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Abstract: The popularity of mobile laser scanning systems as a surveying tool is growing among
construction contractors, architects, land surveyors, and urban planners. The user-friendliness and
rapid capture of precise and complete data on places and objects make them serious competitors for
traditional surveying approaches. Considering the low cost and constantly improving availability of
Mobile Laser Scanning (MLS), mainly handheld surveying tools, the measurement possibilities seem
unlimited. We conducted a comprehensive investigation into the quality and accuracy of a point
cloud generated by a recently marketed low-cost mobile surveying system, the MandEye MLS. The
purpose of the study is to conduct exhaustive laboratory tests to determine the actual metrological
characteristics of the device. The test facility was the surveying laboratory of the University of
Agriculture in Krakéw. The results of the MLS measurements (dynamic and static) were juxtaposed
with a reference base, a geometric system of reference points in the laboratory, and in relation to
a reference point cloud from a higher-class laser scanner: Leica ScanStation P40 TLS. The Authors
verified the geometry of the point cloud, technical parameters, and data structure, as well as whether
it can be used for surveying and mapping objects by assessing the point cloud density, noise and
measurement errors, and detectability of objects in the cloud.

Keywords: MLS; LiDAR; non-repetitive; low-cost scanning; scanning accuracy and precision;
measuring instrument

1. Introduction: Research on Low-Cost Mobile Scanners

Recent years saw the commercial emergence of smaller and inexpensive solutions
primarily for autonomous vehicles and robotics as an offshoot of precise, high-resolution
scanning systems dedicated to spatial surveys. Their growth is driven by the increasing
demand for low-cost systems that can provide volumetric spatial information in real
time. These devices are increasingly common in terrestrial static and dynamic mapping
systems as primary sensors or on UAVs. More and more authors publish the results
of their tests of such instruments regarding their measurement characteristics, such as
accuracy, data density, noise, or artifacts. For example, Ortiz Arteaga and colleagues [1]
presented results on the performance of a low-cost automotive LiDAR, Livox Mid-40 (Livox,
Livox Technology Company Limited Co., Hong Kong https://www.livoxtech.com). Their
objective was to investigate the quality of the sensor for ranging, repeatability, and accuracy.
Their results indicated that the device could be used for reality capture purposes, such as to
generate rough as-built plans or volume calculations. The reference values for accuracy tests
came from Leica RTC 360 (Leica Geosystems, Hexagon, Germany). Other sources provide
insight into the calibration and stability of such scanners. For example, Glennie et al. [2]
contributed such data for Velodyne VLP-16. A work by Glennie and Hartzell [3], ‘Accuracy
assessment and calibration of low-cost autonomous lidar sensors’, provides a detailed
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methodology for the metrological evaluation of low-cost mobile laser scanners, with Livox
Mid-40 and Ouster OS1-64 as examples. These authors also employed reference data from
a terrestrial laser scanner (Riegl VZ-2000; RIEGL Laser Measurement Systems GmbH,
Austria). Many other publications tackle the issues of the calibration and integration of
low-cost laser scanners with inertial modules and other sensors concerning their accuracy
and adjustment of trajectory [4,5] or the accuracy of volumetric data [6,7]. Other authors
discussed in depth the combination of Simultaneous Localization and Mapping (SLAM)
algorithms and low-cost scanners with a small Field of View (FOV) [8,9].

An assessment of the accuracy and precision of laser scanners (regardless of the mode)
has to consider the numerous sources of errors that affect the outcomes [10]. The first
group of accuracy factors is the problem of ranging with laser rangefinders. The ranging
system in laser scanners determines the critical parameters of these devices, namely, the
range, accuracy, scanning time, and noise. Scanning systems employ three categories
of ranging methods: distance measurement through triangulation, methods based on
time of flight, and interferometric methods [11-13]. Laser scanners’ time-of-flight-ranging
systems draw on solutions found in electro-optical rangefinders and total stations. The
methods used in these devices take advantage of the property of light waves travelling
through the air at a known speed. The distance is calculated by measuring the time
it takes an emitted signal to make the round trip to the measured object and back [14].
This time can be measured with two methods that use two forms of the signal: direct
(pulse) and indirect (phase). The direct method involves a direct measurement of the
travel time of a discrete pulse [15], while the indirect method measures the time of a
continuous sinusoidal light wave. The precision of the direct method is affected by the
accuracy of the time measurement, which needs to be high considering the speed of light.
The accuracy can be improved by employing a series of pulses emitted at a constant
frequency [15-17]. Apart from the time measurement accuracy, the reliability of the direct
ranging method is determined by how the return signal is detected [18,19]. The indirect
method involves the emission and reception of a continuous sinusoidal wave (CW) signal.
A comparison of the received, reflected signal with the emitted reference wave can be used
to measure the time indirectly. The signal can be modulated in several ways: through
amplitude modulation (AM), frequency modulation (FM), polarization modulation, or
pseudo-noise modulation [12,18,20]. Phase-based laser scanners modulate the light-wave
beam by changing its phase and measure the difference between the outgoing and incoming
signal phases or the phase shift, using phase modulation of the laser light to determine
distance [16,17]. The direct method facilitates a longer range at the cost of limited accuracy.
Despite precise time-measuring devices, the accuracy of pulse laser scanners is much lower
than that of phase-based scanners. They are also slower. The wavelength seriously limits
the phase ranging method, which determines the maximum scanning range and is prone
to interference: points outside the maximum range are assigned a wrong distance.

Another accuracy factor is the scanner design errors that violate primary geometrical
requirements for measuring instruments. Considering that most laser scanners have
rotating mirrors for beam deflection, a slight angular difference in the mirror system can
result in a significant error in point cloud coordinates, which grows as a function of distance
to the scanner. The angular accuracy depends on the mirror positioning error and the
angular accuracy of the measuring device. The problem of the angular accuracy of laser
scanners is discussed as a specific case of laser scanner positioning [20]. The next type of
error of the instrument is connected with the beam spot size, which directly influences the
severity of the edge effect [21]. The laser beam is highly coherent, monochromatic, and
directional. Additionally, its divergence angle does not exceed several milliradians. Due
to monochromaticity, the laser emits a very narrow wavelength, yielding high accuracy,
particularly for phase-based measurements. Thanks to high directionality, the laser beam
diameter increases only slightly with distance [22]. The beam spot diameter is a critical
parameter of laser scanning. It grows linearly with the distance. Spot size change is
connected with how a Gaussian beam is propagated because the laser beam is considered
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Gaussian [23]. At the same time, as the incidence angle of the laser beam (from normal to the
surface) increases, the spot diameter grows, and the spot becomes oval and elongated. These
are the direct causes of the edge effect. The edge effect was discussed by Boehler et al. [24],
Cosarca et al. [10], and Klapa and Mitka [21], who demonstrated that its impact on point
positioning accuracy cannot be overstated.

Another source of errors dragging point positioning accuracy down is factors inher-
ent to the measured object, particularly its reflective properties, beam dispersion, and
incidence angle [10]. The intensity of the reflected pulse depends on the reflective prop-
erties of the object’s material, affected by color, coarseness, temperature, and moisture
content [25]. Boehler et al. [24] proposed an empirical method for determining the reflective
properties. The problem was also investigated by Kersten et al. [26], Pesci et al. [25], and
Cosarca et al. [10]. Intensity also depends on the scanned material’s humidity because the
water content can affect wave reflection [10].

The incidence angle is also a factor, depending on the scanner’s position relative to
the object and the object’s geometry. As the incidence angle increases, the spot size grows,
and the positioning accuracy deteriorates, as does the intensity of the return signal. Clark
and Robson [27] concluded that the optimal scanner—object arrangement is when the laser
beam is perpendicular to the scanned surface. Properly planning the number and density
of stations can help eliminate incidence-related errors. At the same time, the larger the
incidence angle, the lower the point cloud density. Clark et al. [27] noted an increase in
noise for angles over 75 degrees. Beam scattering is yet another determinant of data quality.
According to the law of reflection, the incidence angle is equal to the reflection angle, and
the incidence angle, reflection angle, and the normal to the surface lie in the same plane.
This is true only for perfectly smooth surfaces; otherwise, the laser beam is scattered [27].

The third group of measurement accuracy factors are environmental circumstances.
These include temperature, humidity, ambient lighting, and dust [10,27]. Changes in
these parameters affect the refractive index. The engineer should always observe the
manufacturer’s working temperature recommendations during scanning. The last group
is procedural errors due to poor scan planning. These include selecting an inappropriate
measurement method and scanner or poor station position planning [28]. Before every
scan, the engineer needs to analyze the object’s geometry, color, and texture because these
parameters directly affect the positioning accuracy [29].

Despite its tremendous potential, MLS still requires human intervention and post-
processing to yield the desired results. Nevertheless, mobile mapping systems can address
some problems of traditional static methods, particularly concerning time efficiency, which
refers to the significantly reduced time required for data collection, scanning, and post-
processing, as confirmed in tests where the two were juxtaposed [30]. Although data
inpainting is necessary in most cases to obtain a reliable result, which demonstrates the
technical and methodological limitations of laser scanners [31,32], manual mobile scanners
are gaining popularity thanks to their speed and accuracy. Apart from construction, mobile
laser scanning is widely used in various domains, such as cultural heritage and archeology,
environmental monitoring, forestry, agriculture, and many more [31].

This article aims to determine the metrological characteristics of the low-cost mobile
laser scanner MandEye (MANDALA ROBOTICS—]Janusz Bedkowski, Poland, https://
mandalarobotics.com). The mobile handheld laser scanner MandEye is a relatively new
solution marketed first in 2023. The hardware and software concept was presented by
the creator, J. Bedkowski, in ‘Open source, open hardware hand-held mobile mapping
system for large scale surveys’ [33]. The open-hardware project (https://github.com/
JanuszBedkowski/mandeye_controller (accessed on 15 May 2024) [34] provides all the
necessary information on how to construct a handheld mobile mapping system that records
3D and IMU (Inertial Measurement Unit) data. The open-source project (https://github.
com/MapsHD/HDMapping (accessed on 29 May 2024)) [35] consists of three components:

e LiDAR odometry (step 1)
e  multi-view TLS (Terrestrial Laser Scanner) registration (step 2)
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e  multi-session registration (step 3).

The metrological characteristics tests involved measurements under laboratory condi-
tions using reference objects and a reference base from data generated by a higher-accuracy
laser scanner, Leica ScanStation P40 TLS (Leica Geosystems, Hexagon, Germany). The tests
focused on the metrological characteristics and measurement properties of a point cloud
yielded by MandEye in the static and dynamic modes. In addition to the measurement,
data processing, and analyses for determining the device’s measurement parameters, we
also set out to verify whether using it in land surveying is possible. This was accomplished
by assessing the correctness, accuracy, and stability of object detectability in a MandEye
MLS point cloud against the reference base.

The article is structured into four primary parts. The introduction, along with a review
of past tests of handheld MLS accuracy and characteristics of laser scanner measurement
errors, is followed by the second part, which presents research methods and measuring
tools used in the study, together with the research diagram. The third part presents and
discusses the results in the context of outcomes reported in the literature. The last part is a
summary with conclusions from the tests and accuracy analyses. It provides insights into
the potential practical use of the handheld low-cost mobile laser scanner MandEye.

2. Materials and Methods
2.1. Laboratory Tests—Test Field

The surveying laboratory of the Faculty of Environmental Engineering and Land
Surveying, University of Agriculture in Krakow, is located in the basement of the faculty
building at 253c Balicka Street in Krakow, Poland. The laboratory is 37.40 m long, 6.78 m
wide, and 4.22 m high. The temperature, atmospheric pressure, and air humidity in the
room are monitored by a digital weather station. There are 14 concrete pedestals in the
room in two rows of seven. There are steel leveled heads on their tops for the forced
centering of instruments and targets (including high-precision spheres for laser scanners).
The pedestals are evenly distributed along the length of the room. Each head has a central
point and three or seven eccentric seats for measuring instruments (Figure 1a). All the
heads have been leveled, and their heights have been determined by adjusted precision
leveling. Moreover, all the pedestals have height marks to monitor the height frame of the
entire room. The XY coordinates of the central and eccentric points of the heads have been
precisely determined (multiple adjusted surveys with a precise total station) for the local
frame and provide the reference frame for laboratory research.

(b)

Figure 1. The laboratory: (a) general view, (b) survey points.

In addition, there are survey points on the laboratory walls and ceiling (Figure 1b), namely:

black and white targets for laser scanners;
Leica GMP104 prisms;
pieces of reflective film.
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The local laboratory XYZ coordinates of all the points have been determined with the
survey base. The points on the heads, walls, and ceiling, whose XYZ coordinates have
been precisely determined, constitute the volumetric calibration field for research on the
following:

the measurement accuracy of laser scanners and surveying instruments;
the relative orientation of devices in complex measurement systems;
the absolute orientation of mobile measuring systems.

Researchers can obtain reliable results for various measuring devices by selecting the
right tie-up and control points, applying dedicated surveying and post-processing methods
for each tested device, and using auxiliary measured objects and control devices in the
laboratory.

The laboratory tests of the low-cost manual laser scanner consisted of several se-
quences, including static and dynamic measurements, at various locations and tilts of the
test sensor (Table 1 and Figure 2).

Table 1. Low-cost laser scanner test measurement variants.

Measurement Mode Variants

point cloud from a station on a concrete pedestal (close to SL1, SP1)

point cloud from a station on a concrete pedestal (close to SL3, SP3,

MandEye, static mode i
SL4, SP4); exposition close to the reference

point cloud from a station on a concrete pedestal (close to SL7, SP7)

point cloud with a 0° tilt of the scanner, no thinning, and no
manual adjustment

MandEye, dynamic mode - - - —
ye &y point cloud with a 30° tilt of the scanner, no thinning, and no
manual adjustment
Leica ScanStation P40 measurement with a resolution of 3 mm at 6 m on station SL3

®SL7 Cpy
r{Z)sm Zpe
s | %ps
®5L4 Sy
/,«"'7QE1‘5'~“\
,qug,"'QEl‘an ..\\
A - %3
' Qn: OSLID
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Oz = |
Qe 7 SL1 1
QL]] @ @
SL1 SP1

Figure 2. Test laboratory.

The data that most clearly reflected the geometry of the test object in the static and
dynamic modes were extracted. The laboratory tests of the metrological characteristics of
the low-cost handheld mobile scanner involved a juxtaposition of two sets of 3D data:
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MandEye static mode;
MandEye dynamic mode;
reference data from Leica ScanStation P40.

The compared datasets had the maximum object geometry scene from two sessions
and diversified measurement modes.

2.2. MandEye Device—LIVOX: Technical Specifications and Optical Analysis

The test device is a mobile handheld laser scanner, MandEye, with open software and
the Livox Mid-360 sensor (Livox, Livox Technology Company Limited Co., Hong Kong
https:/ /www.livoxtech.com) (Figure 3). Mid-360 is the latest generation of the Livox LIDAR
for low-speed robotics. Unlike conventional mechanical LiDAR systems, it is powered by
Livox’s rotating mirror hybrid-solid technology (Table 2) [https://www.livoxtech.com/
mid-360 (accessed on 15 May 2024) [36]].

(a) (b)

0.1s 0.2s 05s 1s

(©

Figure 3. The Livox Mid-360 sensor: (a) the sensor; (b) scanning process; (c) point cloud patterns of
the Livox Mid-360 accumulated over different integration times; source: Livox Mid-360 User Manual
v1.2,2024.

Table 2. Livox Mid-360 specifications.

Laser wavelength 905 nm
Laser safety Class 1 (IEC 60825-1:2014 [37]) (safe for eyes)

40 m at 10% object reflectivity
70 m at 80% object reflectivity

Horizontal: 360°
vertical: —7~52°

Detection range

Field of view

Distance random error <2cmat1l0m
Angular random error <0.15°

Point rate 200,000 points/s
Frame rate 10 Hz

Source: Livox Mid-360 User Manual v1.2, 2024, https:/ /www.livoxtech.com/mid-360/downloads (accessed on
15 May 2024).
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The MandEye device, utilizing the Livox Mid-360 LiDAR scanner (Livox, Livox Tech-
nology Company Limited Co., Hong Kong https://www.livoxtech.com), operates at a
laser wavelength of 905 nm, ensuring optimal parameters for a wide range of measurement
applications while maintaining user safety (Class 1 according to IEC 60825-1:2014). The
Livox Mid-360 employs advanced non-repetitive scanning technology, enabling high point
cloud density and broader field-of-view (FOV) coverage, which is 360° horizontally and 59°
vertically (Figure 4). The effective detection of objects depends on their position within the
FOV; the detection range is shorter near the upper edge and longer near the lower edge. The
measurement accuracy can reach up to 2 cm at a distance of 10 m, though this value may
be influenced by environmental factors such as temperature and humidity, which can affect
both accuracy and the device’s lifespan. Additionally, the Livox Mid-360 is equipped with
an overheating protection mechanism and an automatic self-heating function for extremely
low temperatures, allowing for operation across a wide temperature range from —20 °C
to 55 °C, which is crucial for ensuring reliability in various environmental conditions
[https:/ /www.livoxtech.com/mid-360 (accessed on 15 May 2024) [36]].

Figure 4. Measurement Range of the Scanner; source: https://www.livoxtech.com /mid-360 (accessed
on 15 May 2024) [36].

2.3. Reference Data

The 3D reference data for the tests (Figure 5a) were captured with a terrestrial laser
scanner Leica ScanStation P40 (Figure 5b). Leica ScanStation P40 has a distance accuracy of
1.2 mm + 10 ppm, a point accuracy of 3 mm at 50 m horizontal and 6 mm at 50 m vertical,
and high-quality noise removal at the stage of capturing TLS data, with a Root Mean
Square (RMS) error of 0.4 mm at 10 m horizontal and of 0.5 mm RMS at 50 m vertical. This
RMS value represents the standard deviation of the differences between the measured and
true values, providing an indication of the accuracy of the noise reduction at the specified
distances [38].

e

(a) (b)

Figure 5. The measuring suite: (a) MandEye MLS, source: www.datcap.eu (accessed on 1 July
2024) [39]; (b) Leica P40 TLS, source: www.leica-geosystems.com (accessed on 5 July 2024) [38].
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2.4. Scanning Outcomes

The scans yielded three cloud datasets that are different in terms of the number of
points, capture time, and measurement mode. The consistencies among point clusters in
the investigated data are compared below and divided into the top view (Table 3), side
view (Table 4), isometric view, and cross-section view (detail) (Table 5). In a quantitative
analysis, one should note both the degree of object geometry representation and the level
of measurement noise, including room continuity artifacts (Table 4: Side view).

Table 3. Top view of the scan datasets.

(a) Leica ScanStation P40

Point Cloud Info X

are: <29E9 ~
biect rfo
Scariw/old Name = Leica P4Q_50%

{umber of Poits (€ stinaled) = 237146222

- 0935
Bad Face Min Depth Change = 0100 m
Angle =57.000 deg
2d Face Noimal Angle Consistency = 5 000 deg
olor = [0, 255, 0]

F

< >

[ Automaticall Update

bent Cloud nfo

ame: <DB56>
biect Info
Nunber of Paints € simated) = 986724
M ntensity = 0.0000
asimum Ifensiy = 1.0000
4 | Color=(0,255,0]

utomaticaly Update:

More Inf,

(©)

Mare Irf.

Table 4. Side view of the scan datasets.

(a) Leica ScanStation P40
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Table 4. Cont.

(b) MandEye, static mode

(¢) MandEye, dynamic mode

Table 5. Isometric view of the scan datasets and cross-section view (detail).

(a) Leica ScanStation P40

(b) MandEye, static mode

() MandEye, dynamic mode

2.5. Evaluation of MLS Point Cloud Properties
2.5.1. Sampling Resolution

Using timestamps, points from one scanning cycle were filtered out. In this way, it
was able to determine horizontal and vertical sampling resolutions. As the scanner head
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employs non-repetitive scanning technology, consecutive scanning cycles improve the
point cloud density over time (Figures 3c and 6).

(b)

Figure 6. Basic measurement series: data sampling: (a) the smallest part of the measurement, four
measurement lines, the first measured points; (b) a single measurement series.

Angular sampling resolution: based on point coordinates (and station coordinates as
X'=0.00, Y =0.00):

e  The vertical sampling resolution between consecutive lines is 3.0 degrees;
e  The horizontal sampling resolution between consecutive points is 3.5 degrees.

2.5.2. Observation Values for Points in the Cloud

The tests were conducted on vertical planes (Figure 7) located at 6, 13, and 35 m from
the scanner. A sample of points from a single scanning session was tested (basic sampling:
Figure 6b). The mean values are shown in Table 6.

(a) (b)

Figure 7. Sampling resolution: (a) vertical; (b) horizontal.

Table 6. Sampling resolution of a single measurement series (Figure 6b).

Distance [m] 6 13 35
Vertical resolution [m] 0.11 0.44 0.79
Horizontal resolution [m] 0.14 0.53 0.71

We then analyzed the cloud point density for the sampling resolution of a one-second
measurement in the static mode (Table 7) (following the scanning process diagram in
Figure 3c).
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Table 7. Sampling resolution of the point cloud after one second of scanning in the static mode.

Distance [m] 6 13 35
Vertical resolution [m] 0.01-0.02 0.03-0.07 0.07-0.20
Horizontal resolution [m] 0.01-0.02 0.03-0.08 0.08-0.25

The sampling resolution and cloud density increase over the scanning duration and
with a growing number of scanning sessions. The density and sampling resolution are
unlimited for an object.

2.5.3. Noise Analysis: Cloud Point “Width’

We separated a 0.2 m slice from the point cloud to determine the measurement noise.
Then, we measured the mean ‘width’ of the cloud point on smooth wall faces at 5 m and
15 m from the scanner. The results are 0.015 m and 0.024 m, respectively (Figure 8).

(b)
Figure 8. Noise analysis for an object at (a) 5 m; (b) 15 m.

2.5.4. Scan Noise—Invalid Points

The analysis of noise and outlier distribution demonstrated that the share of points
considered invalid amounted to 0.2% of the total number of cloud points (Figure 9). The
identification of noise both inside and outside the room was conducted using an automatic
filtering algorithm that took into account both the local density of points and their distances
from neighboring points. This algorithm was based on distance-based filtering, which
effectively detected and removed points that were significantly distant from others, sug-
gesting they were erroneous measurements or noise. The process was fully automated, but
users had the option to adjust key parameters, such as the maximum allowable distance
between points, to precisely define the criteria for noise identification. As a result, the
algorithm automatically removed the points considered to be noise, significantly improving
the quality and reliability of the final point cloud.

Figure 9. Cont.
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Figure 9. Noise distribution (blue) in relation to the point cloud (red) for the (a) isometric view of the
object, (b) long-section of the object, and (c) cross-section of the object.

2.5.5. Identification of Target Points

The test of determination of well-defined points in the space of the scanned object
(Figure 10a) involved black and white targets on the laboratory’s walls (Figure 10b) and
ceiling (Figure 10c) and reference spheres (Figure 10d) positioned at regular intervals on
single eccentric seats on the forced-centering pedestals. The point of the test was to verify
whether it was possible to identify the centers of the black and white targets and white
spheres, taking into account the geometry of the latter. The identification of targets points
was accomplished by automatically detecting targets” means in Leica Cyclone software
version 9.1.

Figure 10. MandEye scans: (a) static mode; well-defined points in the space of the object (b) black
and white targets on the walls; (c) black and white targets on the ceiling; (d) reference spheres.

2.5.6. Consistency of Geometrical Data and References

Assessing the geometrical consistency with the reference involved comparing spatial
data captured with the low-cost scanner with a reference point cloud for geometric objects
such as a cylinder, wall, or corners. The Authors analyzed the accuracy of oval, flat, and
edge geometry for the test area by extracting a fragment of the point cloud from MandEye
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static mode and MandEye dynamic mode data and juxtaposing them with the reference
data from Leica ScanStation P40. The linear deviations for each compared pair were
detected and used as the metric of consistency of the geometric data with the reference.

3. Results
3.1. Identification of Target Points

The identification of well-defined points, black-and-white targets, in the space of the
scanned object demonstrated an 88% effectiveness for objects at 0-5 m from the MandEye
scanner (static mode) (Table 8 and Figure 11). At more than 5 m, the spatial data were
insufficient for estimating the center. The data from the dynamic mode were enough to
determine the centers of 31% of the black-and-white targets (Table 8 and Figure 11c).

Table 8. Identification of reference targets with the scan data.

. Leica MandEye MandEye
Target Distance [m]
ScanStation P40 Static Mode Dynamic Mode, 30°
0-5 100% 88%
5-10 100% -
10-15 100% - 31%
15-20 100% -
>20 100% -

@ B ©

Figure 11. Identification of the geometric center of a black and white target T002: (a) Leica ScanStation
P40, (b) MandEye, static mode, (¢) MandEye, dynamic mode.

As shown above, well-defined points in the space of the scanned objects were identified
nearly three times more often in the MandEye static scanning mode than in the dynamic
mode. This is because, in this particular case, the data quality from the static mode exhibits
less noise near the well-defined points (Figure 12).

Front View Side View

(a)

Figure 12. Cont.



Sensors 2024, 24, 6010

14 of 19

Figure 12. Identification of the geometric center of a black and white target: (a) MandEye, static
mode, (b) MandEye, dynamic mode.

The identification of well-defined points on the reference spheres in the space of the
scanned objects was unsuccessful both in the static and dynamic modes (Figure 13). The
noise level in the spatial data of the reference spheres from the low-cost laser scanner
prevented estimating the center in clouds before and after filtering. The cloud represen-
tation of the reference sphere in the clouds from the manual scanner is an example of an
artifact where the ghost effect affects the space outside and inside of the scanned object
(Figure 13b,c).

(b) O ©

Figure 13. Identification of the geometric center of a reference sphere: (a) Leica ScanStation P40,
(b) MandEye, static mode, (c¢) MandEye, dynamic mode.

The tie points identified in the Leica ScanStation P40 point clouds were the reference for
registering the MandEye static mode and MandEye dynamic mode point clouds. Adjusting
the point clouds yielded the mean absolute error for enabled constraints of £0.013 m
for the static dataset and +£0.017 m for the dynamic dataset. This level of geometrical
consistency between the point clouds is a preliminary parameter for assessing the quality
of the geometric accuracy of the low-cost handheld laser scanner.

3.2. Consistency of Geometrical Data and References

The assessment of the geometric consistency of scans from the low-cost MandEye laser
scanner with the reference point cloud for cylindrical objects demonstrated a consistency
of nearly 10 mm for the static mode and 15 mm for the dynamic mode (Table 9). Planar
representation in both datasets indicated a consistency below 10 mm (Table 10). However,
the MandEye static scan provided insufficient data for corners. In the mobile mode, the
corner and planar consistency was 10 mm (Table 11).
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Table 9. Assessment of dataset consistency with the reference for a cylindrical object.

Leica ScanStation P40 o
vs.

MandEye, Static Mode

Leica ScanStation P40 =
vs.
MandEye, Dynamic Mode L

Distance: 0.010377

0.004944 0.007780
0.006006 0.008462
0.006868 0.009124,

0.2

0.2

Table 10. Assessment of dataset consistency with the reference for a flat object.

Leica ScanStation P40 o
vS.

MandEye, Static Mode

Leica ScanStation P40 =
vs.
MandEye, Dynamic Mode L

Distance: 0007161

0004750 0.005770
-0.003217 0.00398
-0.004242 0.005323

0.2

0

0.009598 0.009674
0.001213 0.009707
-0.003450 0.001850

0.2

Table 11. Assessment of dataset consistency with the reference for an edge.

Leica ScanStation P40 o
Vs,

MandEye, Static Mode

Leica ScanStation P40 =
vs.
MandEye, Dynamic Mode L

— 1
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4. Discussion

The affordability of sensors and the availability of open software for data capture
and processing can be expected to drive the emergence of measuring solutions based
on this technology [40,41]. Therefore, research on the metrological parameters of such
solutions, both measuring instruments and mobile systems integrated with other sensors
(IMU, GNNS, cameras), is highly relevant. The research aimed to complete laboratory
measurements on a recently marketed low-cost mobile scanning system, the MandEye
handheld MLS.

Our test results offer several conclusions and hypotheses regarding the potential
applications of low-cost MLS with SLAM. Let us consider the completeness, quality, and
accuracy of the data captured with the scanner. Regarding data completeness, the dynamic
mode yielded negligible data voids compared to static solutions (Tables 3-5). This effect
can also be expected in field conditions, such as during as-is surveys of structures or
when constructing BIMs. The problem of data completeness and quality when using point
clouds from various sources for structure surveys or BIM has been discussed by numerous
authors [42-45].

Regarding data quality, although the nominal sampling resolution is relatively low
(Tables 6 and 7), the non-repetitive technology improves the point density rapidly so that
such geometric features as surfaces and edges can be clearly identified. A more extended
scan can densify the points to around a dozen times at a constant sampling rate, greater
head repositioning, and using multiple scanning sessions. Combined with the noise of
0.015-0.024 m and flat and cylindrical surface representation at 0.010-0.015 m, it suggests
that the device should be useful for modeling objects at lower levels of detail or for rapid
surveys of architectural objects to calculate areas or volumes [46].

Data accuracy is yet another aspect to be considered. Although the mean absolute
error of +0.013 m for the static dataset adjusted to the reference point cloud confirms the
accuracy parameters of the head declared by the manufacturer, the mean absolute error of
£0.017 m for the mobile datasets demonstrates that the trajectory adjustment algorithm
is indeed effective. Obviously, this result is easy to achieve under laboratory conditions
when the measurement path is short. Therefore, we intend to conduct further research in
the field.

Considering the results, we propose a hypothesis that the tested device will be suc-
cessfully used in areas where reduced data acquisition time compared to static scanning,
a high level of geometrical data completeness to eliminate uncertainty for modeling and
surveying construction and engineering structures, and centimeter-level geometric accu-
racy are essential. Such applications include the acquisition of data for various multivariate
analyses [47], object modeling with LoD1, LoD2, and BIM accuracy [48], surveys of urban
vegetation [49], and many others.

5. Conclusions

The laser scanner market is gaining momentum, offering new solutions at a rapid pace.
Therefore, it is recommended that the methodology and algorithms for determining the
measurement accuracy of such devices be investigated. Another argument for such research
is that scanner manufacturers provide specifications for the accuracy of their devices in
non-standardized ways or not at all. A methodology for testing accuracy parameters on
a dedicated test field can be applied to various devices and facilitates the comparison of
the results. There have been many scanners available commercially for several years. The
test field can be used to investigate changes in the accuracy parameters of such devices
between calibrations by the manufacturer.

The laboratory test filed at the Faculty of Environmental Engineering and Land Sur-
veying of the University of Agriculture in Krakéw for testing metrological characteristics
of laser scanners is on par with the facilities reported in the literature and can be used
for research identical to that described by the cited authors [1,3,6-9]. In addition, vast
swaths of land at the University of Agriculture in Krakow (Poland) can accommodate
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a field test site for real-case field measurements, particularly considering the scanning
range. Access to the university’s laboratory empowers our team to conduct research to
devise original procedures and algorithms for testing the measurement accuracies of laser
scanners. Furthermore, we have joined forces with other research centers and business
stakeholders in Poland to investigate the accuracy of laser scanning measuring systems. We
plan to conduct more extensive and exhaustive field tests of low-cost mobile laser scanners
in the future.
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