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ABSTRACT: 

This paper presents the results of assessing the performance of Trimble Applanix PCDATM SLAM-based technology to 
simultaneously optimize any mobile mapping system trajectory and LiDAR point cloud data in a GNSS-denied environment. The 
simultaneous use of inertially-aided GNSS data along with LiDAR point clouds to optimally correct shifts and/or drifts in the 
trajectory in GNSS-denied environments is addressed in detail in this paper. A number of Trimble MX50 Mobile Mapping System 
data sets were acquired in Germany particularly to assess the performance of PCDATM. The land mobile mapping data sets were 
acquired in deep urban canyons which were purposely acquired that way to reach the most challenging land mobile mapping data 
sets in a GNSS-denied environment. The PCDATM technology assessment results are presented in detail. In summary, the results 
show how LiDAR data can successfully be used to correct the trajectory shifts and drifts due to GNSS outages by simultaneously 
optimizing both point cloud and trajectory data.  

1. INTRODUCTION

Airborne, land, and indoor geospatial data acquisition has been 
used for decades to produce accurate 3D mapping products (c.f., 
El-Sheimy, 1996 for land mobile mapping systems, Ip et al, 
2007 for land mobile mapping systems, Mostafa and Schwarz, 
1999, 2000, 2001 for crewed airborne systems, Mostafa, 2017 
for uncrewed systems). Elhashash, et al, 2022 and Aoki, et al, 
2012 listed a variety of applications for mobile mapping 
systems that all use the same payload and system architecture. 
are being used for a variety of applications. 

Today, it is typical, when using autonomous platforms such as 
drones, and robotic land vehicles to leverage multiple sensors 
including GNSS, inertial measuring units, LiDAR, Cameras, 
etc. for 3D reality capture. The data from the sensor payloads 
are georeferenced using a high-rate position and orientation 
solution computed by combining measurements from GNSS, 
IMUs, odometers, magnetometers, cameras, and LiDAR (c.f., 
Hutton, et al, 2016). 

The typical method for this multi-sensor integration is using an 
Aided-Inertial Kalman Filter based architecture in which the 
data is post-processed, which offers the advantages of 
processing the data both in the forward and reverse directions. 
Recent expansions of the GNSS constellations (including 
BeiDou III) has resulted in over 100 satellites with multiple 
frequencies in full operation that can now be used for accurate 
positioning in what were previously marginal conditions.  

In addition, the introduction of low-cost, high-performance, 
miniaturized LiDAR scanners now provides a cost-effective 
method of measuring relative position and orientation that can 
be used to correct drifts in the trajectory in GNSS-denied 
environments. Trimble’s Applanix POSPacTM 9 software using 
Trimble© ProPointTM GNSS, Trimble CenterPoint© RTX, 
Applanix IN-Fusion+TM, and Applanix PCDATM technology is 
an advanced Aided-Inertial post-processing software package 
that has been optimized for mobile mapping and surveying 
applications in all environments.  

Today, it is normal for systems to include multiple cameras and 
LiDARs integrated with Inertially-aided GNSS (c.f., Ravi et al, 
2016). Trimble Applanix PCDATM technology is based on a 
Simultaneous Localization and Mapping (SLAM) algorithm. 
PCDATM works with any type of LiDAR sensor and a variety of 
GNSS and inertial measuring units.  

It voxelizes the LiDAR data into a number of levels (c.f., Bosse 
and Zlot, 2009; Cummins, and Newman, 2008) from which it 
does planar detection and correspondence that is then used in 
conjunction with the trajectory in order to calibrate different 
system parameters such as boresight, lever arms between 
different sensors (c.f., Mirzaei et al, 2012), while it optimizes 
the trajectory and point cloud in an optimized Least Squares 
environment as shown in Figure 1. 

Figure 1: PCDATM Workflow 
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2. DATA DESCRIPTION 

This section is dedicated to describing the data used for the 
analysis presented in this paper. The system used in data 
acquisition along with its technical specifications are listed in 
the following subsections together with a description of the data 
acquisition mechanism. 
 
2.1 Mobile Mapping System Configuration 

Trimble MX50 mobile mapping system (shown in Figure 2) is 
used to acquire the data used in the analysis presented in this 
paper. The system specifications are listed in Table 1 for the 
laser sensors and Table 2 for the GNSS-Inertial georeferencing 
sensors. 

 
Figure 2: Trimble MX50 Mobile Mapping System 

 

 
Table 1: Trimble MX50 Technical Specifications 

 

 
Table 2: Trimble MX50 Embedded GNSS-Inertial System 

Specifications 
 
2.2 Data Acquisition Configuration 

The analysis presented in this paper is based on a data set 
acquired in Biberach, Germany (shown in Figure 3). The MX50 
was driven for an approximately 350 m twice in the same 
direction in order to end up with an overlap for the LiDAR data 
shown in the green color-coded trajectory shown in Figure 3. 
The data was acquired three different times. 
 
The three individual data sets are referred to here as Data 338, 
Data 342, and Data 344, respectively. 
 

 
Figure 3: Trajectory of the MX50 data set acquired in 

Biberach, Germany 
 
The data set was intentionally acquired in an area with many 
medium-rise buildings which resulted in substandard GNSS 
intervisibility between the TMX50 GNSS receiver’s antenna 
and different satellite antennas.  
 
This resulted in the following (as shown in Figure 4): 
1. The number of GNSS satellites was significantly different 

between the two passes due to the time difference between 
the two drives over the same road segment, 

2. The number of satellites in less than four satellites in many 
epochs of the data in one pass over the same road segment. 
On the other hand, the number of satellites is a little higher 
(from 2 to 6 satellites) in the second pass over the same 
road segment. 

 

 
Figure 4: Number of GNSS Satellites acquired in the Biberach 

MX50 Data. 
 
Note that LiDAR point cloud accuracy is influenced by a 
number of parameters in addition to the trajectory accuracy, 
including the technical specifications of the Inertial Measuring 
Unit (IMU) used in the system and the accuracy and validity of 
the installation parameters (including boresight angles and lever 
arms). 
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3. DATA PROCESSING RESULTS AND ANALYSIS 

This section is dedicated to describe two data processing 
workflows and their associated results and analysis. 
 
3.1 Data Processing Without PCDATM 

In this standard data processing workflow, POSPacTM has been 
used to process the raw GNSS/Inertial Data in order to produce 
a Smoothed Best Estimate of the Trajectory (SBET) for the two 
different passes over the same road segment of approximately 
350 m. Subsequently, the SBET data has been used to 
Georeference the LiDAR data for the two different passes over 
the same road segment.  
 
This resulted in two different LiDAR point clouds covering the 
same road segment. A number of cross sections were taken in 
the LiDAR point clouds in order to analyse the influence of the 
different GNSS satellite sky configuration during the two 
different passes.  
 
Figure 5 shows a vertical cross section taken in a wall in the 
LiDAR point cloud in the first pass (red) as well as another 
vertical cross section taken in the same wall in the second point 
cloud. Please note that the two passes are covering the same 
road segment. It is noticeable that there is a spatial horizontal 
distance (error) between the two cross sections of the same wall 
of up to 12 cm.   
 

 
Figure 5: LiDAR Point Cloud Vertical Cross Sections 

showing Pass #1 (red) and Pass #2 (blue) 
 
Figure 6 shows a cross section taken in the pavement in the 
LiDAR point cloud in the first pass (red) as well as another 
cross section taken across the same pavement in the point cloud 
of the second pass (blue). Please note that the two passes are 
covering the same road segment. It is noticeable that there is a 
spatial vertical distance (error) between the two cross sections 
of the same pavement of up to 30 cm.   
 
 

 
Figure 6: LiDAR Point Cloud Pavement Cross Sections 

showing Pass #1 (red) and Pass #2 (blue) 
 

3.2 Data Processing Optimization Using PCDATM 

In this standard data processing workflow, POSPacTM has been 
used to process the raw GNSS/Inertial Data in order to produce 
an SBET for the two different passes over the same road 
segment of approximately 350 m. Subsequently, the SBET data 
has been used to Georeference the LiDAR data for the two 
different passes over the same road segment, but this time 
PCDATM has been used to optimize both the LiDAR point cloud 
and the SBET.  
 
This resulted in optimizing the two different LiDAR point 
clouds covering the same road segment. Figure 7 shows a 
vertical cross section taken in a wall in the LiDAR point cloud 
in the optimized first pass (green) as well as another vertical 
cross section taken in the same wall in the optimized second 
point cloud.  
 
It is noticeable that both wall cross sections happened to 
coincide due to the minimal spatial distance (error) between 
them which is down to a horizontal error of up to 1 cm. 
 

 
Figure 7: LiDAR Point Cloud Vertical Cross Sections 

showing Pass #1 (green) and Pass #2 (yellow) using PCDATM 
 
It is obvious that using PCDATM resulted in a much smaller 
error in the order of 1 cm shown in Figure 7. Using the same 
data set and same processing workflow without PCDATM 
resulted in an error of up to 12 cm as shown in Figure 5.  
 
It is clear that using the standard LiDAR point cloud processing 
without PCDATM does not use the overlapping LiDAR point 
clouds covering the same road segment and, thus, when driving 
a mobile mapping system in a GNSS-denied environment for 
more that a certain threshold would influence the individual 
point cloud accuracy.  
 
When using PCDATM, on the other hand, the nature of 
overlapping LiDAR point clouds allowed for optimizing the 
trajectory to improve the GNSS-denied environment influence 
on the LiDAR point cloud accuracy.  
 
However, an outstanding question arises. Does PCDATM 

average the overlapping point clouds acquired from different 
passes. In order to address this question, the before and after 
PCDATM results were plotted together in the same plot as shown 
in  Figure 8. Upon examining the cross sections taken across the 
same wall in the two different passes of MX50 vehicle over the 
same road segment, the following can be concluded: 
• PCDATM does not average the errors in the point clouds 

due to the rather poor GNSS data due to the exposure to 
the GNSS-denied environment. 

• The optimized LiDAR point cloud is not an average of the 
non-optimized point cloud as shown in Figure 8 
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Figure 8: LiDAR Point Cloud Vertical Cross Sections 

showing Pass #1 (red) and Pass #2 (blue) before PCDATM 
and Pass #1 (green) and Pass #2 (yellow) after PCDATM 

 
Figure 9 shows a pavement cross section of the LiDAR point 
cloud in the optimized first pass (green) as well as another 
pavement cross section taken in the same road pavement in the 
optimized second point cloud.  
 
It is noticeable that both pavement cross sections happened to 
coincide due to the minimal spatial distance (error) between 
them which is down to a vertical error of up to 2 cm. It is 
obvious that using PCDATM resulted in a much smaller error in 
the order of 2 cm shown in Figure 9. Using the same data set 
and same processing workflow without PCDATM resulted in an 
error of up to 30 cm as shown in Figure 6.  
 
 

 
Figure 9: LiDAR Point Cloud Pavement Cross Sections 

showing Pass #1 (green) and Pass #2 (yellow) using PCDATM 
 

 
3.3 Check Point Analysis Before and After Using PCDATM 

A large number of accurate Ground Control Points (GCP) has 
been established for various testing purposes of the Trimble 
MX50 Mobile Mapping System in Biberach, Germany. In this 
Section, the three data sets analysed in this paper were used to 
assess the final accuracy of the check points before and after 
using   PCDATM.  
 
There Trimble MX50 data sets acquired in Biberach, Germany, 
were used to assess the check point residuals before and after 
using PCDATM to optimize the LiDAR point cloud and the 
SBET data, namely: 
 

• Data 338,  
• Data 342, and  
• Data 344. 

 
Figure 10 shows the check point residuals RMS for the three 
abovementioned data sets without using PCDATM. 

The horizontal errors range from 2 cm to 15 cm while the 
vertical errors range from 3 cm to 28 cm. 

Figure 11 shows the check point residuals RMS for the three 
abovementioned data sets after using PCDATM. Both horizontal 
and vertical RMS are at the level of 2-3 cm on average. 

 
Figure 10: Check Point Residuals Before Using PCDATM 

 

 
Figure 11: Check Point Residuals Before Using PCDATM 

 
Note that before using PCDATM, the check point residuals for 
each data set are different from Pass 1 to Pass 2. After using 
PCDATM, however, the difference between pass 1 and Pass 2 is 
less than 1 cm and therefore both passes of each data set are 
presented in one bar for each coordinate component. 
 
 
3.4 Visual Analysis of Point Cloud Data Sets Before and 
After Using PCDATM 

Point cloud visual analysis took place for the three data sets 
analysed here. Figure 12 shows a plan (top-down) view of the 
LiDAR point cloud showing road markings before using   
PCDATM.  
 
It seems that horizontal errors tend to appear in different parts 
of the point cloud based on the GNSS data quality/availability 
that is reflected in the form of deteriorated processed SBET 
accuracy that adversely influence the LiDAR point cloud final 
accuracy.  
 
Figure 13 shows the same plan (top-down) view of the LiDAR 
point cloud showing the same road markings after using   
PCDATM. Multiple of these visual inspections were done across 
the entire road segment of about 350 m in the three data sets 
analysed in this paper.  
 
Even though visual analysis cannot constitute a quantitative 
analytical method, but it is still worth mentioning that across the 
three data sets, every single issue captured in the visual analysis 
similar to that shown in Figure 12, has been resolved after using 
PCDATM. 
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Figure 12: LiDAR Point Cloud Sample Before Using PCDATM 

 

 
Figure 13: LiDAR Point Cloud Sample After Point Cloud and 

SBET Optimization Using PCDATM 
 
 

SUMMARY AND CONCLUSIONS 

In this paper, Trimble Applanix PCDATM technology has been 
briefly presented. Additionally, three data sets acquired in 
Biberach, Germany were used to analyse the performance of 
PCDATM. The three data sets were acquired using Trimble 
MX50 Mobile Mapping System.  
 
The three data sets were acquired in the same road segment of 
approximately 350 m by driving the mobile mapping system 
vehicle on the same road segment twice in the same direction 
for each data set in order to create overlapped LiDAR point 
clouds. 
 
In conclusion, using PCDATM to assess the three data sets 
acquired particularly for this analysis resulted in consistently 
simultaneously optimizing the LiDAR point cloud data and the 
trajectory data. The following can be concluded: 
 
1. PCDATM improved the LiDAR Point Cloud internal 

consistency between two different mobile mapping passes 
over the same road segment from 12 cm to 1 cm in 
horizontal and from 30 cm to 2 cm in elevation. 

2. PCDATM improved the check point RMS from (2-15 cm) 
horizontal error to (2-3 cm). 

3. PCDATM improved the check point RMS from (3-28 cm) 
vertical error to (2-3 cm).  
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