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ABSTRACT:
The objective of the study was to benchmark the geometric accuracy of mobile laser scanning (MLS) systems using a permanent test
field under good coverage of GNSS. Mobile laser scanning, also called mobile terrestrial laser scanning, is currently a rapidly
developing area in laser scanning where laser scanners, GNSS and IMU are mounted onboard a moving vehicle. MLS can be
considered to fill the gap between airborne and terrestrial laser scanning. Data provided by MLS systems can be characterized with
the following technical parameters: a) point density in the range of 100-1000 points per m2 at 10 m distance, b) distance
measurement accuracy of 2-5 cm, and c) operational scanning range from 1 to 100 m. Several commercial, including e.g. Riegl,
Optech and others, and some research mobile laser scanning systems surveyed the test field using predefined driving speed and
directions. The acquired georeferenced point clouds were delivered for analyzing. The geometric accuracy of the point clouds was
determined using the reference targets that could be identified and measured from the point cloud. Results show that in good GNSS
conditions most systems can reach an accuracy of 2 cm both in plane and elevation. The accuracy of a low cost system, the price of
which is less than tenth of the other systems, seems to be within a few centimetres at least in ground elevation determination.
Inaccuracies in the relative orientation of the instruments lead to systematic errors and when several scanners are used, in multiple
reproductions of the objects. Mobile laser scanning systems can collect high density point cloud data with high accuracy. A
permanent test field suits well for verifying and comparing the performance of different mobile laser scanning systems. The accuracy
of the relative orientation between the mapping instruments needs more attention. For example, if the object is seen double in the
point cloud due to imperfect boresight calibration between two scanners, this will make especially the automatic modelling of the
object much more challenging.

where system performances are examined and compared using a
test field established by and results analyzed by an independent
actor. Haala et al. (2008) demonstrated that the Streetmapper
system could produce dense 3D measurements at an accuracy
level of 30 mm in good GNSS conditions. They also reported
that under degraded GNSS conditions a georeferencing error up
to 1 m for the horizontal position can occur. Barber et al. (2008)
used RTK-GPS measurements to collect reference data on two
test sites to validate the geometric accuracy of the Streetmapper
system. The main focus was on the elevation accuracy, only a
few control points measured on white line markings on the road
was used for planimetric accuracy analysis. University of
California at Davis used total station and static terrestrial laser
scanning (TLS) data to analyze the accuracy of MLS systems
(Streetmapper 360, Optech Lynx and Ambercore Titan) in
producing digital terrain models of pavement surfaces (Yen et
al., 2010). In this test only elevation accuracy was concerned.

1. INTRODUCTION
Experiences gained in earlier research have shown, that
permanent test fields with accurate ground truth are valuable
tools for analyzing the performance of remote sensing systems
and methods in mapping tasks. To be able to compare various
systems or methods, test data should be from a common test
field. (Kaartinen and Hyyppä, 2006 and 2008.) This is a key
factor in ensuring that the methods or systems are compared
under equal conditions, and thus, the results are comparable.
Comparing mobile laser scanning systems is challenging, as the
accuracy of the georeferenced point cloud is highly dependent
on the GNSS visibility during the data acquisition (Haala et al.
2008). Also the season can affect the satellite visibility, when
tall deciduous trees are close to the trajectory.
Recent studies on MLS systems and their accuracy as well as
environmental modelling done with MLS can be found in
Barber et al. (2008), Brenner (2009), Clarke (2004), El-Sheimy
(2005), Früh and Zakhor (2004), Graham (2010), Haala et al.
(2008), Hassan and El-Sheimy (2008), Jaakkola et al. (2008),
Kukko et al. (2007), Kukko and Hyyppä (2009), Lehtomäki et
al. (2010), Lin et al. (2010), Lin and Hyyppä (2011),
Manandhar and Shibasaki (2002), Petrie (2010), Shen et al.
(2008), Steinhauser et al. (2008), Tao and Li (2007), Weiss and
Dietmayer (2007), Yu et al. (2007) and Zhao and Shibasaki
(2003a,b, 2005). System manufacturers have carried out and
published their own tests, but few scientific publications exist

Finnish Geodetic Institute (FGI) established in 2009 a
permanent test field for MLS system performance testing and
calibration, and for data testing and development. Test field
reference data comprises of georeferenced TLS point clouds.
Tested system included two systems by FGI (ROAMER and
Sensei) and three commercial systems (Optech Lynx, RIEGL
VMX-250 and Streetmapper 360). System specific geometric
accuracies were evaluated by comparing the extracted common
targets from the reference and MLS data sets.
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2. TEST FIELD FOR MOBILE LASER SCANNING
RESEARCH

Lowest point on the
road, elevation 31 m.

2.1 Test Field Requirements
When selecting the test field, following properties were
searched for:
1. Areas with varying GNSS visibility.
2. Large number of different structures and objects along
the route.
3. Flat and undulating terrain.
4. Easily accessible for reference measurements and
operation.
5. Spacious public parking spaces for measurement
preparations and special tasks, such as laser intensity
research.
The aim was to create a test field suitable for geometric
accuracy analysis and for acquiring data sets for object
extraction method development and testing.

Highest point
on the road,
elevation 43 m.

2.2 Espoonlahti Test Field
Figure 2. Digital surface model of Espoonlahti test field (based
on MLS data). (Background map data © City of Espoo.)

Established mobile laser scanning test field is located in
Espoonlahti, about 16 km west of Helsinki. The test site covers
one block around the shopping mall Lippulaiva covering 1700
meters of road environment (Figure 1).

2.3 Reference Data
2.3.1 Terrestrial Laser Scanning Point Clouds were used
to obtain reference targets for geometric accuracy analysis.
Reference point clouds were collected May 7th 2009 using
FGI’s mobile mapping system Road Environment Mapper
ROAMER (Kukko, 2007) in static mode. ROAMER was
installed on top of a car, and the car was standing static on the
road during each 360 degree scanning of the Faro Photon 80
terrestrial laser scanner (TLS) (Figure 3). The scanning
resolution was set to 0.0013 rad point separation. After each
TLS scanning the vehicle was moved about 30 meters (min 19
and max 42 m) to a new scanning location, resulting in total 58
TLS scannings to cover the whole route (Figure 4).

Test field can be divided into four sections, which are separated
naturally by road crossings, as can be seen in Figure 1. Sections
A, B and D have a good GNSS visibility, although some trees
and higher buildings may limit the visibility of lower satellites.
As can be seen in the digital surface model in Figure 2, section
D has large trees growing close to the road, thus making GNSS
conditions much more challenging. There are many types of
buildings and other constructions such as stairs and walls in the
area, as well as hundreds of pole type objects such as lamp
posts, traffic signs and trees. In section A the road area, as well
as most of the terrain close to the road, is very flat. On other
sections there is more variation in terrain elevation, both in the
road and in the surroundings. The height difference between the
lowest and highest point on the road is 12 meters (Figure 2).

D
A

C
B
Figure 3. ROAMER in Espoonlahti test field.
Figure 1. Espoonlahti test field. Driving route is marked with
red line, and sections are marked with red letters A-D. Parking
spaces are marked with P. (Background map data © City of
Espoo.)
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Figure 5. Nine ground control points were measured around the
test site. (Background map data © City of Espoo.)
Figure 4. Top view of the 58 TLS point clouds covering the
Espoonlahti test field.

On most ROAMER –scans the comparison showed that check
points and point clouds match to each other within the standard
deviation of the GCPs, i.e. a couple of centimetres, but on a few
scans there was error in the levelling of the point cloud. On
these cases there was a passing bus visible in the scanning data,
so it is obvious that a large vehicle has disturbed the scanner
inclinometer. These point clouds could be levelled by using
neighbouring point clouds and check points.

The georeferencing of individual scannings was computed in
post-processing: scanner position and heading were obtained
from ROAMER’s SPAN –navigation system, and scannings
were levelled using the inbuilt inclinometer of the scanner.
Virtual GPS reference station data used in GPS post-processing
was downloaded from GPSNet.fi-service. SPAN-data was
processed using Waypoint Inertial Explorer –software, which
gave the estimated accuracies of 11 mm in 3D-position and
0.027 degrees in heading (RMS) for the ROAMER inertial
measurement unit (IMU) during the measurements. The offset
between the IMU and the scanner origin as well as the offset
between the SPAN and the scanner heading were determined in
system calibration.

2.3.2 Reference Targets for Accuracy Analysis. After point
cloud validation, targets for accuracy analysis were measured
from a 350 meter long area of the test field section A.
TerraScan-software by TerraSolid Ltd. was used for all point
cloud operations. First ground points were classified and a
regular grid with 5 cm point spacing was computed to achieve
an even distribution of ground points. This grid was thinned by
selecting every 1000th point, and these thinned points were
compared to the original ground points. All thinned points
deviating more than 5 mm from original data were removed,
and all remaining points were selected as reference points for
elevation accuracy analysis.

2.2.2
Validation of Reference Point Clouds. ROAMER
data was validated against 150 check points measured using a
total station (Trimble 5602S DR200+). For total station setup
nine ground control points (GCPs) were measured around the
Espoonlahti test field (Figure 5) using repeated real-time -GPSmeasurements (Leica SR530). Altogether eight individual
measurements on each point were taken, using different
reference data sources (RTK-GPS using own reference station
and VRS-GPS using virtual reference station) and different
satellite constellations (a few hours between the measurements).
On every GCP first two sessions were measured using RTKGPS (accuracy 1 cm + 1-2 ppm in plane and 1.5-2 cm + 2 ppm
in elevation (Bilker and Kaartinen, 2001)), and then two
sessions using VRS-GPS (accuracy 2 cm in plane and 4 cm in
elevation (Häkli, 2004)). Between every session a new
initialisation was acquired. This procedure was carried out for a
second time after a few hours. GCP-coordinates were then
computed as a mean of the obtained eight coordinates.
Maximum standard deviation of the eight ‘original‘ coordinates
was 23 mm in plane and 30 mm in elevation (average 13 mm
and 20 mm respectively).

Reference data for elevation consists of 3283 points, for which
also the planimetric distance and direction to all possible
driving trajectories were determined. Ground points were used
to separate all laser points within 10 cm below and 50 cm above
ground, and these close-to-ground points were used to measure
reference targets for planimetric accuracy evaluation. These
targets include centres of poles, building corners and curb
corners. Another one meter thick slice of laser points was taken
at approximately five meters above the ground, and these laser
points were used to measure more building corners and centres
of poles. Altogether 273 planimetric reference targets were
measured. Pole coordinates were measured by visually fitting a
circle to the point cloud in top view, and the centre of the circle
was used as the reference location (Figure 6).
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3. BENCHMARKING MOBILE LASER SCANNING
SYSTEMS
3.1 Mobile Mapping Systems
Data for mobile laser scanning system benchmarking was
collected with commercial and research systems (Table 1). With
all systems the test site was driven around twice, in clockwise
and counter-clockwise direction, at speed of about 30-40 km/h.
All systems can collect also image data (still cameras or video),
but in this research only laser point cloud data was used.
Operated by

ROAMER
RIEGL VMX-250
Sensei
Streetmapper 360
Optech Lynx

Finnish Geodetic
Institute
RIEGL Laser
Measurement
Systems GmbH
Finnish Geodetic
Institute
3D Laser Mapping
TerraTec AS

FGI
Sensei

Laser
wavelength

N/A

905 nm

785 nm

Distance
measurement
principle

Time-offlight,
max 4
returns

Time-offlight,
max 3
returns

Phasebased

Points / sec
(x1000) max

2 x 200

38

120 (976)

2 x 300

Range

200 m

200 m

76 (153)
m

500 m

2 x 200

50

61

2 x 100

N/A

1.4 x 14
mrad

0.16 mrad

0.3 mrad

N/A

N/A

3.3 mm

7 mm

8 mm

100 mm

2 mm@
25 m

10 mm@
150 m

N/A

0.25°

0.009°

0.018°

Profiles / sec
max
Beam
divergence
Beam size at
exit
Distance
measurement
accuracy
Angular
resolution

Figure 6. A detail of measured reference pole locations from
close-to-ground laser points.

MLS system

MLS system

Optech
Lynx
Mobile
Mapper /
TerraTec
AS

RIEGL
VMX-250
FGI
and
ROAMER
Streetmap
per 360
Near
infrared
Time-offlight, no.
of returns
selectable

Table 2. System specifications, for ROAMER the current values
are shown in brackets (Faro, 2008 and 2009; Ibeo, 2011;
Optech, 2011; Riegl, 2011; TerraTec, 2011).
3.2 Methods for Accuracy Evaluation of Mobile Laser
Scanning Point Clouds
First all received point clouds were checked by comparing with
the reference data to detect any gross errors either in elevation
or in plane. If there were larger systematic shift than a few
centimetres, this was removed to assure valid comparison, as
especially a large systematic shift in plane can lead to distorted
elevation accuracy results.

Data acquisition
date
June 2009
March 2010

Comparison between the elevation reference points and
received point clouds was carried out using the Output control
report –tool in TerraScan-software (Terrasolid, 2005). It reads
in the reference points and loads every laser point within a
given search radius from the individual reference point. Then a
small triangulated surface model is created from the laser points
and laser elevation is computed for each reference point eastingnorthing location from the triangulated model surface. This
effectively interpolates a laser elevation from three laser points
which are closest to a reference point. Search radius used for the
most dense point clouds (RIEGL, Streetmapper and Optech
Lynx) was 20 cm, for others a search radius of 50 cm was used.
Maximum allowed slope in the triangulated model was set to 20
degrees.

May 2011
June 2011
June 2011

Table 1. Tested MLS-systems.
Specifications for tested MLS-systems are given in Table 2. The
Faro scanner used in ROAMER was upgraded in 2010, in Table
2 the changed specifications are shown in brackets.

Planimetric accuracy was evaluated by measuring the reference
targets in the received point clouds and computing the
differences in easting and northing. The most deviating values
were checked against the ground truth and removed from the
analysis if there was any doubt that the error is due to the target,
not due to the system. These errors were mainly detected in
elevation accuracy analysis due to parked cars or changes in
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vegetation. After this ‘gross error filtering’, systematic errors
were removed, in plane separately for easting and northing, and
accuracy values were computed. Standard deviation values were
computed for both elevation and planimetric accuracy.
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