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Abstract: The performanceof various mobile laser scanning systewas tested o an
establishedirbantest field. The tesivas connectetb the European Spatial Data Research
(EuroSDR)projectii Mo b i | &gd Read Environment Mapping dihg Mobile Laser
S ¢ a n n $enegabcommercialna researctsystemscollectedlaserpoint cloud dataon
the sametest field The system comparissfiocusedon planimetric and el@ation errors
usingafiltered digital elevation modgepoles and buildhg corners athereference objects.
The resultsrevealed the high qualityf the point clouds generated by af the tested
systemsundergood GNSS conditions. With all professional systems properly calibrated,
the elevation accuracy was better than 3.5 cm ug tange of35 m. The best system
achieveda planimetric accuracyf 2.5 cmover arange of45 m. The planimetric errors
increasd as a function of range, but moderatstyif the system was properly calibrated.
The main focus omobile laser scannindgevelopment irthe nearfuture shouldoe on the
improvemenwf the trajectory solution, especially under nmieal conditions, using both
improvements irhardware and softwardest fields are relatively easy to implement in
built environmerdg andthey are feasible fowerifying and comparing the perfoamce of
different systemand also for improving system calibratitmnachieveoptimum quality.
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1. Introduction

Mobile mapping is currently an emergitechnology which isused toenhancehe attractiveness
of mobile phone ecosystems by collecting large data sets covering the biggest cities. Automatic
technigues to process the data into 3D models is a tdpicreasing importancsince accurate and
intelligent upto-date 3D roadside informatiowmill be needed in the futurespecially forvehicleand
pedestrian navigation and locatibased services. Most mobile mapping systems are based on images
taken fom mobile systems, but the usemobile laserscanning (MLS) together with imagesatso
increasing. The advantage of laser scanning is high level of automationn creating the geometry
for virtual models using point cloud data.

MLS is a multisensor system &t integrates various navigatiolaser scanningand other data
acquisition sensors on a rigid, moving platform (typicallyan ora car) foracquiring roaesidedata
The navigation sensors typically include Global Navigation Satellite System (GNSS) receivers and an
Inertial Measuremennit (IMU), while the data acquisition sensors typicafigludeterrestrial laser
scannergndimaging sgtems

Recent studies on MLS systems and their accuracyoedound in Barbeet al.[1], Brenner{2],
Clarke[3], EFSheimy[4], Frinh and Zakhoi5], Graham6], Haalaet al.[7], Hassan and Esheimy|[8],
Jaakkoleet al [9], Kukko [10], Kukko et al.[11i 13], Kukko and Hyypp414], Lehtomi et al.[15],
Manandhar and Shibasaki [16], Petrie [17], Skeal.[18], Steinhauseet al.[19], Tao and Li[20],
Weiss and Dietmay€21], Yu et al. [22] and Zhao and Shibasal&3i 25]. Mobile laser scanning
systems aréeingdeveloped both in the field of robotics and surveyiReglatively complete liss of
MLS systemdave been presentdaly Petre [17] andNarayand26].

The &periences gained in earlieemote sensingesearch have shown that permanent test fields
with accurate ground truth are valuable tools for analyzing the performance of remote sensing syst
and methodsTo be able to compa various systems or methodke test data should be from a
common test field this has also been demonstrated in an eaH@oSDR projectiiBuilding
Extractioro [27] andin the EuroSDR/ISPRS projediTree Extraction [28]. The task of omparing
mobile lasesscanning systems is challengiag the accuracy of the georeferenced point cloud is highly
dependent on the GNSS visibility durimtata acquisitiorand the satellite geometry is constantly
changing. Alspthe seasa of the yearccan dfect satellite visibilityif there aretall deciduous tres
close to the trajectory.

Prior to the present study, there have bemmly a few studiesthat have focused oMLS
comprehensively in combination witést fields. System manufacturers have camwigdand published
their own tests, butnly afew publications exist where system performahas beerexamined using
an established test fiemhdwhere thaesultshave beemnalyzed by an independent actor.

Barberet al.[1] used RTKGPS measurements collect reference data on two test sites to validate
the geometric accuracy ahe Streetmapper MLS system. The main fo¢hen was on elevation
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accuracywhile only a few control points, measured on white line markings on the road, were used for
the arlysis of planimetric accuracy

Researchers of tHegniversity of California at DavisUnited Stategjsed total station and static TLS
data to analyze the accuracy of MLS systems (Streetmapper 360, Optech Lynx and Ambercore Titan)
whenproducing digital érrain models of paveent surface$29]. Thenonly elevationaccuracy was
the subject of concern

Haalaet al.[7] demonstrated that the StreetMapper system could produce dense 3D measurements
with an accuracy level of 30 mm in good GNSS conditions. Furtbes the remaining differences
between the point clouds from different scanners, dudh@éamperfect boresight calibration of the
upward looking scanner, could be corrected during post progessnder degraded GNSS conditions,
they reported a georeferencing er@frup to 1m for the horizontal position. They also reported that
despite the limited absolute accuracy, 3D point measurements during bad GNSS conditions are still
useful, especiallyfithe purpose ignainly to exploit their reldive positions As an example they
presentedhat the standard deviation of such data is only 5 cthefpoints from two scanners are
combined and 2.6 cm if the points are separated for each scanner. Thusatsace feasible for the
extraction ofthe featues of windows or passagésa certain erroras totheir absolute position is
acceptable. Since the best laser systems in MLS are capjadd@matingthe range withan accuracy
of 2 mm andasdirectgeoreferencing dominates error propagation, an improvemasineeded in the
of georeferencing solutionThe options inimproving the georeferencing solution include more
accurate calibration ofhe relative orientation of the MLS system components, autic/nzanual
detection ofthoseobjects (the position of which is known) from the road sidesrtiegtbe used to
improve georeferencing, and development of nata dusion approaches for MLBhe most indepth
analysis of MLS quality thus far that preserd by Haalaet al.[7].

This paper concentrates evaluatinghe geometrical properties of laser point clouds collected by
various commercial and researtfasedMLS systems ingood GNSS conditionsnoan established
urbantestfield.

2. Benchmarking Mobile Laser Scanning Systems
2.1 Materials
2.11. Test keld

Thetest fieldwas implementeth Espoonlahti, about 16 kmest of Helsinki. The test fieldovers
one block arounthe Lippulaiva shopping maltovering 1700 mof road environment (Figurg). The
test field was divided into four sections separated by intersections as shown in Figure 1. GNSS
visibility from Sections A, B and D is good, although some trees and higher buildings may restrict the
visibility of lower satellites. As can be seen frone igital surface model in Figure 2, Sect©as
large trees standing close to the road, thus making the GNSS conditions far more challenging. There
are many types of buildings and other constructions, such as stairs and walls, in the area, as well a
hundreds of pole type objects, such as lamp posts, traffic signs and trees. The road area, as well a
most of the terrain close to the road, is very flat in Section A. The other sections are more variable in
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regard to terrain elevation, both on the roadaaand in the surroundings. The height difference
between the lowest and highest points along the road is 12 m (Figure 2).

Figure 1. The Espoonlahtiest field for mobile laser scanning covers7/@0 m of road
environment.The driving route is marked by dlred line, andthe varioussections are
markedby thered letters AD. The parking spaces are markég the letterP. The map

datawere provided by theourtesyof the City of Espoo

24°39°207E
|

—1_5 T
= \\'\,, \ _ll__L‘
L=
N

oA

60°09° 00" N
.

40 25 %0 100

G0° 08" 507" N

Figure 2. A digital surface model ofhe Espoonlahti est field (basedn MLS data). The
map datavere provided by theourtesyof the City of Espoo
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2.1.2. Reference Datbor Accuracy Evaluation

Dense terrestrial laser scanner point clouds were used to tieagierence targets fdhe analysis
of geometric accuracylhe eference point clouds were colleced7 May2 009 using FGI
mapping systemsalled theROAMER [11], Roa Environment Mappen static modeThe ROAMER
was installed orthe roofof a car, and the car w&ept standing static on the road duriegch 360
scanningperformed usin@f the FARO Photon 8€rrestrial scanner (Figui®. The scan resolution
was set to 0.0013 rad point separation. The georeferencing of individual scannings was computed
during postprocessingthe scanner position andeading werelot ai ned from t he RO
navigation systerandthe scannings were leveled using the a n budtfindnslinometer The \virtual
GPS reference station datsed in GPS pogirocessing werdownloaded fronthe GPSNet.fiservice.
The SPANdata wereprocessed usinghe Waypoint Inertial Exploresoftware, which gave the
estimated accuracies of 11 mm in-Bbsition and 0.027in heading (RMS) for the ROAMERSs
inertial measurement unit (IMU) during the measurements. The offset between than#ithe
scanner originas well as the offset between the SPAN and the scanner heaeiregdetermined
during system calibration.

Figure 3. An example ofreference point clouds. Theaning locations can be seen as
shadows on the roablatby the cawas driven along

The ROAMERG s T L S/ st avalidated dgainsa 15Qvahecle points measured using a total
station (Trimble 5602S DR200+A total of nine ground control points (GCPs) were measurethfr
total station setup around the Espoonléddifield using repeated reéiime GPSmeasurements (Leica
SR530).Eight individual measurements were talereach pointising different reference data sources
(RTK-GPS usingits own reference station and VREPS usinga virtual reference station) and
different satellite constellations (a few hoyrassingbetween the measurement sessioRsy.each
GCP , the first two sessions were measured using f&RS (vith anexpected accura@f 1 cm + 12 ppm
in horizontalplane and 11582 cm + 2 ppm in hght[30]), and then two sessions using VB®S (vith
an expected accuraoyf 2 cm inhorizontalplane and 4 cm in hght [31]). A new GPS initialization
was acquired between each session. This procedure was carried out for a second time after a few hour
The GCPcoordinates were then computed as a mean of the obtained eight coordihateaximum
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standard deviation of the eighbriginalo coordinates was 23 mm Horizontalplane and 30 mm in
elevation theaverags werel3 mm and 20 mprespectively).

With most of the ROAMERscamings, the comparisosshowed thathe check points and point
clouds matchd one armother within the standard deviation of the GCiRs, a couple of centimeters,
but with a few scaathere was error in the leveling of the pointudl. h these cases thelhad beera
passing bus visible in the scanning datad so it is obvious that a large vehicle had caused a
disturbance in the functioning tiie scannér sclinometer. These point clouagere therre-leveled
by using neighboring poirdouds and check points.

Figure 4. The reference targetsrrange points are elevation reference points and blue
(targets 5 m above groundgd(large polesand greergsmall poles)oints are planimetric
reference pointstlfje map dataprovided by thecoutesy of the City of Espoo).The snall
figure in the top right corner shows a detail tife measured poles from clo$e-ground
laser points.
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Following the point cloud validation, the targets for accuracy analysis were measured along a 350 m

l ength of the test fieldbds Section A (séftvageur e

by TerraSolid Ltd. was used for all point cloud opiera. Firstly, the ground points were classified

and a regular grid with a point spacing of 5 cm was computed to achieve an even distribution of the

ground points. This grid was then thinned by selecting ev@@Qh point, and these thinned points

were @mpared to the original ground points. Every thinned point deviating more than 5 mm from the
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original data was deleted, and the remaining points were selected as the reference points for analysis c
the elevation accuracy. The complete ground refereneefaathe elevation consisted q283 points,
and also the distance and direction to all possible driving trajectories were determined for these points.
The ground reference data were used to separate all laser points within 10 cm below and 50 cm
above tle ground, and these clegeground points were then used to measure the reference targets for
the evaluation of planimetric accuracy (Figure 4). The targets included centers of poles, building
corners and curb corners. Another slice of laser points, hick, twas taken at approximately 5 m
above the ground, and these laser points were used to measure more building corners and centers
poles. Altogether 273lanimetric reference targets were measured. The pole coordinates were
measured by visually fittoppa circle to the point cloud in the top view, and the centre of the circle was
used as the reference coordinate.

2.1.3. BenchmarkedMobile Laser Scanning Data

Mobile laser scanning data wegellected from the test field usirfiye different systems (Tdds 1
and 3. The tesffield was driven in both clockwise (CW) and countéyckwise (CCW) direction a
speed of about 3@0 km/hwith all of the systems

Table 1.The ested MLSsystems.

MLS system Operated by Data acquisition date
ROAMER FinnishGeodetic Institute June 2009
RIEGL VMX-250 RIEGL Laser Measurement Systems Gmb| March 2010
Sensei Finnish Geodetic Institute May 2011
Streetmapper 360 3D Laser Mapping June 2011
Optech Lynx TerraTec AS June 2011

Table 2 TheMLS scannespecification§32i 37].

Optech Lynx Sensei ROAMER RIEGL VMX -250
Mobile Mapper/ and Streetmapper

TerraTec AS 360
Laser scanner Optech Ibeo Lux FARO Photon 8( RIEGL VQ-250
Laser wavelength N/A 905nm 785nm Near infrared
Distance measurement Time-of-flight, Time-of-flight, Phaseshift Time-of-flight, no.
principle maxfour returns  maxthreereturns of returns selectabl
Pointgs (x1000)max 2x 200 38 120 2 x 300
Range 200m 200m 76 m 500m
Prdiles/c max 2x 200 50 61 2x100
Beam divergence N/A 1.4x 14 mrad 0.16mrad 0.3mrad
Beam size at exit N/A N/A 3.3mm 7 mm
Distance measurement 8 mm 100mm 2mm@25m 10 mm@150m

accuracy
Angular resolution N/A 0.25° 0.009° 0.018°
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Examples othe acquired point clouds are show Figures 5i 9. The hser points are visualized by
thar intensity valueputwith the exception that Sensei doed recordntensity.

Figure 5. Optech Lynx data.




Sensor012, 12 12822

Figure 7. RIEGL VMX-250 dataTherewere still mtchesof snow on the grounduring
the data acquisition, and these resultedbids in the data.

Figure 8. ROAMER data.
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Figure 9. Sensei dataDue to the scanning angline Sensei covereahly one side of the
trajectory at a time

F G| ROAMER system, developed-house [11], has been operational since the summer of 2007.
Mobile mapping data from test field using this system were acquired in June 2009. At that time, the
ROAMER consisted of a FARO Photon 80 terrestrial laser scanner and a NS#*N positioning
system (NovAtel DE4 plus GPSeceiver, a NovAtel GR302GG antenna and a Honeywell HG1700
AG58 inertial measurement unit (IMU) with ring laser gyros). Later on, the laser scanner was updated,
and currently a FARO Photon 120 terrestl@er scanner is used. The maximum point measurement
rate of the Photon 80 scanner was 120 kHz and its range was 76 m (Photon 120: 976 kHz and 153 n
respectively). The laser profiling was carried out using a scanning frequency of 48 Hz. The ROAMER
has anadjustable scanning angle, and in the Espoonlahti exercise the scanner was operated fol
measuring profiles by having it tilted 45%low the horizontal; see Figul®. The ROAMER is the
only system in this comparison, which utilized a laser scanner withincious wave laser and
phaseshift-based distance measurement. The beam size of the scanner was also the smallest in the tes

The drect georeferencing of the ROAMER point clouds was computed tisadyaypoint Inertial
Expl or e-tMB pdstprBcessing softwarélhe GPS reference station data waeguired from
the Finnish virtual reference station (VRS) network GPSNet.fi. After georeferentiagark points
were deletedby filtering out points with ntensity valueof less than ®00 (range 020,470), and
isolated points weréeletedby filtering out points that had less than 50 points withi@ m radius
around themTerraScan by Terrasolid Ltd was used for the filtering.

Two point clouds were analyddor the ROAMER. In the first on¢he georeferencing of the point
cloud was computed using the calibration values between the instruments determined only in
laboratory calibration. The laboratory calibration was based on measuring the physical offsets an
rotations between the scanner, IMU dhd GPSantenna. This laboratory calibration was ftneed
using the measured data,g, by utilizing the data acquired by driving the same location in two
directions and using some control targets. These-tfined cabration values were applied in
recomputing the datand inproducing the second set of point clouds for analysis.
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Figure 10. The ROAMER.

The RIEGL VMX-250 (Figure11) was introduced at the beginning of 2010 and the test field data
wereacquired in March 2010. The system consists of two RIEGE28Q scanners and a navigation
unit with IMU, GNSS and odometer instruments. Each of the scanners measures upQ0 pobts
and 100 profiles per second. The maximum measurement rangens 50&eptember 2011, RIEGL
announced another mobile mapping system, the VR, with VQ450 scanners, and the capability
to measure up to 550 points and 200 profiles per second.

RIEGL delivered two point clouds for analysis. The first batch of datareeesved in June 2010.
Later on, RIEGL announced that they have developed their system calibration further and wish to
implement their latest expertise also in the test field data. A small set of control points from the test
field was delivered to RIEGLotassist in the calibration procedure. The second batch of data was
received in May 2011.



