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SUMMARY (English)

Terrestrial laser scanning (TLS) is a surveying technology to measure distances to
surfaces in the spherical surrounding of the scanner instrument. In contrast to pulse, i.e.
time of flight scanners, phase based scanners emit a modulated wave signal that allows
for determining the object distance from the returned phase pattern. Because of their high
scanning speed, phase based instruments are getting more and more popular. It is clear
from literature and practice that, because of the interaction between the laser light and
the object, the characteristics of the object surface have a large influence on the
measurement quality. Still, a quantitative insight in the quality of scanning results is
missing.

This publication will compare two phase based scanners, the Imager5003 from Zoller
und Frohlich and the HS880 from Faro. We investigate the scan quality of both scanners
for a variety of surfaces with different reflection characteristics. For this purpose scans of
an Esser Test Chart TE 109 were made with both scanners. The test chart consists of six
different grey patches ranging from 71% remission white to 0.05% remission black. The
chart was scanned from a distance of 4 m in a stable environment. In order to compare
the scanning results of both scanners a patch wise analysis is made of (i) the number of
points scanned, (ii) the intensities values of the scanned points, and (ii1) the reliability
and precision of a local plane adjustment.

It turns out that for both scanners the measurement noise is significantly increasing with
decreasing remission. An insight in the amount of absorbed and reflected energy per grey
value patch will be part of the analysis results. An overall conclusion of the presented
experiment is that the two scanners differ only in extreme cases from the specifications
given by the manufacturers.



SUMMARY (Russian)

Hazemnoe nazepHoe ckaHHpPOBaHHUE - 3TO METO]] I'€0/Ie3MUECKON CheMKH, CYTh KOTOPOTO
3aKJTFOYACTCS B M3MEPCHHUH PACCTOSIHHM, & TAK)KE YIII0B B TOPU3OHTAILHON M BEPTUKAITb-
HOM TUTOCKOCTSIX, TIPH TIOMOIIH CIEIHATFHOTO CKAaHUPYOIIEro HHCTPYMEHTa (CKaHepa).
B oTimuue ot HUMITYJIbCHBIX CKAHCPOB, USMCPAIOIIUX BPEMA IMPOXOKIACHUA CUTHAJIA O0
00bekTa U 00paTHO, (a30BbIe CKAaHEPHI U3ITYUYAIOT MOIYJIMPOBAHHBIA BOJHOBOM MaKeT,
YTO MO3BOJISIET ONPEAEISATh PACCTOSIHUE 10 00BEKTA MO pacupeeneHuo (ha3bl OTpaKeH-
HOrO CUTHaja. biarogapst BEICOKOH CKOPOCTH CKaHMPOBaHWsA, (a30BbIC CKaHEPHI B Ha-
CTOsIIIee BpeMsl PHOOPETAIOT BCe OOJIBINYIO MOMYIIPHOCTh. Kak W3BECTHO U3 JMTEpaTy-
pBI U IPAKTUKH, BCIICJICTBHE B3aUMOICHCTBHSI JIA3EPHOTO JIyda C MOBEPXHOCTHIO 00BEKTA
U3MEPEHUs, OTPAXKATEIbHbIE XapaKTEPUCTUKH MOBEPXHOCTH OKAa3bIBAIOT 3HAYMUTEIBHOEC
BIIMSTHUE HA KaUeCTBO M3MEpeHHl. BMecTe ¢ Tem, 10 HACTOAIIEr0 MOMEHTA He TPOBEICH
BCECTOPOHHMI KaUYECTBEHHBIN aHAIIN3 PEJYJIbTATOB, IOJy4aEMbIX HA CKAHEPaX.

B nmanHoOif paboTe JEMOHCTPHUPYIOTCS PE3yJIbTaThl CPAaBHEHHUS IBYX (Da30BBIX CKAHEPOB:
Imager5003, xomnanus Zoller und Frohlich, u LS880, komnanwust Faro. Mb1 uccnenosanu
KaueCTBO CKaHOB MOJIyYaeMbIX C UCIIOJIb30BAHUEM ITUX JIBYX CKaHEPOB JJIA LIEJIOTO psija
MOBEPXHOCTEN C Pa3IMYHBIMU OTPAXKATEIbHBIMU XapakTepucThukamu. C 3TOH LENbIO
Y MOMOIIM 000MX CKaHEepOB ObLIa MpockaHupoBaHa TectoBas kapra Esser TE 109. Te-
CTOBAsl KapTa COCTOUT U3 IIECTH PA3IMYHBIX CEPBIX YIACTKOB C KOd(DPHUIIMEeHTaMu OTpa-
KeHus B quana3one ot 71% s 6enbix moBepxHocteit 10 0.05% 1t uepHbBIX MOBEPXHO-
creii. Kapra ObUta mpockaHUpOBaHa ¢ pacCTOSHUSA 4 M TIOJ] YETHIPbMSI Pa3IMYHBIMU yTJia-
MU B CTaOMIbHBIX ycnoBusiX. C IeNbl0 CpaBHEHUS Pe3yJIbTaTOB CKAHUPOBAHUS, MONIY-
YEHHBIX Ha 000MX CKaHepax, ObUI MPOBE/CH NMOYYacTKOBBIN (patchwise) ananus (i) yucna
MIPOCKAaHUPOBAHHBIX TOYEK; (11) MHTEHCUBHOCTU MPOCKAHUPOBAHHBIX TOYEK; (ii1) AOCTO-
BEPHOCTU U TOYHOCTH (precision) NpUBEACHHS K JIOKATbHON MIIOCKOCTH.

Hamm wuccnenoBanus mnokazanu, uyto ckanep FARO LS880 mno3Bonsier mogyduThb
Oonpiree, yem ckanep Imager5003, KonnyecTBO TOYEK Ha OoJiee TEMHBIX y4acTKaxX, TO-
raa kak ckadep Imager5003 maet meHee 3anrymieHHbIe naHHble. OOBICHEHHE ATOTO (e-
HOMEHA, TaK K€ KaK U CBEJECHUS O KOJUYECTBE YHEPTrUU MOTIOIMIEHHOTO U OTPAXKEHHOTO
W3ITYYCHUS, IPUXOIAIIEMCS Ha KKl CephId y4aCcTOK KapThl, OyAYyT JaHBI B X0/ aHa-
nu3a pe3ynbTatoB. OCHOBHOE 3aKIIIOUEHUE, CACaHHOE HAaMH 10 pe3yjbTaTaM MpeaCcTaB-
JICHHBIX JKCIIEPUMEHTOB, COCTOMT B TOM, Y4TO 00a PacCMOTPEHHBIX HaMH CKaHepa Jie-
MOHCTPHUPYIOT XapaKTEPUCTUKU, OTIUYHBIE OT 3aJJaHHBIX [IPOU3BOAUTEIIEM, JIHIIb B IKC-
TPEMAaIIbHBIX CIIyJasiX.



1 Introduction

The principle of distance measurement with a laser and the generation of
many measurements in one scan procedure is known since the 80°s [1] Most
laser scanners determine a panoramic scan of the 3D surrounding of the
scanner. Scan points are stored in a spherical coordinate system, centered at
the scanner. For each single scan point, a vertical angle ¢ , a horizontal
angle 3 and a range R between scanner and object is stored. A relative
intensity of the signal as captured by the scanner is stored as well. The
(¢ .9 .R) -coordinates are generally transformed into a Cartesian (x,y,z)-
coordinate system. Instead of measuring the time of flight, like pulse based
scanners, phase based systems rely on a bi- and tri-phase modulation of the
laser light frequency. The range is determined from differences in phase
between the emitted and received laser signal. The wave length of the
largest or carrier wave is around 80 meters, depending on the manufacturer.
Because the phase angle of both the emitted and received signal differ
continuously, a phase based scanner can measure the distance continuously
as well, which results in a scanning speed of approximately 125.000 points
per second.

The accuracy of time of flight scanners and phase based scanners is
comparable. The manufacturers give out range accuracies at millimeter level
at a scanning distance of 10m. The positional accuracy of a scan point is
reported to be in the order of a few millimeters as well. The values as given
by the manufacturers should be interpreted as average accuracies. The
reason for this is the dependence of the accuracy on the mechanics of the
laser scanner, the environmental conditions at the time of scanning and on
the specific surface characteristics of the object.

Experience has shown that scanning surfaces of different reflectivity
characteristics results in systematic biases. This can lead to serious data
jumps, if objects consisting of differently reflecting materials are scanned.
The only way to avoid these problems is to coat the object with a unique
material, but this is almost never possible. An insight in the performance of
different laser scanners on different materials with known reflectivity can be
used to determine the expected errors.

In this publication we analyze the influence of the intensity remission on the
scan quality. For this purpose an Esser Test Chart TE 109 (Fig. 1) consisting
of grey patches ranging from a highly reflective white patch to a strongly
absorptive black patch is scanned under the same conditions by two



different scanners, the Z&F Imager 5003 and the Faro HS880. For every
patch in the test chart the scan points returned from that patch are isolated,
counted and adjusted to a plane. The number of returned points and the
planar parameters give insight in the relative quality of the scan points for
that particular patch.

In Section 2 the physics of scattering and absorption is discussed and the
measurement setup is described, while in Section 3 the results of the test
scans are given and discussed. Conclusions and an outlook to further
experiments are given in Section 4.
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Figure 1: The Esser Test chart TE 109

2 Scatter theory and experiment set up

When the monochromatic laser light of about 780 nm frequency hits the
object surface, it is redistributed in a way dependent on the surface
characteristics. In order to understand this interaction insight in the theory
of scattering and absorption is needed, [10]. Specular scattering occurs,
when the surface of an object is sufficiently smooth. According to the law
of reflection, a light ray will be bounced by a shiny surface like water, glass
or mirrors under an angle of reflection that is equal to the angle of
incidence. As a result no signal will return to the scanner, if the object is not
scanned perpendicular to the object surface. In the other extreme case of an
ideally rough surface, so-called Lambertian scattering occurs. Incoming
light is reflected equally in all directions. If the amount of scattering is made
one-parameter dependent on the surface normal, one obtains the Minnaert
model. In this sense, Lambertian scattering is just a special case of
Minnaert scattering. The Minnaert model can be extended by a specular
dependency by incorporating a Henvey-Greenstein term [10], parameterized
by an anisotropy parameter.

Scattering describes the redistribution of the laser light when it hits the
object surface. The transition of laser light into heat on an object is called
absorption. Remission quantifies the amount of absorption. If the remission



is 100%, all incoming light is scattered and no light is absorbed. Typically
white surfaces have a high remission in contrast to black surfaces.

The process of scattering and absorption is illustrated in Fig. 2. A light and
smooth object, Fig. 2a, will behave dominantly specular. A darker object,
Fig. 2b, will absorb more laser light. Rough surfaces, Fig. 2c¢ and Fig 2d,
will behave more Lambertian.
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In the described experiment scans of object patches with known remission
are compared. For this purpose an Esser test chart TE 109 is used, see Fig.
1. This plate consists of two 5-graduated counter current grey scales that are
arranged on a grey background. In between the two rows of grey value
patches, a field of black velvet is located. The remission values of the
patches are given in Table 1. It is expected that the black velvet will absorb
most of the incoming laser light, which results in a remission close to O.
Table 1 also gives the relative brightness and the output voltage of the
different patches. The relative brightness values refer to differences in
luminance as observed by a standardized human eye model [8]. The
brightness values are determined relative to Barium Sulfate (BaO4S), which
is set to 0. BaO4S has a total reflection and is used in mirrors. The output
voltage gives the amount of energy reflected, relative to the white patch.
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Figure 2: Scattering and absorption of laser light




Table 1: The remission table for all grey patches on the Esser Test Chart TE 109

Patch Relative Brightness = Remission [%] Output voltage [%)]

1 white 0.15 71 100
2 0.37 43 77.5
3 0.65 22 55
4 1.05 09 325

5 black 1.75 02 10

6 velvet 0 <0.05 0

The test chart is placed in front of a white plate at a distance of
approximately 4 m. The chart is positioned facing the scanner which implies
that scanning angles are never larger than about 3 degrees. The chart is
scanned by both the Z&F Imager 5003 and the Faro LS880 scanner. It
should be noted, that the scan resolution for the Faro LS880 is about two
times as high in this experiment. For both scanners we determine and
analyze the following parameter values for all seven patches.

1. Amount of points measured by the scanner
2. Average point intensity per patch
3. Precision and reliability of a patch wise planar adjustment.

If all scan points are ideally recorded, the points form a regular raster in the
(b ,9) -plane. 40 and 49 between two neighboring points are the vertical
and horizontal angle increments of the scanner. In case of strong specular
reflection or small remission it is expected however that points are lost in
the scan process. The point intensity at the scanner receiver unit depends on
the absorption and scattering behavior of the patch because the laser energy
is either absorbed by the patch or scattered in different directions. The patch
wise adjustment to a plane gives insight in how the individual quality of the
scan points and their total number propagates into the parameter values
describing the quality of the planar fit. For this purpose the bias with respect
to the values obtained from a planar adjustment of the large background
gray patch is determined together with the spread or Root Mean Square
Error (RMSE) of the patch wise adjustments.



3 Results

The resulting scans of the test chart from both scanners are visualized in
Fig. 3 and 4. The individual scan points as returned from the different
patches are clearly visible. The points are colored by intensity. Clearly the
intensities differ strongly per patch. Also one can observe that in some
patches points are missing.

Table 2: Performance statistics per gray value patch of the Z&F Imager 5003 and the Faro LS880
scanners.

Patch Imager 5003 Faro LS880

il;oizts Intensity ¢ in 1;112: in il:loizts Intensity g:rlr: giz:rslm
1 white 100.0 0.60  0.90 1.04 100.0 0.62 234 -345
2 100.0 0.38 1.03 0.95 99.0 038 281 -047
3 97.5 034 1.33 0.78 92.5 034 242 -0.48
4 100.0 0.08 3.27 0.80 91.5 0.07 576 -1.36
5 black 100.0 0.04 7.07 -2.60 85.1 0.05 7.85 2.50
6 velvet 85.5 0.05 9.85 -6.26 82.6 0.05 10.20 0.94

3.1 The number of points scanned

In Table 2 the percentages of outgoing vs. returning points are given for all
seven patches and for both scanners. It can be seen that for both scanners
most intended measurements were received, even for the black velvet patch.
For both scanners about 15%-20% of the points are missing for this patch.
This negative result on the black velvet is still better as expected however,
because of the low remission characteristic of this patch of only 0.05 %. The
exact numbers in Table 2 are maybe influenced by the different scan
resolutions for the two scanners.



3.2 Intensity values of the scanned points

Intensity values represent the strength of the returning signal. In Table 2
mean normalized patch wise intensity values are given with values between
0 and 1. Recall that the white patch has the highest remission value, which
means that it reflects more energy of the incoming signal than the other
patches. As expected the measured intensity values are highest for this
patch, while the average intensity decreases with decreasing remission until
the fifth patch. The black and the black velvet patch show comparable
results. It was expected that the black velvet would perform even worse,
because complete absorption is expected with a remission value of close to

0%, compare Table 1.

different pathes with their true intensity values for a 0 degrees scan angle; IMAGER 5002
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Figure 3: The grey level patches of the Esser Test Chart TE 109 measured with the IMAGER 5003
upper row the white patch is on the left ranging to black on the right. The black velvet is located in the

middle. The bottom row ranges from black (left) to white (right)
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different pathes with their true intensity values for a 0 degrees scan angle
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Figure 4: The grey level patches of the Esser Test Chart TE 109 measured with the Faro

LS 880. The patch arrangement is the same as in Figure 3.



3.3 Reliability and precision of a local plane adjustment

The reliability and precision is examined by fitting a least squares plane, [9],
through the recorded scan points per patch. These planes are visualized in
Fig. 5. Clearly the adjusted planes have different positions and orientations
with respect to the overall fitted plane. This indicates that the reliability of
the planar parameters differs for the different patches. A measure for the
reliability is given by the bias. The patch wise bias is defined here as the
difference between the range coordinate of the middle of the adjusted plane
and the range coordinate of the gray background of the test chart, compare
Fig. 1. The biases are also given in Table 2. The spread of the adjustment
residuals is a measure for the precision of the scans. In Table 2 the standard
deviations, ¢, in mm of the residuals give insight in the spreading of the
points per patch.

It can be seen for both scanners that basically the precision decreases with
decreasing remission value and decreasing intensity value. What is striking
is that even for not extreme cases the difference in precision is very
significant, e.g. the standard deviation is more than doubled from patch 1 to
patch 4 for both scanners. The bias values do not show a clear pattern. Both
positive and negative biases of values up to a few mm are detected. In
general the middle patches (not white, not black) give the best results.

offset grey value patches wrt the mean plate model; FARO O [deg] offset grey value patches wrt the mean plate model; IMAGER 0 [deg]

Figure 5: The location of the LSQ-planes of the grey value patches of the test chart wit respect to the
average plane through these patches at a scan angle of 0[°]. To remember: the test chart consists of the
following grey patches (from bottom left to bottom right): white, light grey, middle grey, dark grey and
black. On the top exactly the other way around and they are separated by a large patch of black velvet.
Left: the patches for the average plane determined for the FARO LS 880. Right: the patches for the
average plane determined for the IMAGER 5003.



4 Discussion, Conclusion and Further research

The general conclusion is that light surfaces are scanned with a higher
accuracy than darker surfaces. This is due to a high remission value of light
surfaces, which results in higher intensity values measured. Avoiding
scanning black and dark objects with a phase shift laser scanner is the best
solution, but for a scan angle of 0 degrees, as used in these experiments, the
result is still reasonably reliable on dark surfaces. When comparing the
reliability parameters of the two laser scanners it can be said that the output
scans obtained with both scanners are evenly reliable with respect to the
different reflectivity characteristics. It has to be taken into account that a fair
comparison between both scanners is not valid, because the results of the
Faro LS880 concerns non-filtered data, while the IMAGER 5003 filters the
data directly after scanning. Therefore, the conclusions drawn in this
paragraph are only valid for the performances of both scanners with respect
to their output scans.

The patches of the test plate are connected, Fig.1. The non-parallelism of
the adjusted patches [Fig.5] with respect to the average plane can therefore
most likely be explained by mixed points that influence the plane fitting.
This problem is less strong for the IMAGER 5003, but this can be explained
by the fact that the IMAGER 5003 filters before the output is created. This
leads to more parallel plane fits. Fig 5. shows that the two scanners obtain
almost opposite results with respect to the sign of the bias. The models of
the darker patches obtained with the IMAGER 5003 are located behind the
average plane in general. The brighter patches are located in front of the
plane. For the FARO LS 880 this is the other way around. It is not possible
to give a general conclusion with respect to the offset features caused by
differences in reflectivity characteristics. In order to get this information
additional research will be made to understand the behavior of different
reflectivity characteristics. Furthermore, it can be seen from Table 2 and
Fig. 5 that the biases of the IMAGER 5003 are very small for the brighter
patches; on sub-millimeter level in most situations. The biases of the FARO
LS 880 vary more for these patches and they are within millimeter level. It
can also be seen that the biases for the darker patches are smaller for the
FARO LS 880. Further research will be done on the characteristic bias
determinations caused by reflectivity. Taking an average plane on which the
performances of laser scanners is known will improve the results, because
the influence of one grey value can be examined easier and exact. Another
future mission to improve the experiments is to examine one grey value per
scan to eliminate mixed reflectivity information that can influence the
results negatively. In the upcoming experiments we plan to separate the
effect of absorption from the effect of reflectivity.
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