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Abstract:  The performance of various mobile laser scanning systems was tested on an 

established urban test field. The test was connected to the European Spatial Data Research 

(EuroSDR) project ñMobile MappingðRoad Environment Mapping Using Mobile Laser 

Scanningò. Several commercial and research systems collected laser point cloud data on 

the same test field. The system comparisons focused on planimetric and elevation errors 

using a filtered digital elevation model, poles, and building corners as the reference objects. 

The results revealed the high quality of the point clouds generated by all of the tested 

systems under good GNSS conditions. With all professional systems properly calibrated, 

the elevation accuracy was better than 3.5 cm up to a range of 35 m. The best system 

achieved a planimetric accuracy of 2.5 cm over a range of 45 m. The planimetric errors 

increased as a function of range, but moderately so if the system was properly calibrated. 

The main focus on mobile laser scanning development in the near future should be on the 

improvement of the trajectory solution, especially under non-ideal conditions, using both 

improvements in hardware and software. Test fields are relatively easy to implement in 

built environments and they are feasible for verifying and comparing the performance of 

different systems and also for improving system calibration to achieve optimum quality. 
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1. Introduction  

Mobile mapping is currently an emerging technology, which is used to enhance the attractiveness  

of mobile phone ecosystems by collecting large data sets covering the biggest cities. Automatic 

techniques to process the data into 3D models is a topic of increasing importance since accurate and 

intelligent up-to-date 3D roadside information will be needed in the future, especially for vehicle and 

pedestrian navigation and location-based services. Most mobile mapping systems are based on images 

taken from mobile systems, but the use of mobile laser scanning (MLS) together with images is also 

increasing. The advantage of laser scanning is in its high level of automation in creating the geometry 

for virtual models using point cloud data. 

MLS is a multi-sensor system that integrates various navigation, laser scanning, and other data 

acquisition sensors on a rigid, moving platform (typically a van or a car) for acquiring road-side data. 

The navigation sensors typically include Global Navigation Satellite System (GNSS) receivers and an 

Inertial Measurement Unit (IMU), while the data acquisition sensors typically include terrestrial laser 

scanners and imaging systems. 

Recent studies on MLS systems and their accuracy can be found in Barber et al. [1], Brenner [2], 

Clarke [3], El-Sheimy [4], Früh and Zakhor [5], Graham [6], Haala et al. [7], Hassan and El-Sheimy [8], 

Jaakkola et al. [9], Kukko [10], Kukko et al. [11ï13], Kukko and Hyyppä [14], Lehtomäki et al. [15], 

Manandhar and Shibasaki [16], Petrie [17], Shen et al. [18], Steinhauser et al. [19], Tao and Li [20], 

Weiss and Dietmayer [21], Yu et al. [22] and Zhao and Shibasaki [23ï25]. Mobile laser scanning 

systems are being developed both in the field of robotics and surveying. Relatively complete lists of 

MLS systems have been presented by Petrie [17] and Narayana [26]. 

The experiences gained in earlier remote sensing research have shown that permanent test fields 

with accurate ground truth are valuable tools for analyzing the performance of remote sensing systems 

and methods. To be able to compare various systems or methods, the test data should be from a 

common test field; this has also been demonstrated in an earlier EuroSDR project ñBuilding 

Extractionò [27] and in the EuroSDR/ISPRS project ñTree Extractionò [28]. The task of comparing 

mobile laser scanning systems is challenging as the accuracy of the georeferenced point cloud is highly 

dependent on the GNSS visibility during data acquisition and the satellite geometry is constantly 

changing. Also, the seasons of the year can affect satellite visibility if there are tall deciduous trees 

close to the trajectory. 

Prior to the present study, there have been only a few studies that have focused on MLS 

comprehensively in combination with test fields. System manufacturers have carried out and published 

their own tests, but only a few publications exist where system performance has been examined using 

an established test field and where the results have been analyzed by an independent actor.  

Barber et al. [1] used RTK-GPS measurements to collect reference data on two test sites to validate 

the geometric accuracy of the Streetmapper MLS system. The main focus then was on elevation 
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accuracy, while only a few control points, measured on white line markings on the road, were used for 

the analysis of planimetric accuracy.  

Researchers of the University of California at Davis, United States, used total station and static TLS 

data to analyze the accuracy of MLS systems (Streetmapper 360, Optech Lynx and Ambercore Titan) 

when producing digital terrain models of pavement surfaces [29]. Then only elevation accuracy was 

the subject of concern. 

Haala et al. [7] demonstrated that the StreetMapper system could produce dense 3D measurements 

with an accuracy level of 30 mm in good GNSS conditions. Furthermore, the remaining differences 

between the point clouds from different scanners, due to the imperfect boresight calibration of the 

upward looking scanner, could be corrected during post processing. Under degraded GNSS conditions, 

they reported a georeferencing error of up to 1 m for the horizontal position. They also reported that 

despite the limited absolute accuracy, 3D point measurements during bad GNSS conditions are still 

useful, especially if the purpose is mainly to exploit their relative positions. As an example, they 

presented that the standard deviation of such data is only 5 cm if the points from two scanners are 

combined and 2.6 cm if the points are separated for each scanner. Thus, such data are feasible for the 

extraction of the features of windows or passages if a certain error as to their absolute position is 

acceptable. Since the best laser systems in MLS are capable of estimating the range with an accuracy 

of 2 mm, and as direct georeferencing dominates in error propagation, an improvement is needed in the 

of georeferencing solution. The options in improving the georeferencing solution include more 

accurate calibration of the relative orientation of the MLS system components, automatic/manual 

detection of those objects (the position of which is known) from the road sides that may be used to 

improve georeferencing, and development of new data fusion approaches for MLS. The most in-depth 

analysis of MLS quality thus far is that presented by Haala et al. [7]. 

This paper concentrates on evaluating the geometrical properties of laser point clouds collected by 

various commercial and research-based MLS systems in good GNSS conditions on an established 

urban test field.  

2. Benchmarking Mobile Laser Scanning Systems  

2.1. Materials  

2.1.1. Test Field 

The test field was implemented in Espoonlahti, about 16 km west of Helsinki. The test field covers 

one block around the Lippulaiva shopping mall covering 1,700 m of road environment (Figure 1). 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 from the digital surface model in Figure 2, Section C has 

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 as 

hundreds of pole type objects, such as lamp posts, traffic signs and trees. The road area, as well as 

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 road area and in the surroundings. The height difference 

between the lowest and highest points along the road is 12 m (Figure 2). 

Figure 1. The Espoonlahti test field for mobile laser scanning covers 1,700 m of road 

environment. The driving route is marked by the red line, and the various sections are 

marked by the red letters AïD. The parking spaces are marked by the letter P. The map 

data were provided by the courtesy of the City of Espoo. 

 

Figure 2. A digital surface model of the Espoonlahti test field (based on MLS data). The 

map data were provided by the courtesy of the City of Espoo. 
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2.1.2. Reference Data for Accuracy Evaluation 

Dense terrestrial laser scanner point clouds were used to obtain the reference targets for the analysis 

of geometric accuracy. The reference point clouds were collected on 7 May 2009 using FGIôs mobile 

mapping system called the ROAMER [11], Road Environment Mapper in static mode. The ROAMER 

was installed on the roof of a car, and the car was kept standing static on the road during each 360° 

scanning performed using of the FARO Photon 80 terrestrial scanner (Figure 3). The scan resolution 

was set to 0.0013 rad point separation. The georeferencing of individual scannings was computed 

during post-processing: the scanner position and heading were obtained from the ROAMERôs SPAN 

navigation system and the scannings were leveled using the scannerôs built-in inclinometer. The virtual 

GPS reference station data used in GPS post-processing were downloaded from the GPSNet.fi service. 

The SPAN data were processed using the Waypoint Inertial Explorer software, which gave the 

estimated accuracies of 11 mm in 3D-position and 0.027° in heading (RMS) for the ROAMERôs 

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 

during system calibration.  

Figure 3. An example of reference point clouds. The scanning locations can be seen as 

shadows on the road that by the car was driven along. 

 

The ROAMERôs TLS/static data were validated against 150 check points measured using a total 

station (Trimble 5602S DR200+). A total of nine ground control points (GCPs) were measured for the 

total station setup around the Espoonlahti test field using repeated real-time GPS measurements (Leica 

SR530). Eight individual measurements were taken at each point using different reference data sources 

(RTK-GPS using its own reference station and VRS-GPS using a virtual reference station) and 

different satellite constellations (a few hours passing between the measurement sessions). For each 

GCP, the first two sessions were measured using RTK-GPS (with an expected accuracy of 1 cm + 1ï2 ppm 

in horizontal plane and 1.5ï2 cm + 2 ppm in height [30]), and then two sessions using VRS-GPS (with 

an expected accuracy of 2 cm in horizontal plane and 4 cm in height [31]). A new GPS initialization 

was acquired between each session. This procedure was carried out for a second time after a few hours. 

The GCP coordinates were then computed as a mean of the obtained eight coordinates. The maximum 
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standard deviation of the eight ñoriginalò coordinates was 23 mm in horizontal plane and 30 mm in 

elevation (the averages were 13 mm and 20 mm, respectively). 

With most of the ROAMER scannings, the comparisons showed that the check points and point 

clouds matched one another within the standard deviation of the GCPs, i.e., a couple of centimeters, 

but with a few scans there was error in the leveling of the point cloud. In these cases there had been a 

passing bus visible in the scanning data, and so it is obvious that a large vehicle had caused a 

disturbance in the functioning of the scannerôs inclinometer. These point clouds were then re-leveled 

by using neighboring point clouds and check points. 

Figure 4. The reference targets: orange points are elevation reference points and blue 

(targets 5 m above ground), red (large poles) and green (small poles) points are planimetric 

reference points (the map data provided by the courtesy of the City of Espoo). The small 

figure in the top right corner shows a detail of the measured poles from close-to-ground 

laser points. 

 

Following the point cloud validation, the targets for accuracy analysis were measured along a 350 m 

length of the test fieldôs Section A (Figure 1) with the best GNSS visibility. The TerraScan-software 

by TerraSolid Ltd. was used for all point cloud operations. 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 every 1,000th point, and these thinned points 

were compared to the original ground points. Every thinned point deviating more than 5 mm from the 



Sensors 2012, 12 12820 

 

 

original data was deleted, and the remaining points were selected as the reference points for analysis of 

the elevation accuracy. The complete ground reference data for the elevation consisted of 3,283 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 the ground, and these close-to-ground 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, 1 m thick, was taken at approximately 5 m 

above the ground, and these laser points were used to measure more building corners and centers of 

poles. Altogether 273 planimetric reference targets were measured. The pole coordinates were 

measured by visually fitting a circle to the point cloud in the top view, and the centre of the circle was 

used as the reference coordinate.  

2.1.3. Benchmarked Mobile Laser Scanning Data 

Mobile laser scanning data were collected from the test field using five different systems (Tables 1 

and 2). The test field was driven in both clockwise (CW) and counter-clockwise (CCW) direction at a 

speed of about 30ï40 km/h with all of the systems. 

Table 1. The tested MLS-systems. 

MLS system Operated by Data acquisition date 

ROAMER Finnish Geodetic Institute June 2009 

RIEGL VMX-250 RIEGL Laser Measurement Systems GmbH March 2010 

Sensei Finnish Geodetic Institute May 2011 

Streetmapper 360 3D Laser Mapping June 2011 

Optech Lynx TerraTec AS June 2011 

Table 2. The MLS scanner specifications [32ï37]. 

 Optech Lynx 

Mobile Mapper/ 

TerraTec AS 

Sensei ROAMER  RIEGL VMX -250 

and Streetmapper 

360 

Laser scanner Optech Ibeo Lux FARO Photon 80 RIEGL VQ-250 

Laser wavelength N/A 905 nm 785 nm Near infrared 

Distance measurement 

principle 

Time-of-flight,  

max four returns 

Time-of-flight,  

max three returns 

Phase-shift Time-of-flight, no. 

of returns selectable 

Points/s (×1000) max 2 × 200 38 120 2 × 300 

Range 200 m 200 m 76 m 500 m 

Profiles/c max 2 × 200 50 61 2 × 100 

Beam divergence N/A 1.4 × 14 mrad 0.16 mrad 0.3 mrad 

Beam size at exit N/A N/A 3.3 mm 7 mm 

Distance measurement 

accuracy 

8 mm 100 mm 2 mm@25 m 10 mm@150 m 

Angular resolution N/A 0.25° 0.009° 0.018° 
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Examples of the acquired point clouds are shown in Figures 5ï9. The laser points are visualized by 

their intensity value, but with the exception that Sensei does not record intensity. 

Figure 5. Optech Lynx data. 

 

Figure 6. Streetmapper data. 
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Figure 7. RIEGL VMX-250 data. There were still patches of snow on the ground during 

the data acquisition, and these resulted in voids in the data.  

 

Figure 8. ROAMER data. 
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Figure 9. Sensei data. Due to the scanning angle, the Sensei covered only one side of the 

trajectory at a time. 

 

FGIôs ROAMER  system, developed in-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 NovAtel SPAN positioning 

system (NovAtel DL-4 plus GPS-receiver, a NovAtel GPS-702-GG 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 terrestrial laser 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 m, 

respectively). The laser profiling was carried out using a scanning frequency of 48 Hz. The ROAMER 

has an adjustable scanning angle, and in the Espoonlahti exercise the scanner was operated for 

measuring profiles by having it tilted 45° below the horizontal; see Figure 10. The ROAMER is the 

only system in this comparison, which utilized a laser scanner with continuous wave laser and  

phase-shift-based distance measurement. The beam size of the scanner was also the smallest in the test. 

The direct georeferencing of the ROAMER point clouds was computed using the Waypoint Inertial 

ExplorerÊ GPS-IMU post-processing software. The GPS reference station data were acquired from 

the Finnish virtual reference station (VRS) network GPSNet.fi. After georeferencing, the dark points 

were deleted by filtering out points with intensity value of less than 8,000 (range 0ï20,470), and 

isolated points were deleted by filtering out points that had less than 50 points within a 2 m radius 

around them. TerraScan by Terrasolid Ltd was used for the filtering. 

Two point clouds were analyzed for the ROAMER. In the first one, the 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 and 

rotations between the scanner, IMU and the GPS antenna. This laboratory calibration was fine-tuned 

using the measured data, e.g., by utilizing the data acquired by driving the same location in two  

directions and using some control targets. These fine-tuned calibration values were applied in 

recomputing the data, and in producing the second set of point clouds for analysis. 
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Figure 10. The ROAMER.  

 

The RIEGL VMX-250 (Figure 11) was introduced at the beginning of 2010 and the test field data 

were acquired in March 2010. The system consists of two RIEGL VQ-250 scanners and a navigation 

unit with IMU, GNSS and odometer instruments. Each of the scanners measures up to 300,000 points 

and 100 profiles per second. The maximum measurement range is 500 m. In September 2011, RIEGL 

announced another mobile mapping system, the VMX-450, with VQ-450 scanners, and the capability 

to measure up to 550,000 points and 200 profiles per second.  

RIEGL delivered two point clouds for analysis. The first batch of data was received 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 RIEGL to assist in the calibration procedure. The second batch of data was 

received in May 2011. 

  


