters

Filtered point cloud

Independent Comparison
software parameters

Fig 10: Testing scheme and distinct definitions

All the survey thereafter and the determination of the comparison parameters were made us-
ing a manufacturer-independent in-house software. Regarding these steps, one can speak of
a TLS system test.

4.2 Tested scan quality settings

In the tests comparable settings within the predefined quality classes have been used. Out of
all settings available, three most representative have been chosen and defined in percentage
for the effective distance filtering foisr.

o fost =0 %: lowest quality setting

e foist =50 %: medium / recommended setting

o fost = 100 %: best quality setting

Within the quality settings the highest possible resolution setting r = 100 % was used (when
foist = 100% usually the possible resolution setting is comparably low):
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Table 3: Scan quality settings foist and highest possible resolution r = 100 %

TLS-System fD|s'|' =0% fDIST =50 % fD|s'|' =100 %
Focus?®P #1X e »8X“
HDS7000 ~Low quality“ sNormal quality” ~Premium quality”

ScanStation P20

”1 “

”2“

”4u

r = 100% for scan quality foist

Focus®P

,1.538 mm/10 m*

,1.538 mm/10 m*

,6.136 mm/10 m*

HDS7000

»~Super High“
(8,1 mm/10 m)

~Extreme High“
(0,6 mm/10m)

=Ultra High“
(1,6 mm/10 m)

ScanStation P20

,1 mm/10 m“

,1 mm/10 m“

»2 mm/10 m“

4.3 TLS testing track Eichenau

At the outdoor testing site of the Max KneiBl institute (MKI) of the Chair in Eichenau a 180 m
track with marked setup points in 10 m intervals was realized. All measurements were per-
formed on three subsequent days in August 2012 when weather conditions were sunny and
calm. The scanners and the testing specimen have completely been shaded and were not
exposed to direct sunlight.

To guarantee best comparability, all scanners have been set up on a baseline perpendicular to
the measurement direction and with identical sighting axis height (fig. 11). From the same set-
up line, a tacheometer was used to adjust the instrument heights (using housing markers) and
to align the specimens. As the Focus®® does not have a sighting axis marker, the rotation mir-
ror was assumed as height reference. The specimen centers were adjusted to the same height
and their plane normals have been parallel to the sighting axes. To achieve this, the reflector-
less tacheometer was used when targeting at small dim coated black & white targets (see fig.
1 and 3).
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Figure 11: Instrument setup at TLS testing track
4.4 TLS testing field Munich

REIDL (2012) designed a TLS testing field for determination of TLS systems’ exterior accuracy
and installed it in a building of the Technische Universitdt Minchen (Figure 12). The whole
building is very good accessible, which allows a good spatial distribution of the TLS targets
and instrument viewpoints.

. ek
e T

Figure 12: TLS testing field (left), installation of the targets (right)

Twelve targets are installed with tapped holes in the structural steelwork, which allows the
usage of several proprietary targets (Figure 13). Five viewpoints are implemented by means of
three tripod points and two wall brackets. The maximum target height is 10 m, the maximum
target distance 29 m.
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Figure 13: Proprietary and recommended TLS targets, from left to right:
Leica HDS7000 Black/White-Target, Faro Focus®® Sphere und Leica ScanStation P20 Gray/White-
Target

The Black/White- and Gray/White-Targets are so called ‘Tilt and Turn’-Targets, which accord-
ingly can be aligned towards the viewpoints. Studies at the geodetic laboratory showed a
mean error of 1.5 mm (0.5 mm to 2.4 mm range) for these type of targets, which consists of a
tumble error in the rotation axis and an error in the pivoting axis. This should be considered for
high accuracy applications.

4.5 Precision (noise)

For the noise analysis an independent in-house software kit was used. The automatic evalua-
tion of the measurement series is fully based on the ASCII point cloud data in various meas-
urement distances, which are available via data export routines from the standard software. A
integrated documentation of the quality of the adjusted comparison parameters is included
(especially regarding the frequency distribution of the residuals).

To detect the distance-dependent noise opist of the ranger, the standard deviation of the re-
siduals of LSA planes in the individual testing areas of the “Board” specimen have been eval-
uated for each 10 m. The segmentation is done automatically resulting in the testing areas
which can be seen in fig. 14:
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Figure 14: Segmented testing areas for different reflective levels and angles of incidence

All noise values have been determined with the three scan quality levels mentioned above to
detect the scan filter setting influence. The results are shown with standard import filter set-
tings and without any import filter.

¢ Noise Opistw at white area (#1)

¢ Noise Opistg at gray area (#4)

o Noise Opists at black area (#3)

¢ Noise Opist4s at white area, tilted by 45° (#8)

The noise at the areas tilted by 15° and 30° expectably showed results in between Opisrw and
Onist45. The Opistss result was reduced to the measurement direction component, while the
relation between the angle of incidence a, the standard deviation ows Of the residuals of the
LSA plane and the resulting noise opisrparallel to the laser beam is regarded as

o-res (7)
cosa

Opist =
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Opist.w at white surface, Scan quality setting in %
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Figure 15: Noise opsrw at white surface
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Opistw at gray surface, Scan quality setting in %
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Figure 16: Noise opst,w at gray surface
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Opistw at black surface, Scan quality setting in %
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Figure 17: Noise opst,w at black surface
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Noise opist4s at 45° tilted surface, scan quality settings in %
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Figure 18: Noise opist45 at white, 45° tilted surface
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4.6 3D accuracy

With all three TLS systems 10 targets were scanned from 5 viewpoints in the described TLS
test field (4.4) and analyzed with the respectively proprietary software. The target coordinates
in the scanners’ local Cartesian systems can be recalculated into polar values (d,Hz,V). The
redundant observations allow statements about the observations’ accuracy, using a 3D net-
work adjustment. Again, additive constant and scale can’t be determined without further in-
formation. However the result can be equaled to the registry accuracy as given in TLS analyz-
ing software. The observations’ mean accuracies, which were calculated with the geodetic
software Cremer Caplan (CREMER, 2013), are listed in table 4, cf. REIDL (2012). Caplan’s out-
puts by default are the standard deviations in position (0,y) and height (o), the variances of the
polar values are derived with error propagation.

Table 4: Mean accuracy of the recalculated polar values

TLS system 0g [mm] On, [mgon] ov [mgon] Oyy [Mmm] ‘ o, [mm]
Focus®? +1.9 +9.6 +10.9 +0.9 0.8
HDS7000 +1.8 +4.7 +11.7 +0.6 +0.8
ScanStation +
+0.9 +2.8 +3.8 +0.3 +0.2
P20

To ensure an objective comparison, the same network configuration was used for the three
scanners. Also enough warm-up time was applied (about 30 minutes), whereat the tests
showed the Faro Focus®® needing even more time for a steady measurement accuracy.

4.7 Calibration parameters

Furthermore TLS measurements were performed in two faces in the test field, to determine the
sighting axis error i, horizontal axis error c, eccentricity of the sighting axis e and vertical colli-
mation error fi,, according to NEITZEL (2006); additionally their statistical significance can be
tested. NEITZEL (2006) requires laboratory conditions and therefore assumes that observations
are uncorrelated und have the same accuracy. Since the overall system was used under prac-
tical conditions, that assumption isn’t permitted in this work. Instead the observations’ covari-
ance matrix of a free 3D network adjustment is used as cofactor matrix in the estimation of the
instrumental errors, cf. REIDL (2012). The significance of the errors is proved with a concluding
t-Test.

Table 5 shows the calibration’s results for the systems Leica HDS7000 and Leica ScanStation
P20. Unfortunately the Faro Focus®® isn’t able to perform scans in two faces, which is why this
approach can’t be applied for this scanner.
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Table 5: Calibration parameters

Sighting axis error Horizontal axis error
TLS system

i [mgon] ‘ o; [mgon] significance ¢ [mgon] 0. [mgon] ‘ significance
HDS7000 -0,51 +0,44 no 11,99 +0,48 yes
ScanStation -0,63 +0,33 no 4,20 +0,43 yes
P20
Eccentricity of the sighting axis Vertical collimation error
TLS system
e [mm] O; [mm] Signifikanz fn [mgon] o; [mgon] Signifikanz
HDS7000 0,06 +0,08 no -4,47 +0,53 yes
Scagsztg‘ﬁon 0,01 +0,06 no 1,24 +0,24 yes

Particularly the significant horizontal axis errors and vertical collimation errors are to be men-
tioned. In REIDL (2012) concluding examinations are performed regarding a minimal configura-
tion for the test field as well as the instrumental errors’ effects on geometric parameters, mod-
eled from a scanner’s point cloud.

4.8 Edge behavior

The test on geometry and the scanners‘ edge behavior use the comparison parameter “geo-
metric truth”. The measurements on the “braker plate” specimen have been done simultane-
ously with the noise parameter measurements. The intervals in range at the testing site were
Apist = 20 m. The data was converted as described above and evaluated with in-house soft-
ware. The comparison parameter n.cwig [%] is the percentage of geometrically correct points
located within a + 3opist confidence interval around the test body geometry. In the evaluation
of the scanners’ edge behavior especially the impact of the scan quality settings acting like
smoothing filters and of the import filters will be regarded with respect to target distance. The
point of view here is purely empirically as we do not use reference edges witch known inter-
distances.
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In fig. 19 point clouds of the scanners are shown at 20 m and 100 m range with medium scan
quality setting foist = 50% and standard import filtering as examples.

‘ d = 100 m (Focus®® at d = 60 m)
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Figure 19: Edge behavior at the ,breaker plate” specimen

30



Objektivierung von Spezifikationen Terrestrischer Laserscanner H.m‘
Th. Wunderlich, P. Wasmeier, J. Ohlmann-Lauber, Th. Schéfer, F. Reidl /‘ i

Geometric truth nrcntig, SCan quality setting in %

Standard import filters without import filters
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Figure 20: Geometric truth nricnig
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4.9 Working range

The defined comparison parameters “modelling range” dmax and “registration range” d,e have
not been evaluated within the instrument comparison test. This is actually been done within a
bachelor’s thesis (,Investigation of target usage with laserscanners®) and will result in a guide-
line for the maximum allowable targeting distance with respect to scan quality settings. Re-
sults are expect until summer 2013.

Within the series at hand, the maximum possible measurement ranges for each specimen and
scan quality setting can be given (table 6):

Table 6: Maximum working range on specimens:

yes 50 150
100 70
Focus®P 60
0 150
no 50 150
100 80
0 150
yes 50 180
100 170
HDS7000 140
0 170
no 50 180
100 180
0
yes 50
100
ScanStation P20 120 120
0
no 50
100
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4.10 Time of data acquisition

As mentioned earlier, comparable settings in scan resolution (approx. r = 5 mm/10 m) and a
medium scan quality setting foist = 50 % have been chosen. For the resolution, with each in-
strument we took the setting being closest to the value r. The measurement times typisch have
been taken from the data sheets. Our tests have confirmed the provided information in all
specifications.

Table 7: Typical time of data acquisition (HDS7000, Focus®® and ScanStation P20)

TLS-System r [mm/10 m] foist [%6] tiypison [MiN:s]
Focus®® 6,136 (,,1/4%) 50 (,4x") 07:09
HDS7000 6,3 (,High“) 50 (,Normal quality®) 03:22
ScanStation P20 5 (,5%) 50 (,2) 02:42

The comparison shows the HDS7000 and the ScanStation P20 with nearly equal speed, while
the Focus®® is slower at about factor 2.

4.11 Impact of potential obstructions at the specimens

During evaluation we considered it possible, that some objects which had to be attached to
the specimens (aluminium parts, targeting markers) could affect the measurements. To over-
come that, only areas in the center part of the specimens have been used and boundary parts
with possible interfering reflections were eliminated (see fig. 21). At greater distances, areas of
influences originating from obstructive objects can be seen in the point clouds, but they most-
ly don’t reach the testing areas. Figure 21 shows the point clouds at the “board” specimen at
20 m and 100 m distance.

We also did additional laboratory tests using the HDS7000, where we covered obstructions
with white paper. The resulting difference of the noise onist was negelectible.
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Figure 21: Point clouds on the ,board” specimen at foist = 50 % and with standard import filter settings.

4.12 Summary

The results show the different impact of the instruments‘ data filtering (scan quality settings) at
acquisition time and of additional software import filters on the point cloud quality of three
selected scanner models. The comparison concept shown here is meant as an additional con-
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tribution towards standardized TLS specifications (e.g. a normalized comparison parameter for
the range-dependent ranger noise is needed). For this, existing suggestions for TLS testing
have been recapitulated at first, and new testing methods for special questions (especially
filtering and edges) have been introduced.

5 Outlook

To promote an ISO standard (with strong European contribution), in a current PhD thesis ,Cal-
ibration, registration and uniform quality measures in TLS“ at the Chair of Geodesy at the

Technische Universitdt Munchen existing international approaches are evaluated and im-
proved.
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