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Abstract: Mobile mapping systems (MMSs) are used for mapping topographic and urban
features which are difficult and time consuming to measuitie other instruments. The
benefits of MMSs include efficient data collection and versatile usability. This paper
investigates the data processing steps and qual@yboftbased mobile mapping system
(BoMMS) data for generating terraimd vegetatiopointsin a river environment. Our aim

in data processing was to filter noise poidstect shorelireas well agoints below water
surface and conduct ground point classifiaati Previous studies of BoMMS have
investigated elevation accuracies and usabiiity detection of fluvial erosion and
deposition areasThe new findings concerning BoMMS data are that the improved data
processing approach allows for identification of multipath reflections and shoreline
delineation We demonstrate the possibility measre bathymetry data in shallowi (Dm)
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and clear water. Furthermore, we evaluate for the first time the accuracy of the BoMMS
ground points classification compared to manually classified data. Wdeatsanstrate the
spatial variations of the ground poafgnsity and assess elevation and vertical accuracies of
the BoMMS data.

Keywords: mobile laser scanningground point classification; data processing;
digital elevation modeffiltering; river survey fluvial geomorphology

1. Introduction

Laser scanningLS) is widely used tocreateaccurate @ descriptions suclas digital elevation
models (DEMs) for natural and urban environmentsS methods can be divided into three main
categories: airborne laser scanning (ALS), terrestrial laser scanning &hdShobile laser scanning
(MLS). The latterhas become @ommon technique when objects need to be nilede from a
terrestrial point of viewData provided by an MLS system can be characterized fyint density
in the range of 100,000 pulses per mat a 10 m distance from the scanner amith an
operational scanning range between 1 and 1J@]nmWith the use oimprovedgeoreferencing ah
calibration of systems, obile laser scanning in controlled conditions can achielesation and
planimetricaccuraciegstd) of 14 cm|[2]. An overview of mobile mapping systems is presented by
El-Sheimy[3], Grahani4] and Petrig5].

In order toreliably determine the terrain informatidar the DEM creationfiltering of theLS data,

i.e., classification of the point cloud into terrain and #ierrain points, is essential. Many algorithms
have been developed for filterifg_S datg but these approachesre also relevarb the filtering of
other point cloud datae.g, TLS, multibeam echo sound data or point clouds obtained by automated
image matching[61 8]. The filtering methods include morphological filtef8i 12], densification
methods[13,14], surface based filtefd5,16] and segmentation based filtdis/,1§. In the case of
MLS data,higher point densityasto be considered, for example when selecting the parameters of the
algorithm. In many caseshe huge volume of MLS data requirésto be divided into blocks. In
addition, trajectory information can be utilized for DEM generatigslaret al [19] combined two
different types of algorithms for the detection and filtering of outliers intpdouds collected using
MLS. The practial performance of different algorithms is testeith an international filter teq®0].

A good overview othe groundfiltering methodausedis presented by Mengf al. [21].

MLS products such as DEM or 3Daps require effective and automatic processing
methods.The studies of usability and data processing of MLS data have mainly focused on urban
environments,i.e., [22I 25]. Performance of a mobile mapping system in urban areas has been
evaluated by Haalat al [26]. In natural landscapes the Mitfased pplications have been discussed
in the context of tree inventory [27 R&oastalmapping [2930] and fluvial geomorpholog§B1]. The
stateof-the-art multiplatform MLS systems and their usability and performance have been discussed
by Kukkoet al [32].

Recently, the use of LS data in fluvial studies has rapidly increBssdiled DEMs derived from
LS data can be used to improve the recognition of fluvial landforms, the geometric data of hydraulic
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modelling, and the estimation of flood inundatiaxtemts and fluvial processes [B3urthermore,
LS techniques have been considered promising for the hydraulic analyses of riverbank and floodplain
vegetation [34,3b However, there are only few MLBased studies related to river environm@nie
of the newesapplications for riverine mapping is the baaised mobile mapping system (BoMMS).
The BoOMMS is a system primarily deloped for urban mapping [36 3but it has been frequently
used fo environmental applications [32,38]3%he system enabled survegia reach of approximately
six kilometres in length in 85 min [38]. In our previous studies [31,33,8@ evaluated the use of
BoMMS data for detecting fluvial erosion and deposition areas. The quality of Bepdttsiced
DEMs and elevation differenamapscompared to TLS control data halso been assessddespite
previous studiesits full potential and data characteristics related to river environments should be
studiedin more detall

The primary aim of this paper is tlevelopa data processing approdbiat is capable ajenerating
terrain and vegetatiorpoints from BoMMS datavhile allowing for theidentification of multipath
reflectiors, delineaibn of shoreling and consideration obathymetry data. The secondary aim is to
evaluate the accuracy of the BoMMS ground points classification compared to manually classified
data. In additionywe demonstrate the spatial variations of the ground point density and assess elevation
andhorizontalaccuracies of the BOMMS data.

2. Study Site and Data Acquisition
2.1. TesSite

The test sites locatedalongthe River Pulmankjoki, a 58 kmlong tributary of the Tan®&iver in
the subArctic, flowing across the border between Finland and Norway at 69.95°N latitude and 28.10°E
longitude where Laké&ulmankijavi dividesthe river into two parts. On the Finnish sidee river
builds up a small delta into the lake. The river has erodedma 88ep and 20 to 5@ wide channel
into glaciofluvial sediments. The river is charactedzey steep banksensitivityto erosion, sandbars
and busk vegetation. During the spring flood periodused by the snowmgthe water level can be
several meters higher than autumn.The seasnal discharge ranges fromtd 50 nt/s sothat the
typical spring flood discharge is40i 50 nt/s decreasing toi40 ni/s by the middle of JuneThe
geomorphology ofhe study site is described in detail by Kasvial [40] and Alho and M&inen41].

2.2. Mobile Laser Data Collectionith the BoMMS

The BoMMS measurements were conductdthe Pulmankoki River site in late summer (late
August early September) in 201G@s during that time the water level wad its lowest and the
nonvegetated point bars were as visible as possible. However, during this season, low vegetation is
dense along the other part of the channel, reducing the numlteseopulsesreturring from bare
ground.Figure 1 shows theBoMMS systemon a boat inst&tion and Table 1 presents the system
parameters used in the data collection
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Figure 1. The boatbased mobile laser scanner used in the study.

Table 1.Systemparameters dBoMMS in 2010

Scanner FARO Photon 120
Point measurement rate/Pulepetition frequency 244 kHz
Scanning frequency 49 Hz
Point spacing of adjacent points in profile3425/50m 3.8 mm/3.2 cm/6.3 cm
Along-track point spacing for speeds f2lm/s 2.0/4.1cm

The nominalboatspeed during data acquisition was2im/s,wherethe alongtrack point spacing
(daiong) can be calculated as

dalong = Vifse (1)

wherev is the platform speed arfg is the scanning frequendg¢2]. The point spacing of adjacent
points @acrosg iN @ profile projected on a plane perpendicular to the beam at therresngigen by

Oacross=  2sd pr f 2

wherefy, is the pulse repetition frequencyhe typical mapping range of the BoMMS in this study
varied from 3 m to 50 m.

The BoMMS consists of gglobal positioning system and inertial measurement (@RSIMU)
navigation system and a laser moar combinedwvith data synchronization and recordidgvices.
Panasonic Toughbooks (1@ and CF29) were used for scanner and navigation system operation and
recording.Optionally, a camera system can be added for extracfiaolor information from the
object. The GPSMU system useshe NovAtel DL-4plus receiver and GPS702 antenna capable of
receiving L1 and L2 frequencies. The inertial measurement unit (IMU) employbe idoneywell
tacticalgradeHG1700 AG58IMU based on ring laser gyro (RLGhe GPSIMU provides position
and attiude data at100 Hz for georeferencing the laser data in jpostessingThe absolutesrror
of the BoMMSis mainly dependent on the GI8U navigation solution that can be provided in
reattime, or more accurately thrgh postprocessing by means of thacticalgrade GPSMU.
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Another major impact on performance is a system calibration. Hence, the accuracy can be improved by
performing a field calibration,e., using test field TLS data in estimating the bsight parameters of
the MLS systenj32]. For GPS correctionGPS reference station data is typically downloaded from a
virtual GPS network service, or a standalone reference station is used in places outside the virtua
network stationsin Pulmankireach,a standalone reference station was u3éek distance of the
baseline from the reference station to the system varied from 0.5 km to 1.5 km.

The BoMMSuses thecFARO Photon 12Gscannerproviding a scan frequency range afél Hz
and a point measurement rate of 206 kHz with maximum range ot50 m. Point measurement
accuracy of the scanner is 2 mm with 1 mm repeatability for a 90% reflective, targetding to the
scanner manufacturer, bilitat depends on the object surfagpd, reflectivity and angle of incidence
in practice.

2.3. Referece Data

To assess the BoMMé&ata quality of the-zand xycoordinateswe installed sphericérgets along
the river reachTwo different target sizes were used, 145 mm and 198 mm in diameter. The spheres
were positioned with RT¥GPS using the same refaoe station as BOMMIRTK-GPS measurements
enablea10 mm + 12 ppm horizontal and 120 mm + 2 ppm elevation accuracy for the sphere target
locations [43]. We measured the larger spheres by replacing the sphidreGPSantenna on a
common mount. The positions of the smaller spheres were measured from the top of theasghere
we applied pralefined calibration offsets betweéhe centre of sphere anlde GPS antenna phase
centre The spheres were located cldse¢he water lineand the distances frothe boat were 1030 m.
In addition, he spheres were placed evenly throughioetest site and on both sides of the river.

3. Data Processing

Noise point filtering, identification and processing of water arpaints and ground point
classificationwere undertakerdunng dataprocessingThe data processing chain ftne terrain point
classfication isdepicted in Figure .2We converted profile lasemath intogeoreferenced point clouds
by assiging each of themobile laser points the approgie time stamp and coupling with the
trajectory informationfrom the GPSIMU system.The BoMMS uses thebi-trigger synchroniation
method which delivers scanner triggers toe receiver log[44]. During he measurements, time
stamp wagecorded for every laser scanning profile and further measurementwasiaterpdated
for every scanning pointWaypoint Inertial Explorer software was used tompaite the laser
scanner trajectorfd2].

Figure 2. The processing &infor BOMMS point cloud data.
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After data acquisitionwe employed three methods for filtering the +aimect points of the
georeferencedata (707 million poinfsfrom the 45 km trajectory.These methods were carried out
individually on the 103iles collected

3.1 AutomaticFiltering Steps

Noise points are typical feature ina point cloud because the system uses a phase difference
scanneriIn a river environment in particular, reflectofrom the water surface produce erroneous
measurementbelow the ground andver bed. Our data also includsdme noise pointabove the
ground surface (Figure) 3Typically, most noise points havaeatively low intensity value, in which
case they can be filteredit by an intensitythreshold.The appropate threshold was determined from
test sample so that it does not remove real obsergdtiom the targets and then we performed this
filtering step for the entire dataset. The applied intensity threshold wasé&fle (02,044). Someof
the erroneousneaurementsverealsofiltered using absolutelevaton by defining tle lowest/highest
object, i.e., from benthic layer andree canopyand deletingthe points below/abovehis defined
elevation In addition, he removal by rangiom the scanneis useful when the point cloud far from
the scanner is not coherent due to ollesaéfter intensity and absolute elevation based filtering, there
were stillnoise points with low densitydence we removed the remainirggroneousneasurements by
computing the number of points within a certain radius in the airamdving the points if the density
was less than the threshold. In our study, the sysgauific threshold applied was 10 pts witlan
50 cm radius sphere.

Figure 3. The intensity coloured point cloud and the front view of the river b@lData
with noise points(b) Data after noise point filtering and removal of the points below
water surface.

intensity

. 2000
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After the filtering steps, the data was divided ibtocks(around 515 million points per blockjor
verifying the quality, cuttinghe points below water surfaceanually or repeatg the point density
based filtering methoavith different parameters and classifying the terrain points. The blocks were
organizedaccording to the trajectorythe filtered points contagd 150 million pointsDividing the
data into smaller block sizes makes the processing of larger projects more manageable.

3.2.ldentification andProcessingf Water Area Points

One part of dia processing wathe classificatiorof water area points. These points can either be
returns fromthe benthic layer or water column, or they can be noise or multipath reflecBgns.
identifying MLS data characteristics related to water area, we canumphe quality of processed
point clouds and separate water from land.

3.21. Multipath Reflections

Our measurementseveaéd that the onshore pomtanhave mirrored point§ the angle between
water surface and laser beam is lower than the steephdle ground(Figure 4. The multipath
reflections produce extra points, which can be identified and removed locally by defining the height of
the water surface. The effectpmgars in sloped terrain or becaw$¢he presereof vegetation near the
shoreine. In this study these points were removed manually. Otherwise, these points can also be
removed automatically if the water surfa@nbe estimged throughout the study area.

Figure 4. The point cloud profile demonstrates multipath reflections underneath the water surface.

Scanner

Water surface

3.22. Detection ofBathymetry UsinBoMMS

The use bred and infrared laser beafor collecting bathymetric data is limited becaatehese
wavelength lasers doohpenetrate the water column very wélbwever in this study we intend to
show that it is possible to acquirbathymetry datgFigures 5 and § at awavelength of 785 nm
(Faro Photon 120 scannen shallow (01 m) and clear water when the scanner is mounted on boat
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and near the water surfadéhe incidence angle at water surfaegiedapproximatelypbetweer25° and
80°concerning bathymetry datdhe smaller tha@5°angles were occluded by baat

Figure 5. (a) Intensity image of the point cloud. The trajectory of the BOMMS is clearly
visible asthe occluded are@ the middle of the river. The intensity value clearly changes
at the border of the land and water argh¥ The elevation colared bathymetry pmts
from the same areanddigitized shoreling(c) UAV mosaig (d) Crosssectional profile of
the channel and point béocation of the profile is marked q@)).

28°2'20"E 28°2'23"E
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69°56' 10" N
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We used337 independent bathymetry elevation points surveyed with an Acoustic Doppler Current
Profiler (ADCP)to provide reference data fttne BoMMS The comparison area consisted of sandy
sedimentsThegrain sizesare analyzed by Kaswt al [40], varying mostly between 0.1 and 2 mm.

The sensor was mounted on a remotely controlled miniboat. The measurement locations were measure
with VRS-GPS (1 Hz) and the xgoordinates were merged with the ADCP depth data ingrosessing.

The GPS and ADCImeasurementiad a maximumof 0.5 s timedifference which couldcausea
horizontal erroof up to10 cm The ADCP measures depths greater than 0.18 m and its vertical beam
sonar is reed to have a maximum error @&5% of depth.In addition, the MLS points were
uncorectedin relation tothe refractiorof light at the water surfacnd the speed of light in watérhe
elevation differencéMLS-ADCP) is plotted againsthe elevation derived from ADCP measurements
(Figure §. Vertical errors ranged from 0.228 i®.123m, with a mean of 0.061 m and a standard
deviation of 0.076 milf the resulting bathymetry point cloud to beused for DEM productianthe
datawill require correction for refraction beforegistration [45. We classifiedthese points manugl|

as theywere clearly distincfrom the dry areas or by determining the shoreline if the point cloud
continued under the water surfgeee Figure 5b).

Figure 6. Vertical erros of MLS bathymetry points. ADCP measurements were used to
provide reference datdhe devationof the water surface wadetected with ADCRo be
around36.85m. There are no ADCP points for the first 18 cm of depth.
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3.23. ShorelineDetection

The sheoeline needed to be determinedtherelatively flatareas where the point cloud continued
under the water surfac€or thesecasa, the shoreline was determined manuallyidgntifying the
intensity change ahe watergroundboundary(Figures 5ab and7). The typical intensity value used
to delineate theshoreling ranged from 600 to 800 (scalé 2044). The determination was partly
disrupted by the vegetation growing near the shoreline and above the water surface. In that case, th
determination of the shoreline was easier if the potential shorelines po@ntinitially classified by
usingtheelevation valuee.g, selecting the point$).5 m fromthe estimated water surface
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Figure 7. The profile of MLS points on the waiegground boundaryndicates thaintensity
distribution is useful for identifying the shoreline from MLS ddtar comparison, the
ADCP retrieved water level was approximately 37.05 m.
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3.3 Terrain Classification

Ground point classificatiorwas determined using the method described\xelsson[13]. The
method has achievempetitiveresults in ground filtering tesf20,21. Menget al [2]] reportedthat
the methodoutperformed in comparison tane other groundfilters on sites with rough terrain or
discontinuous surface$he method was originally developed for DEM generation from airborne laser
datg but in this paper we assess the performance of the method for BOMMS datalgdhthm
classifies terrain points by iteratively building a triangulated surface model. The netrtgl by
selecting some seed points that kigh probability ground pointslhese points are selected within a
userdefined grid(parameter 1)The algorithm assumes that the grid area will have at least one hit on
the ground anthatthe lowest point is ground hitHence, the algorithm requires a careful filtering of
erroneous points below the ground surface before exec®@mupoints are selected form an initial
model. The routine then starts to densify the model by iteratively adding nevpdasesrto it. In each
iteration a point is added to the model if the point meets certain criteria in relation to the triangle that
contains it. The criteria are that the an@garameter 2a point makes to the triangle must be below a
certain threshold rad the point must be within anaximum distance(parameter 3)f the nearest
triangle nodeAt the end of each iteration, the TIN and the edgaved thresholds are recomputed.
The iterative process ends when there are no monésgzelow the threshald

4. Evaluation of Data Quality
4.1.AccuracyAssessmertf theGround Point Classification

One of the mostisefulproperties othe BOMMS systenin the river environmeris the mapping of
topography changes arosionsensitivepoint bars andanks.Therefore, we evaluated the ground
point classification accuracy @asteep (around 3@0 degree) andparselywegetated bank (Fige 9.
The size of the test site was around 2650 m. The data sdbtals of 323966 points consisting of
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282373 manuallyclassified ground points ard,593 vegetation points. Oanalyseshowed that the
grid sizeparametefseeSection 3.3hadonly a minor effect on the result of the ground classification
when the parameter varied from 2 to 30 m. The biggest impdbearassification result wakie tothe
iteration angle parameterhe resultsof automatic classification wereomparedwith the manually
classified dataset in order to determine which parameters perform bestq)T &blihe example, the grid
size parmeter is set to be constant (10 m), the iteration angle parameter varies from 10 to 4(adegrees
the iteration distance parameter is 0.2 or 0.5 nedmhangle.

Figure 8. (a) The test site for the classification accuracy assessment was an-ssysive
and sparsely vegetated river bank with the height 62a5m (b) Front view of the
classified points in case 3. Ground points in orange and vegetation in green.

(b)



