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1.

Introduction

The scope of this project was to further develop support for Simultaneous Localization And
Mapping (SLAM) in mobile mapping data processing. The use of SLAM in mobile mapping
has the potential to increase the positioning accuracy using observations from the point
cloud and reduce the need for traditional land surveying in mobile mapping projects. This
can save time in mobile mapping projects and reduce the manual work load. The potential is
especially good in areas without GNSS coverage. SLAM has earlier been tested as a method
for increasing the positioning accuracy of the mobile mapping platform, see report 6B,
Increasing the Accuracy of Positioning in Mobile Mapping systems, and a summary in
section 1.1.
As described in report 6B, two difference methods were developed, front-end and back-end
SLAM. This project wanted to further develop the front-end SLAM method to include
observations in cross-track direction and to test it in a tunnel project.

1.1.

Summary of Report 6B
Increasing the Accuracy of Positioning in MMS (SLAM)

Aided inertial navigation is commonly used for georeferencing of mobile mapping data. An
Inertial Navigation System (INS) is used to compute position and orientation of the mobile
mapping system. The INS has high accuracy in short periods of time, but problems with drift
in position and orientation. To avoid this, observations from other sensors are needed to aid
the INS. GNSS observations are not as accurate as INS observations, but the they do not
drift, thus GNSS observations works well for aiding.
In areas where GNSS observations are not available; near high buildings, under trees, in
tunnels, etc., it is difficult to maintain an accuracy of a 1-5 cm for longer periods of time due
to drift in the INS. This is usually solved by additional known points measured by traditional
land surveying. The corresponding objects are identified in a point cloud and used for
adjusting it. This method is time consuming and the land surveying needs to be done in the
road area, often leading to work in areas with traffic and the need to close parts of roads.
SLAM is a computational problem of estimating a map of an unknown environment while
keeping track of the robot’s, or mobile mapping system’s, pose relative to the map1. SLAM
was investigated as a method for aiding positioning in mobile mapping systems. The
developed SLAM methods take advantage of the observations from the laser scanners, the
point cloud, to aid the INS. Observations from the laser scanners are given by an orientation
and range from the platform to the observed point. The observed point of the same object in
the terrain will most often not be the equal. The difference between the observed points can
be used to obtain information about the errors in the navigations solution between the two
observation times.
Two different SLAM methods were developed; back-end SLAM and front-end SLAM. Backend SLAM utilizes loop closure effect to increase the global map consistency, using
observations with a large separation in time. Front-end SLAM uses incremental point cloud
1
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observations to improve the local consistency. Incremental point cloud observations were
found by looking at differences of the same point in the terrain observed by scanner 1 and
scanner 2 of the Lynx mobile mapping system. The Lynx mobile mapping system is
described in report 2A, Optimization of Mobile Mapping production. The time difference
between these observations is usually about a second or smaller, depending on driving speed
and distance from the point to the scanner. Front-end SLAM does not require that the car
returns to the same point to get loop closure, and is therefore the method with the widest
application possibilities. It does, however, require a large number of observation. Thus, an
automatic method for finding observations is needed.
The by TerraTec developed software TerraPos was used to estimate the trajectory, the
position and orientation at each point in time, of the mobile mapping system. The point
cloud is generated based on the trajectory and the raw laser files. Point cloud observations
for front-end SLAM are found by tie line search in the Terrasolid software TerraMatch. This
is a method to find 1-dimensional mismatched in the point cloud and works well to collect a
large number of observations automatically. The trajectory is then re-calculated in TerraPos
using SLAM algorithms and the found point cloud mismatches. Only support for corrections
in Z direction was implemented. The difference between the original and the re-calculated
(improved) trajectory is finally used to apply corrections to the point cloud.
The results showed promising results in tests done. For a part of the test trajectory without
GNSS aiding for 2 minutes and 55 seconds, the original trajectory had an error of 0.15 m in
height at the largest. Using front-end SLAM, the largest error of the re-calculated trajectory
was reduced to 0.03 m.

2.

SLAM in Mobile Mapping

2.1.

Software

2.1.1.

TerraPos

TerraPos is a TerraTec developed software for GNSS/INS post-processing. In this project,
TerraPos is used for calculating the trajectory of the mobile mapping system. SLAM
algorithms have been integrated in TerraPos, which makes it possible to utilize information
from the point cloud in the trajectory calculation. More details about TerraPos can be found
in report 6A, TerraPos for positioning of Mobile Mapping Systems.

2.1.2.

TerraMatch

TerraMatch is a Terrasolid software for increasing accuracy of point clouds by matching
overlapping parts of point clouds to each other and/or known points. Point cloud
observations describing the mismatches in the point cloud are used to calculate the
misalignment angles and xyz location errors for each point in time. Calculated angles and
xyz corrections can be applied to a point cloud to create an adjusted point cloud.
In this project TerraMatch is used to find point cloud observations. The developed method
using SLAM described in the following sections, is used to calculate the correction values.
TerraMatch is finally used to apply the corrections to the point cloud.
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2.2.

Front-End SLAM

The developed method for front-end SLAM is describes in this section.

2.2.1.

Point Cloud Observations

The Lynx mobile mapping system has two scanners
that scans diagonally, see figure 1. This means that a
point that is scanned by one scanner at time 𝑡0 may
be scanned by the other scanner at time 𝑡0 + 𝑡.
In a perfect scenario, the same point in the terrain
would be observed to be at the same position by both
scanners; scanner 1 at time 𝑡0 and scanner 2 at time
𝑡0 + 𝑡. In practice, this is usually not the case. One of
the reasons for the difference is drift in navigation
sensors. The drift in the navigation sensors is the
main cause for reduced accuracy in trajectory
calculations. Thus, measurements of drift are useful
to increase the accuracy of the position and
orientation of the mobile mapping system.
The difference between the observations from
scanner 1 and scanner 2 is used as incremental observations for front-end SLAM. The
observations are found in TerraMatch using tie line search. Tie line search is useful for
automatically collecting a large number of 1-dimentional observations of offsets in the point
cloud. In figure 2, examples of tie lines for a tunnel can be seen. In this example, both
observations for ground and vertical walls are found. Figure 1: Scanners mounted diagonally on
the Lynx mobile mapper
The white lines are observations for scanner 1 and
the red lines are observations for scanner 2.

Figure 2: Tie lines of ground and vertical walls collected for a tunnel in TerraMatch
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To find offset between observations from scanner 1 and scanner 2, normal vectors between
tie line observations are computed. The offset between observations in the direction of the
normal vector is found.

2.2.2.

Visual odometry

Front-end SLAM aims to reduce the relative errors by introducing information about the
change in position and orientation. This method is also called "visual odometry". The term
"visual" is used to indicate that the method used visual features (e.g., from a camera or a
Lidar system), and "odometry" to indicate that the outcome is an estimate of relative
motion. Visual odometry has potential to yield information about all 6 degrees of freedom,
contrary to 1d motion (a single wheel encoder) or 2d motion (two encoders) from classical
wheel-based odometry.
Visual odometry constrains the motion between successive epochs of the trajectory, typically
at 1 s apart. Since the information content is relative, systematic errors will have a similar
effect as erroneous velocity information, resulting in a linear growth of position error over
time.
The tie line data was introduced as observations in a separate least-squares estimation
module. Data was binned at a resolution of 0.25 s, and tie lines added as relative constraints
in the normal equations system. In this project the very high quality of the gyroscopes
means a negligible drift in the orientation error over some seconds. We have therefore used
a simplified error model, with only the linear motion as unknowns. No assumption is made
regarding the platform dynamics, as only the trajectory errors are estimated. The different
scan lines were treated separately. Finally, the estimated trajectory corrections were applied
to the initial trajectory. The outcome is the "visual odometry" trajectory. This trajectory can
be biased but will only be used to derive relative motion observations.

2.2.3.

Scanner Calibration

Drift in the navigation sensors is not the only reason for differences between observations
from scanner 1 and 2. Another reason is inaccurate scanner calibration. A systematic error of
0.001 m between the scanners caused by calibration errors will not affect the accuracy of the
point cloud much for normal applications. For this application, on the other hand, it will
lead to a very disadvantageous error growth. With observations every 0.25 seconds, a 0.001
m error will cause a drift of 0.24 m in only a minute.
Systematic errors in the observation data was used to find calibration parameters.

2.2.4.

Re-calculation of trajectory in TerraPos using SLAM

The project in TerraPos used to calculate the original trajectory is copied and observations
for SLAM are added, keeping all other data and options the same as in the original trajectory
calculation. The trajectory is then re-calculated. The difference between the original and the
re-calculted trajectory is calculated in TerraPos and exported in a format that can be used
for correcting the point cloud directly in TerraMatch.

2.2.5.

Correction of Point Cloud
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The corrections made by TerraPos are used to adjust the point cloud in TerraMatch. This is
advantageous compared to re-generating the entire point cloud in another software, as that
would be much more time consuming.

3.

Test of Front-end SLAM

3.1.

Test area

The test data is from scanning of Grantunnelen in Norway. The scanning was done
01.12.2016. Grantunnelen consist of two individual tunnels that are 1.7 km long, one tunnel
for each driving direction, see figure 3. Each of the individual tunnels were scanned twice by
the Lynx mobile mapping system, resulting in four strips.

Figure 3: Point cloud from Grantunnelen with trajectories shown as purple, blue, white and red lines

The drive through the tunnel took approximately 110 seconds. During this time, there were
no GNSS signals. This resulted in drift and mismatches between the scanners and between
the strips.
The tunnel has smooth and rounded walls, see figure 4. This makes it possible to
automatically find 1-dimential tie lines both on the ground and the walls. This gave
observations in height and cross-track direction in the body coordinate system.
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Figure 4: Cross section of one of the tunnels

Control points were measured approximately every 200 meters in the tunnels by total
station. The offsets between the control points and the point cloud were found in
TerraMatch. The average 3D mismatch was 0.167 m. The average xy and z mismatches were
0.143 m and 0.069 m respectively. As expected, there were larger mismatches in the middle
of the tunnel and smaller mismatches in the beginning and end of the tunnel, see figure 5.

Figure 5: 3D error visualized by the blue lines in the graph, 0.00-0.40 m, for the last drive through the tunnel.
Increasing time from left to right.

3.2.

Scanner Calibration

The tie line observations were used to find systematic errors in the system.

3.2.1.

Z-calibration

The average differences between scanner 1 and 2 were calculated to estimate calibration
parameters for the system used. Figure 6 shows the average difference between scanner 1
and 2 in Z, using the tie lines on the road surface. The average difference is plotted against
the inertial x-axis, i.e. the cross-track direction. The plot includes a linear trend of the
differences. The average offset between the scanners can be explained by a Z error of the
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scanner positions on the platform, while the sloping trend indicates a roll offset between the
scanners.
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Figure 6: Average of scanner 1 and 2 Z-differences, plotted against cross-track direction.

From the statistics, a Z and roll offset is estimated and corrected for and the resulting
average scanner offset is plotted in Figure 7.

Differences between scanners - cross track
All data adjusted for roll and Z offset
0,005
y = 4E-05x + 0,0002

0,003
0,001
-10

-8

-6

-4

-2 -0,001 0

2

-0,003

4

6

y = -4E-05x - 0,0002

-0,005
Scanner 2

Scanner 1

Linear (Sc 2)

Linear (Sc 1)

Figure 7: Average of scanner 1 and 2 Z-differences, after global roll and Z offset correction.

The remaining offset between scanner 1 and 2 is modelled by a fluctuating cross-track dZ
correction. The final average offset between scanner 1 and 2 is plotted in Figure 8.
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Figure 8: Average of scanner 1 and 2 Z-differences, after global roll/Z offset and fluctuating Z cross track
correction.

3.2.2.

XY-calibration

Figure 9 shows the average difference between scanner 1 and 2 in XY, using the tie lines on
the wall surface. The average difference is plotted against the inertial x-axis, i.e. the crosstrack direction.
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Figure 9: Average of scanner 1 and 2 XY-differences, all original data.

The above plot shows inconsistent information about the scanner cross-track offset. Instead
the average was calculated for each line separately (line 0, 1, 3, 5), which is plotted in Figure
10 - Figure 13. Also, a trendline is included in the plot to emphasize cross-track dependent
differences.
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Figure 10: Average of scanner 1 and 2 XY-differences, line 0 original data.
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Figure 11: Average of scanner 1 and 2 XY-differences, line 1 original data.
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Differences in wall observations - cross track
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Figure 12: Average of scanner 1 and 2 XY-differences, line 3 original data.
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Figure 13: Average of scanner 1 and 2 XY-differences, line 5 original data.

From Figure 10 - Figure 13, one can see a rather consistent cross-track offset between
scanner 1 and 2 of about 8.7 mm in average. The sloping trendline can be explained by a
heading error, see Figure 14.
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Figure 14: A heading error will influence the XY offset in wall observations, growing linearly with distance from
center.

From Figure 10 - Figure 13, an average cross-track XY offset between scanner 1 and 2 is
estimated as well as a heading offset per line (see table below). As the heading offset is not
estimated as one value for all lines, it is not likely to be the systematic error. It is, however,
interesting to remove heading errors in the system to get more accurate cross-track
observations.
Table The heading corrections are estimated from the slope of the trend lines.

Line

Heading correction in degrees

0

(-0.00085 rad) -0.00487 deg

1

(0.00007 rad) 0.004011 deg

3

(0.0004 rad) 0.022918 deg

5

(0.00115 rad) 0.06589 deg

After correcting for heading and XY cross-track offset the remaining XY offset between
scanner 1 and 2 is plotted in Figure 15.
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Figure 15: Average of scanner 1 and 2 XY-differences, after heading per line and cross track offset correction.

The calibration parameters were applied to the tie line observations. The corrected tie line
observations were then used in re-calculation of the trajectory.

3.3.

Results

3.3.1.

Reference trajectory

Using observations to the control points (but not visual odometry), a reference trajectory
was computed. The expected accuracy is about 5-8 cm (one sigma) while inside the tunnel.
This is sufficiently accurate to do a coarse evaluation, but more control points should be
included in a future study.

3.3.2.

Visual odometry using TerraPos

In a first step, the standard trajectory solution (without visual odometry) was compared with
the reference trajectory. Errors in the vertical component reaches 10 – 15 cm at the most,
with maximum horizontal errors at roughly 25 cm. Some correlation can be seen between
the two drive throughs in each tunnel (1st and 3rd period, 2nd and 4th).
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Figure 16: Differences between the standard trajectory solution (no visual odometry) and the reference
trajectory.

In a second step, a trajectory solution was computed aided by the estimated visual odometry
trajectory. As can be seen below, the improvement in the vertical errors is rather consistent.
The same cannot be said for the horizontal errors. The 1st and 3rd run seem improved, but
the 2nd and 4th run are actually worse.

Figure 17: Differences between the solution using visual odometry and the reference trajectory.
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3.3.3.

Visual odometry without TerraPos, using least-squares-adjustment
supported by control points

An attempt of improving the accuracy of the trajectory without the use of TerraPos was done
as well. Also in this method, visual odometry by offset from observations from scanner 1 and
scanner 2 was used to estimate a new trajectory.
Ground control points were used to support the estimation of trajectory. This was done to
support the solution and to decrease the influence from remaining calibration errors. Only
ground control points outside of the tunnel were used; at the entrance and exit of the tunnel.
These points can often be surveyed by GNSS, thus reducing time and work load compared to
a traversing through the tunnel.
Figure 18 shows the resulting dZ fluctuation along each line as well as estimated dZ
fluctuation from adjustment towards control points along each line, also inside tunnel. The
result shows similar curves from ground control points and visual odometry, at least for
three of four lines.

SLAM versus Ground Control
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Figure 18: Result of visual odometry without TerraPos

To evaluate the result, the new trajectory estimated from visual odometry was applied to the
observations of the control points. The result shows an improvement of the trajectory from
69 mm to 53 mm RMS in Z after applying solution from visual odometry.
Method

RMS-DZ [m]

Maximum dZ [m]

Original data

0.069

0.208

dZ adjustment per line

0.045

0.127

Visual odometry with
support of GCP at entrance
and exit

0.053

0.153
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Visual odometry + dZ
adjustment per line

4.

0.029

0.078

Discussion and Summary

A good scanner calibration is crucial to get a good result from front-end SLAM in data from
the Lynx mobile mapper. A solution for improved calibration is thus important to be able to
benefit from the method. The calibration data should be collected during perfect positioning
conditions, to minimize the influence the position errors on calibration parameter
estimation. A good set of control points will support the calibration as well as a calibration
site with 3D objects easily and accurately detected in laser point cloud.
This data set was not optimal for calibration of the system as the positioning was poor in the
tunnel, due to GNSS outage. This will cause a poor trajectory solution also for attitude
angles and the system calibration will be a difficult task. It would have been better to
calibrate the system using a data set more optimal for the task, but close in time to eliminate
temporal changes.
One problem is the correlation between errors. By using visual odometry, one must be able
to separate between position, rotation and calibration error sources. E.g. a separation
between scanners in Z can be caused by either a drift in Z, a pitch error or a calibration offset
Z error between scanners. This project did not put much effort into separating errors in
visual odometry and the result would most likely benefit from better algorithms for
estimating also rotation as well as position fluctuations.
The configuration of the scanner system is optimized to give a good coverage of the
environment around the drive path. If instead the configuration can be optimized to track
visual odometry, the result can most likely be improved.
To summarize suggestions for future improvements:
-

better calibration site

-

better observations for visual odometry, e.g. cloud-cloud matching

-

better estimation of visual odometry, including better separation between position
and rotation movements

-

system configuration optimized for visual odometry

Even though visual odometry in this case does not give a perfect result one can see that the
trajectory can be improved. A sparse net of ground control points can support the solution
and reduce influence from remaining calibration errors.
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