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ABSTRACT 

The rapid collection of accurate spatial data and its use in various domains is driving the 
evolution of Mobile Mapping Systems (MMS). This study evaluates the accuracy of the Riegl VMX-
2HA system in three different environments: an urban residential area, an open road section with an 
unobstructed view of the sky, and a forested roadway where GNSS signals are significantly affected. 
This research investigates the effect of these environments and different alignment methods on point 
cloud accuracy. A combination of GNSS, IMU and DMI was used to determine the trajectory, with 
measurements tied to GCPs. The study compares the results of the processing of the separate 
sections with the calculation of the entire section and evaluates the differences of the repeated 
measurements. The results show that aligning measurements without separating sections by 
environment improves accuracy. The results contribute to the optimisation of MMS-based data 
collection strategies and provide insight to improve the reliability of spatial data collection. 
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INTRODUCTION 

The requirement for rapid spatial data collection was behind the creation of the first mobile 
mapping devices. These devices were initially georeferenced only to ground control points (GCPs); 
later, additional sensors were integrated for positioning [1; 2; 3]. These methods have a significant 
impact on overall accuracy. To determine the initial trajectory, a combination of GNSS (Global 
Navigation Satellite System), IMU (Inertial Measurement Unit), and DMI (Distance Measurement 
Indicators) are used in vehicle mounted Mobile Mapping Systems (MMS).   

Although the GNSS system can achieve absolute centimetre accuracy, the GNSS signal is 
often degraded by sky obscuration or multipath interference. The IMU is used to obtain accelerations 
and rotations, and the relative position of the vehicle can be determined from the measurements. 
However, errors and noise accumulate in these measurements. For optimal computation of the initial 
trajectory by combining the above methods, it uses the Kalman filter [4; 5; 6]. In addition, the 
measured trajectory can be transformed into GCPs to ensure accuracy or improve accuracy in 
sections without a GNSS signal [7; 8]. Another method is to align the point cloud using the 
Simultaneous Localization and Mapping (SLAM) algorithm [9; 10], but this principle is mostly used 
for handheld mobile laser scanners, which are mainly used in places without GNSS signals such as 
buildings [11; 12; 13], forests [14; 15], historical structures [16] or mines [17]. 

https://slovnik.seznam.cz/preklad/anglicky_cesky/evolution?strict=true
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Currently, there are several commercial vehicle-mounted MMS solutions that use panoramic 
cameras and Light Detection and Ranging (LiDAR) sensors for data acquisition [18]. In testing these 
devices, the authors of this paper discuss both the accuracy and data quality of the system and its 
use for specific purposes. 

The use of MMS is currently highly relevant. These devices are being developed and 
improved for several reasons. The first is their use for autonomous vehicle control. This focus 
involves the relative position of the vehicle (car) in its surroundings, the recognition of traffic signs 
and the monitoring of traffic [19; 20; 21; 22]. In this context, deep learning tools are widely used for 
data processing and classification [23; 24; 25; 26; 27; 28]. 

For surveying purposes, the resulting accuracy of the output is important. In this context, 
papers deal with the accuracy of the systems [29; 30; 31; 32] especially in terms of the impact of the 
density of GPSs [33; 34; 35]. These papers imply that the number and quality of GCPs have an 
important role in the accuracy of the result. However, for effective data collection, it is recommended 
to use GCPs targeted by the GNSS method with a spacing of 1000 m. This paper focusses on the 
investigation of the accuracy and behaviour of the MMS device in terrain with different 
characteristics. [35; 36]. 

MATERIALS AND METHODS 

This chapter describes the characteristics of the test field, the determination of ground point 
coordinates, and point signalling. Furthermore, it gives a brief description of the work involved in the 
creation of point clouds, and it concludes with a description of the evaluation of observed values 
when working with MMS. 

Test Field Specification 

The test field (Figure 1) dedicated to investigating the properties of the MMS approach using 
the Riegl VMX-2HA was designed to include various types of area. The test field is in Pilsen, South 
suburb (Jižní předměstí, 49.7299869N, 13.3574144E). The total length of the test field is 5.5 km with 
109 points spaced approximately 50 m apart. 

 

 
 

Fig. 1 - Map of the MMS test field 

Field Sections 

The first section (Figure 2a), 1.5 km long, is in the calm locality of "Na Hvězdě". This area is 
dominated by residential development and street trees. The second section (Figure 2b) lies along 
"Sukova", "Folmavská" and "U Letiště" streets and is a multi-lane road with unobstructed views of 
the sky. The last section of 1 km is then placed in "Dobřanská" Street (Figure 2c). The surrounding 
area of this street is forested and therefore the GNSS signal is significantly interfered with. 
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Fig.2 - Types of area (a – Section 1, b – Section 2, c – Section 3) 

Reference and Validation Point Network 

Control and check points were stabilised with a measuring steel spike and marked by street 
lines or a 15x15 cm chequerboard target. The coordinates of the points of all sections were 
determined by the GNSS RTK method (GNSS points), and the points of the first section were 
additionally determined by a total station with subsequent alignment (TS points). 

Each point was independently measured twice using a Leica GS18. The average standard 
deviations of the GNSS point determinations were calculated based on these dual measurements. 
Table 1 presents the standard deviations of the GNSS coordinates derived from the repeated 
measurements. 

Tab.1 - Deviations of GNSS measurement 

Field Sections StDev 2D [mm] StDev 3D [mm] 

Section 1 23 27 

Section 2 14 16 

Section 3 14 20 

  
Only ground points in Section 1 were measured using the polygon method using a Leica 

TS1200 total station and then calculated by adjustment in EasyNET software (Version 3.5). Section 
1 was assumed to be moderately demanding in terms of GNSS interference. The coordinates 
determined by this method will be used to calculate the differences between the point-cloud 
alignment methods. Measuring the entire field using this method would be time consuming, and 
despite this, it is not expected to be of significant benefit to this work. Table 2 shows the network 
adjustment parameters in the EasyNet software.  

Tab.2 - Adjustment parameters of the tied network 

Adjustment method Tied network 

Fixed points 1, 5, 25 

Average 2D standard deviation 2.2 mm 

Average 3D standard deviation 2.2 mm 

 

Methodology 

The data acquisition parameters, the vehicle speed, and the calculation settings affect not 
only the density of the point cloud but also its overall quality and accuracy. This chapter provides an 
overview of the fundamental parameters for data collection, as well as the calculation procedure. 
Detailed descriptions of each parameter can be found in [33]. 
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MMS Data Acquisition 

The test field was measured with a Riegl VMX-2HA mobile mapping instrument, attached to 
a car. The measurements were taken in December 2022. A panoramic camera was not used for the 
mapping as it was not planned to evaluate the photo data or colour the point clouds. The entire field 
was surveyed twice (forward and backward). The vehicle moved at an average speed of 20 km/h on 
the "forward" approach and 35 km/h on the "backward" approach.  All significant parameters are 
listed in Table 3. 

Tab.1 - Parameters of data collection 

Environmental Factors 

Ambient Temperature 1 °C 

Atmospheric Pressure 1020 hPa 

Relative Humidity 90 % 

Operational Parameters 

Average Vehicle Speed 20 km/h and 35 km/h 

Laser Pulse Repeat Frequency 1000 kHz 

Use of Panoramic Camera Not utilized 

MMS data processing 

The Riegl RiPROCESS data software was used to create point clouds from the measured 
data and the trajectory from the GNSS/INS data was computed in the Applanix POSpac software.  
A total of eight point-clouds were computed, two clouds of the entire test field (forward and backward) 
with GCPs spacing 1km and two clouds for each Section in the same procedure. Figure 3 shows a 
flow chart of the process with important parameters. 
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Fig.3 - Data processing flow chart 
 

MMS evaluation 

This chapter describes how the results are calculated and evaluated. It focusses on the 
influence of the alignment method in RiPROCESS software on the resulting cloud accuracy, the 
quality assumptions of GNSS point clouds, and in the last part to the point clouds and their 
accuracies. 

Determination of accuracy 

The deviations were determined by comparing the ground check points with the 
corresponding points extracted from the point clouds. Equation 1 provides the formula for calculating 
the Root Mean Square Error (RMSE), while Equation 2 defines the calculation of Standard 
Deviations. 

𝑅𝑀𝑆𝐷 =  √
∑ 𝛥𝑥𝑖

2𝑛
𝑖=1

𝑛
, 

 𝑤ℎ𝑒𝑟𝑒 𝛥𝑥𝑖 =  𝑋𝑖 − 𝑋𝑖̂, 𝑋𝑖  𝑎𝑟𝑒 𝑡ℎ𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑒𝑐𝑘 𝑝𝑜𝑖𝑛𝑡, 
 𝑋𝑖̂ 𝑎𝑟𝑒 𝑡ℎ𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑖𝑛𝑡 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑝𝑜𝑖𝑛𝑡 𝑐𝑙𝑜𝑢𝑑. (1) 

 

𝑆𝑡𝐷𝑒𝑣 =  √
∑ 𝑣𝑖

2𝑛
𝑖=1

𝑛 − 1
,  

𝑤ℎ𝑒𝑟𝑒 𝑣𝑖
2 =  𝛥𝑋  − 𝛥𝑋𝑖 , 

𝛥𝑋𝑖 𝑎𝑟𝑒 𝑡ℎ𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑜𝑟𝑠 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑐ℎ𝑒𝑐𝑘 𝑝𝑜𝑖𝑛𝑡𝑠 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑝𝑜𝑖𝑛𝑡𝑠 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑐𝑙𝑜𝑢𝑑, 
𝛥𝑋  𝑖𝑠 𝑡ℎ𝑒𝑖𝑟 𝑎𝑣𝑒𝑟𝑎𝑔𝑒. (2) 
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Influence of the Alignment Method 

The initial trajectory is computed from GNSS, INS and DMI data. The absolute position is 
provided by GNSS, which, especially in places with obscured views of the sky, may show larger 
deviations from the actual terrain and in some places the trajectory may even be deformed. For these 
purposes, it is recommended to align the measurements with the ground control points and adjust 
the entire trajectory. The alignment process utilises GNSS, INS, and DMI data along with their 
respective accuracies. GCPs are marked on the initial point cloud to refine alignment. 

Figure 4a shows the spatial deviations of the initial trajectory; the difference between sections 
and the impact of GNSS measurements on accuracy are significant. The state after the "non-rigid 
with translation" adjustment to the GCPs can be seen in Figure 4b. The marked locations of the local 
minima appear where the ground control points were located. There are four significant maximum 
deviations in this plot; these deviations are very similar to each other and occur at locations where 
the vehicle was forced to stop at the road junction. The last thing that can be noticed from comparing 
these two graphs is that the calculated deviations are reduced after the alignment, but the trends are 
kept. These graphs were computed in the RiPROCESS software. 

 

 

Fig.3 - RiProcess trajectory deviation 
 

RiPRECISION software offers three types of adjustment:  

  Non-rigid with translation: The entire trajectory is first rotated and translated to minimise 
deviations at the ground control points, followed by local alignment around the ground control points, 
and therefore scale adjustment. 

Non-rigid: Only local alignment around the ground control points and scale adjustment is 
performed. 

Rigid with translation: The trajectory is rotated and translated to minimise deviations at the 
ground control points. 
 
 For comparison of the adjustment, the point clouds of Section 1 where the TS ground control 
points are used, and therefore the result will not include the GNSS error. Three clouds were 
computed, and each point cloud was first aligned at points 10 and 23 (1 km spacing between points), 
and the trajectories were adjusted according to the methods mentioned. Figure 5 shows the profile 
of point clouds with checkpoint TS 5.  
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Fig.4 - Profile of various adjustment types 

 

Accuracy of MMS in Various Environments 

In this article, three types of environments are studied. The results are expected to show the 
difference in the point cloud accuracy with the same spacing of the GCPs. This section also focusses 
on the point cloud accuracy when the section was computed separately (without other sections) and 
when the section was computed together as one raid. 

The last chapter is dedicated to the repeatability of measurements, i.e. the difference of point 
clouds of the same section that have been measured repeatedly and are tied on identical GCPs. 
The points taken from the "forward" and "backward" point clouds were compared. Also, in this case, 
differences were calculated from point clouds computed by sections and point clouds computed as 
part of the entire field.  

RESULTS 

Influence of the Alignment Method 

Figure 6 illustrates the 3D deviations of each check points distributed along the trajectory. 
The deviations are calculated here as the difference between the TS point coordinate and a point 
manually taken from the point cloud. The plot values show similar trends in the deviations, especially 
between the "non-rigid" and "rigid with translation" methods. The "non-rigid with translation" method 
shows the smallest deviations during the trajectory, which can be seen in the summary of Table 4. 
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Fig. 5 - Points deviations of various adjustment types 
 

Tab. 2 - Summary deviations of various adjustment types 

Alignment method StDev 3D [mm] RMSD 3D [mm] 

Non-rigid with translation 16 18 

Non-rigid 20 25 

Rigid with translation 20 27 

 

Accuracy of MMS in Various Environments 

  Data collection was carried out in three areas. Section 1 was measured in a built-up 
urban area, Section 2 was carried out on a two-lane road section, without disturbing the view of the 
sky, and Section 3 data collection was carried out on a forested road. The sections are connected 
to each other. 

Figure 7 shows the deviation plots for these sections. While the line graph represents the 
deviation of the MLS measured point from the "forward" approach from the point measured by GNSS 
method, the bar graphs show the 3D deviation of the points from the "forward" and "backward" 
passes.  Compared to the GNSS points, the plot values also show the minimum deviation of the 
cloud calculated separately and the cloud computed as a group of all sections. The largest difference 
between these deviations can be seen in the graph of Section 2 at point 40, the difference reaches 
26 mm.  
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Fig.6 - Point deviations of measured sections 

The Table 5 shows in detail the sampling standard deviations (StDev) and Root-mean-
square-deviations (RMSD). The plane deviations of the first pass for all environments (compared 
with GNSS points) are almost identical, StDev 15mm. A more significant difference in this 
comparison is seen for spatial deviations, because of the height component. However, the difference 
in deviations between the areas is in the range of millimetres.  
 The difference in total deviations from the comparison of cloud points from two passes 
behaves similarly when the clouds are adjusted separately. For all environments, the deviations 
reach similar values. However, the table shows very small deviations in the height deviation when 
the clouds were calculated as part of the whole. The height deviations from these repeated passes 
are below 4 mm. 

Tab. 3 - Summary deviations of measured sections 

Section Calc. 2D GNSS [mm] 3D GNSS [mm] H GNSS 
[mm] 

2D Rep. Pass 
[mm] 

3D Rep. Pass 
[mm] 

H Rep. 
Pass [mm] 

StDev 
 

RMSD StDev RMSD StDev StDev RMSD StDev RMSD StDev 

1 Sep. 16 17 21 24 13 14 16 17 19 10 

Tot. 15 17 20 22 13 9 9 9 9 2 

2 Sep. 15 15 19 19 11 15 17 18 20 11 

Tot. 15 15 17 19 9 13 15 14 15 4 

3 Sep. 15 16 23 27 17 16 19 17 20 6 

Tot. 16 18 21 25 12 15 19 15 19 1 

Entire 
area 

- 15 16 20 22 12 13 14 14 15 3 
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Explanatory notes: 
Sep. - point clouds were calculated separately for each section, Tot. - point clouds were computed 
as part of the entire area. 

CONCLUSION 

This article was dedicated to comparing the accuracy of the MMS method with the Riegl 
VMX-2HA in various environments. These areas differed mainly in GNSS interference. The data 
were acquired on a 5.5 km long test field in Pilsen. The points used for the calculations are spaced 
at 50 m intervals along this route, and their coordinates were determined by the GNSS method. 

In the first step, it was appropriate to determine the method of adjustment of the initial 
trajectory on the GCPs. An experiment was performed in which the measurements in the first section 
were aligned to two points (spaced 1000 m apart) and point clouds with different transformations 
were calculated. For these calculations, very precise points determined by the adjustment of the tied 
network (TS points) were used. The results show that the most accurate method and the method 
used further is the "non-rigid with translation" transformation, which achieved a 3D standard 
deviation of 16 mm. 

The results of the sections comparison with GNSS points show several similar results. The 
first says that the accuracy of the point cloud, computed as part of the whole (with varying 
environments), increases the accuracy of the results. This was also applicable for Section 2, where 
linking to sections with worse conditions, there was no degradation in accuracy. The results show 
an improvement in the 3D standard deviation of 1-2 mm. The change of environment is only slightly 
reflected in the planar deviations, a more significant change is only seen in the elevation deviation, 
which affects the spatial accuracy. The best result in this experiment is the accuracy of Section 2 
(road without GNSS interference) 3D StDev 17 mm, followed by the built-up area Section 1 3D StDev 
20 mm and the forested road Section 3 3D StDev 21 mm. 

The deviations from the repeat pass show spatial deviations of about 15 mm, and surprisingly 
the largest deviations in this comparison are in Section 2. Thus, it can be estimated that more weight 
was added to GNSS measurements (during MMS measurement) in this section, which were 
undisturbed here, making the calculation less dependent on the GCPs. An interesting value in this 
section is the standard deviation of the heights for point clouds computed as an entire area, here it 
is below the 5 mm. These values again suggest an improvement in accuracy when the sections are 
not separated. 

The results of this work show the greater accuracy of the Riegl VMX-2HA, despite the density 
of GCPs, compared to its predecessor, the RIEGL VMX-450. The measurements show that this 
system can be reliably deployed under diverse conditions ranging from urban areas to forested 
roads. Its simplicity, fast data acquisition and precision make it a suitable primary method for 
mapping large areas without complex preparation or a high number of control points. The collected 
data can also be efficiently supplemented with outputs from handheld scanners, drone-based aerial 
surveys or conventional geodetic measurements. This approach helps to optimise the costs of spatial 
data collection while ensuring high quality of the final model. 
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