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Motivation

Source:
1. Sensors uncertainties
2. Object properties
3. Scan geometry

<

[Z+F] [Hexagon]
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Agenda

Data Acquisition

Backward Modeling

Machine Learning Regression
Regression Results

Distance Calibration
Conclusion & Outlook
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Reference Point Cloud Acquisition
- Reference sensor:

« Leica AT 960 (Laser tracker)
- Leica LAS XL (Handheld scanner)

» Uncertainty in planarity Up = 225 um
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TLS Point Cloud Acquisition

- Z+F Imager 5016
« 50 TLS Scans inside HiTec Lab

+ Under same atmospheric conditions

Z-F Imager 5016 specifications

Spot size ~3.5mm@ 1m
Divergence angle 0.3 mrad
Accuracy vertical / 0.004° rms

horizontal

Linearity error 0.63 mm
Scan quality Quality +
Registration Targets + Scantra
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Backward Modeling

TLS point cloud

Transform TLS point
cloud in laser tracker
coordinate system

Create mesh
(Poisson surface
reconstruction)

Raycasting Transformed

TLS point cloud

TLS point cloud
+object ID
+distance residuals
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Backward Modeling

Registration via targets using
Scantra (mean(oy) = 0.3 mm)
TLS point cloud 0.7, +

x
Create mesh Transform TLS point i %
. : »e
(Poisson surface cloud n laser tracker 05l - - x
reconstruction) coordinate system £ N x
€ 04}
. = e 0 o ® ®
Raycasting Transformed 0 % Saa
: 0.3} Wt x ’”St”‘ ,
TLS point cloud x ool %
X XMC XX N 00"
%00¢ x
go % _
TLS point cloud
+object ID 0.1 —_—
+distance residuals 0 5 10 15 20 25 30 35 40 45 50

Scan ID
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Backward Modeling

Residual Calculation

[ TLS point cloud } 9‘(\0(‘
x0°
Create mesh Transform TLS point too long
(Poisson surface cloud in laser tracker TLS o—o

reconstruction) coordinate system

Raycasting Transformed J

TLS point cloud

TLS point cloud ® TLS points
+object ID ® Intersection points
+distance residuals

=¥ Residuals
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Feature Engineering

4 _, 5
Scan geometry: Object properties
» Distance Spot si » Penetration depth
* Angle of impact | pot size « Form - Curvature
= * Reflectivity = Intensity
Correlated
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Intensity

Data Preprocessing
Angle of
impact

Distance -;

Spot size §&

Curvature 0.16

Residuals |
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Data Processing — Principle of Outlier Removal

——  Maximum

Whisker {

75th percentile
Median

25th percentile -1

—L Minimum

¥ Notch

[Matlab]
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Data Processing — Outlier Removal by IQR-method

10 mm
0 |
©
=)
3 |
(72
change of ¢
y-axis A0mm ¢ a o ’ Filtering
scale (~2% outlier)
! Angle of : Spot :
Intensity g Distance P Curvature Residuals
impact size
6.0 mm
L)
© |
=)
=
[72)
Q
m 2 4 0 5
-3.4 mm
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Process Chain
Machine Learning Regression

Backward modeling &
feature computation

Outlier removal

Validation data

split (10% / 90%)

—

(Repeated k-FoId>—>< Evaluation >

Training

k-Fold cross-validation
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1st Model: Multiple Linear Regression

47.09 T
1
47.08 l
47.07 f
47.06 1 1
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1
| 1
47.04 1
Train Test
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mm]

—_

RMSE
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of impact

0
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Results not sufficient:
* Multicollinearity
* Nonlinear relationships
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Improved Models
Dealing with Nonlinearity and Multicollinearity

Gradient boosting trees Deep Learning Stacking
XGBoost & Final prediction
LightGbm (LGBM) Catboost Inputs Hidden layers  Outputs prediet

Stacking (meta model)

Y N

o5 9
o e
‘Base1| [Base2| [Base3]

Asymmetric Tree Symmetric Tree \.14

Base model:

* All previous trained ML-models
Meta model:

» XGBoost
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Partial & Feature Importance

0.75: | % 0.75 T 0.75 s 0.75¢ i 0.75
PV o z = <
0.501 o 0.50 [ @ 0.50 @ 0.50¢ ag 0.50
s =) s o
C o _ = | o =
0.25 a 0.25 \‘\ a 025 & 025 & 025 /
s g 0] ] ép—w—a-y;
0.00 < 0.00 \\rob = 0.00 < 0.00 < 0.00
€ £ £ £
—-0.25 & -0.25 L -0.25 &£ -0.25 L -0.25
[ N e Y N TR N T Y A B A0 T L T T NN I J mero1 L
0.2 0.4 0.2 04 06 0.8 0.0 0.2 0.4 0.6 0.00 0.02 0.04 0.00 0.02 0.04
Intensity [-] Angle of impact [rad] Distance [m] Spotsize [m] Curvature [-]

Stacking model (XGBoost): Feature importance

Deep Learning

Lmear_' XGBoost Catboost
Regression

Dominik Ernst — Improving Terrestrial Laser Scanning Accuracy, 2023-05-27 Page 18




G.fG”-I Geodatisches Institut Hannover

Stacking Model — Detailed Results Test Data

Real Residuals

0.6
0.5
0.4
0.3
0.2

0.1

0.0~

-2 0 2
Residuals [mm]

f;’( Leibniz
i ©j Z | Universitit
too:4 | Hannover

Residuals after calibration

_ 3

E 40000 1.5
P 2 .

1]

T 30000 1.0
=]

2 0.75
® 0 20000

o 0.50
+ =]

= 10000 0.251
-2

e 0.00"

Real residuals [mm]

Calibration

u=013mm | u=0.00mm
=100% Improvement

oc=068mm | o=0.30mm
=55% Improvement
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Stacking Model — Detailed Results

80

40

20

T I PR —
/ \ Il Train
Bl Test ||

big

3D print
small
Heatingtop
Wall
Wall
Wall

T
Plane - cretc —

Sphere, .

PlanemJ -
Planeg e
Plane,, e
Hr—zatlngbom_n

Sphere
Plane, , nite

* R* 39% - 80.5%

« RMSE: 0.22 mm — 0.44 mm

« Highest RMSE for objects with high curvature (spheres, 3D print)
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Distance Calibration

Record point cloud » Calculate features > Predlct_ elREEE > Calibrate distance
residuals measurement
W Distance 1. Intensity Input: dear = draw — dpred
I I measurement’ 2. Angle of impact « Features
3. Distance ML models
4. Spot size Output:
5. Curvature « Distance residuals d; .4
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Distance Calibration (Features)

Record point cloud

\ 4

Calculate features

\ 4

Predict distance
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Calibrate distance
measurement

residuals
Intensity Angle of impact
L | ‘ ‘ ‘
N _ : L -
Distance Spot size
’_
.
f ! 4 il N'ﬁf "y w
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Distance Calibration (Predicted Residuals)

Record point cloud

\ 4

Calculate features

v

Predict distance
residuals
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Calibrate distance

i |

<
NI
3

N

v

measurement
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Distance Calibration (Raw Residuals)

Record point cloud

\ 4

Calculate features

v

Predict distance
residuals
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v

Calibrate distance
measurement
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Distance Calibration (Residuals after Calibration)

. . Predict distance | Calibrate distance
Record point cloud »| Calculate features > . >
residuals measurement
-
t .’ . _'{M: IE.:; 5 3 i

[ , i
it L \ 1 | l' |

= |

—

',.J
Residuals [mm]
I . . s
-2 -1 0 1 2
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Stacking Model — Detailed Results Validation Data

Real Residuals

0.8

0.6

0.4

0.2

0.0~

Predicted residuals [mm]
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Residuals after calibration

15000

1.2
12500

1.0
10000 -
7500 -
5000 0.4
2500 0.2}

0.0_‘!1

-2 0 2 4
Residuals [mm]

Real residuals [mm]

Calibration

u=-—028mm | u=0.03mm

g = 0.58 mm
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=88% Improvement

o= 0.36 mm
=37% Improvement
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Conclusion & Outlook

Conclusion

ML models achieve satisfactory results
R2>77%
RMSE < 0.33 mm
Stacking improves the results slightly
Joint modeling of objects of different material and shape in one model works well

Real scan shows the applicability of the ML models to improve accuracy
Residuals are normally distributed after calibration
Mean residuals and standard deviation decreases

Outlook
Development of an efficient calibration environment to train ML models
Investigation of effects from angle measurements
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Appendix
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3D Print
|
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Bildervorlagen

Angle of
X
\ l J
Mulitple linear
regression
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“ Final prediction

Asymmetric Tree Symmetric Tree Stacking (meta model)
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Detailed Results
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Z-axis

—
000000000

Dominik Ernst — Improving Terrestrial Laser Scanning Accuracy, 2023-05-27 Page 35



ﬁ.’G” Geodatisches Institut Hannover

TLS point cloud

Transform TLS point
cloud in laser tracker
coordinate system

Create mesh
(Poisson surface
reconstruction)

Raycasting Transformed

TLS point cloud

TLS point cloud
+object ID
+distance residuals
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Backward modeling &
feature computation

Outlier removal

split (10% / 90%)

(Repeated k-FoId>—>< Evaluation )

Training

d cross-validation
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