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& g Learning objectives _(

* How to describe the uncertainty of a point cloud within a
variance-covariance matrix?

 What makes the variance-covariance matrix complex?

* How to determine the uncertainty of existing point
clouds?

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 3
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Measurement Geometry Object
Angle of incidence, distance Reflectance,
roughness
Instrument wmisalignments, Eccentricities, Offset, ...
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°|gg Characterization of error types _(

| Outliers | Systematic errors | __Random errors

GauBBian distributed
Extremely erroneous

A individual One-sided effects  (POsitive and negative,

ance more often small than
measurements
large)

Fluctuations not
trackable by
calibration,

uncontrolled changes
of measured object
and environment

Imperfection of
measurement
procedure, insufficient
calibration of
Instrument

Mistakes of operator,
Inappropriate used of
Instrument

Calibration, math.

Avoidance by care and :
compensation,

Averaging by multiple

control : measurements
measurem. strategies
Quanti- Bias / absolute Precision / relative
tative accuracy accuracy
measure Uncertainty
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Minimizing systematic errors e

UNIVERSITAT

Distance
Geometry
Angle of impact
Smoothness
Reflectance
Propagation dela
Atmosphere — , y
Refraction

m Construction

Geo- .
: various
referencing

 Calibration
 Mathematical compensation

 Measurement strategies

X X X

Category m Systematic

N X X X X X

x/ x/Xx

In the end:
Randomized errors v
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iy VCM = variance-covariance matrix ._
9-1gg UNIVERSITAT
L -
L P1
. l?* 6} n = # Observations
| m = # Points
ln—1 Pm
6
| ln _ -m -
211 ]
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1T Elementary error model L

- igg UNIVERSITAT

V=&= g(ak' E} Yh)
Randomized errors consist of a summation of countless individual
and small errors

&)... non correlating errors (# p)
... functional correlating errors
Y1... Stochastic correlating errors (# Q)

Each individual error contributes to the overall error budget
14 q
v=ZDk°6k+F°f+th‘Y}l
k=1 h=1
14 q

Zuz Dk265’kD£+FE€€FT+ EGh.EY%h.G{l
k=1 h=1
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Non-correlating errors 6, L

UNIVERSITAT

- ol o
0061
dal
D,=|© 052 - Random noise
Zk : * Only influence individual
0 oL, measurement elements
FE  No functional or stochastic
dependencies
ofx O 0 ]
0 o2 :
266k — 2k
, : 0 :
L0 O-T%k—
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oy Example: random errors L
- igg UNIVERSITAT
Zssk = Of, = (a- intensityf’)z,for k=147, ..
Z&S,k — O'qZ),fOI‘k — 2,5,8,
Z&S,k = ng,for k = 3,6,9,
" dl
- 0
061 _
o o 00 0
D, = 05, | = 0 - .E ; ’Zle =1
. : 0 e 0 =
: 0 al, -
0 96,1
p (a - intensityib )2
z 255k = 2585 =
k=1 O-éz’m

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 12



ce-
/ /

-9
!

P |

'8 g Functional correlating errors ¢ i
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0L, ol Ob - « Mathematical correlations
0¢1 05 0&m between observations due to
ol dl,  dlp variance propagation
F= 081 0%, 0Sm - Potentially impact all
= s = observations
al, al, ~ 0Jl,
08, 08, &,
1 0% m « All errors sources that have
20 0 been minimized not completely
L . by calibration, mathem.
5.,=|0 0o ’ compensation or measurement
$$ : : .
' , strategies
0 O
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i3 Example: Instrumental (rest) errors L
e 128 UNIVERSITAT
Collimation
: LA axis
I ' R
Collimation | l Xe s i
axis .. : pe~ 7

’ \\ I /, ’

,’ L : / /,

I S " e

! N L

,' 5 True

| Ny horizon
& “Trirror O‘

Horizontal

\ | |

S )
"/ IVertical axis
N | axis ! e _
S— R !Vertl_cal Horizontal
| axis axis
- j 2x : : i X7
« Error in Face 1: Ap:= o  Error in Face 1: Api= + :
Pj=+ sin(6;) Y tan(6;)
. i : Apl= — 26 - Error in Face 2: Api= ——L
Errorin Face 2: Ap;= Sin ) b; tan(0)
SS 2020 Fo‘I;(;‘ 14
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i$.. Example: Instrumental (rest) errors L

UNIVERSITAT
§1 = Xg
$2 = X7
P i X 2Xg
.=+ — + —+ v
Y= tan(6;) sin(6;) ¥
dl; dly dly
0$; 0%, OSm| [ O 0
al, al, al, 2 1
F=19¢ 0¢, 0&,, | = [sin(6;) tan(6;)
oL, aL, - ol | L o 0
0¢1 05 0$m ]
gz 0
Ty = [ S ]
0 oy,
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t+ Stochastic correlating errors y,, s
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Fdl, 0
Win il * Physical correlations due to
G — 2 0 : measurement process
" Wan : * Also basin for errors that are
: 0 ™~ g not easily to model functionally
n
0
aynh .
» Overlapping laser spots
07, O1on " Oink - Fluctuations in atmosphere
5, = | O1z2n of, " O2nh » Temporally interpolated
vy : : S angular observations
2
LO1nh Onh o
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(., Example: Overlapping laser spots
Point distance
3
3
R
Spot size
e;'.’% n’. e Rew
- ’o_"’.-:'é:o et E 2
* s » _.. .:% ’: - ® 2 :'f’. oo
R s el
B 025 iy Bl
0.3&.:“ J‘! ‘O By o9, ": -0,3\? 7 .:"!g..""“'. -
T 04 DRI '?SB.:' .Q.g : H T 04 5288 0 020 $28° 2
- 05 izt palat e b2 Increase of o O5GER 8 Pt L SRS
= '» L :.'s . = >3 T 3ia%e
I i, TR R correlations o Bamgat
07 5o Po3e ‘_"' ‘,,;"\' 07 o* -ﬂn o
» Lo g 24 08 e
085 & E s, U e L
09 ¥ 2 . 2 2 -O.Q\R;I prSe 2
18 .,r’<1; 18
x-axis [m] ' x-axis [m]

‘_‘ﬁ
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5,."':.:":i Estimating correlation coefficient .. vV
7188 UNIVERSITAT
1
dij\’ > o
R;;j ... Correlation 8 08]
d;; ... Distance [m] Soall N\ N\ _ _ o1
k ... Correlation length [m] 037
0.1F
« Correlation length and funtion 0 e

unknown!

« Dependent on intensity (as also
random noise)

« But: Most probably not as
,easy” to model as intensity
based noise for distance
measurement

Abstand [m]

Consequence:
e G;, most probably unknown
o X.,,,n Might be easier to assess

Uncertainty of point clouds, Part 2/2, Christoph Holst

SS 2020 Folie 18



’ Resulting VCM for examples

v
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p q
Zu= ZDk 266,k°D£ +FZE€FT+ th.EY%h.Gz

k=1

(a - intensityib)2
Iy =

0
2

0
1

Sin(Gji) tan(Hji) .

0

0

O'x6

0

h=1

0

2
O'x7

0
2

0
1

0

. sin(@}) tan(@})

0

Here: although quite complex, still extremely simplified, only considering
six error sources (noise distance, noise horizontal angle, noise vertical
angle, mirror tilt, horizontal axis error, overlapping laser spots)

Uncertainty of point clouds, Part 2/2, Christoph Holst
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od Synthetic VCM Ve

UNIVERSITAT

Purely random, non- Physical correlations due to
correlated errors measurement process
(mostly known) (mostly unknown)

b q
Z”= ZDkZ(g&kD;;‘FFfoFT‘F th'ZYY,h.G;‘l
k=1 h=1

Mathematical correlations due to variance
propagation of systematic errors that have not
been eliminated completely

(complex, but known to a certain degree)

L

hY
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T Simulation of elementary errors L

UNIVERSITAT

Ratio at total uncertainty
* Non-correlating: noise

« Functional correlating:
Instrumental calibration

« Stochastic correlating:
atmosphere

(others not modelled)

Courtesy: Gabriel Kerekes
& Volker Schwieger

. IS
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Iog VCM of all measurements ._
v 188 UNIVERSITAT
‘ m
— - _ n, _
Ory Opiry 0611 Or,ry Opnmry 90,1
2
Or, ¢, Op, 09,¢p, Ormor O¢mer  96meq
2 Orm6:  9%9m6; 96,0
O'rlgl O-(P191 0'01 | mU1 Pmb1 mU1
2y = ' o _
Oriry,  O@irym  06i1, Orm O-fprzn?”m Omrm
Oriom  9910m  9610m Orp0m  Opm 06,0,
Ori0m  9916m 06:6p, r 0 Ty, 6 0'92
21"m m¥m ET{l m m
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~d——
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e VCM of a single point UNNERSIW‘
- )
Or; Opir;  00;r;
2
2ii = |%rp;  Op; 06,9
2
0ri0; O¢i0; 99;

. Ur Laser Radar Equation / Intensity based or empirical

* 0, ,09 manufacturer’s specifications

¢ O-T'i<Pi’ O-rlg O-<Pl =0

Uncertainty of point clouds, Part 2/2, Christoph Holst
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iog Covariances between points v
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O-Ti‘l”j O-QDL'T]' O-Qi‘l‘j
i = %9 99ip; O6i0p;
_O-T'iej O-(piej O-Qiej_

® Opyr s Overlapping laser spots (current research)

* Opip;: Temporal interpolation, slow rotation (current
research)

* 0,0, Temporal interpolation, fast rotation (current
research)

*OripjOri0j 090 = 0

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 25



i Mostly used VCM UN.VERS.TAT‘
i firstpoint T
- 2 =
0-7”1
2
O-§01
2
_ 90,
2y = o _
O'Tm
2
O-(Pm
2
L 96, |
: last f)oint _

. a,?i: Laser Radar Equation / Intensity based or empirical

. acgi,agi: manufacturer’s specifications
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' VCM of 3D point A
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Polar observations to 3D cartesian coordinates

Y| =|r-sinf - cos
Z r-cos6
fD)=f(re0)

[x] lr +sin @ - sin @

Variance propagation

of] .. [af]

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 28



1T VCM of complete point cloud

VvV

v g8 UNIVERSITAT
i Exy?,l,l ]
- 2 -
O-x1 UY1x1 O-Z1x1
2
Ox,y4 Oy, Oz1y1 Exyz,m,l
2
_JX1Z1 0-3’121 O-Z1 i
)X = :
XyZ
- )
O-Xm O-mem ZmXm
2
2xyz1,m O%m¥m  9Ym ZmYm
2
_O-xmzm O-J’mzm O-Zm i
i z'xyz,m,m i

* Vw211 tully-populated based on variance propagation
* Vyyz1m- dependent on Xy,

" —

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020
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it Example for mostly used VCM v
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04, 0g. Manufacturer's specs

A\ 4

Intensity: Oy VCP O3p
123.000 1.98 mm 2.08 mm
R
5 [mm]
'g 719
£4
%) 6.88°
%3 6.72
= 6.56
E 6.41
52 :
o) 594
[ . 5.78
NGF) 8 " A % v ‘ 5.62
5 §- 310 @}';*' HOW - AOERUE °-
10* ILF MIR. DIESE TODUCHE LIEBE ZUI UBER R .

Intensity [Inc]

Courtesy: Daniel Wujanz
(fig. changed)

" —

hY
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s 4 Interim summary _(

« Stochastic model expressed by VCM assuming that
systematic errors have been minimized sufficiently

« Synthetic VCM includes non-correlating, functional
correlating and stochastic correlating errors

* Not all entries are known / easy to include => mostly
used VCM is too simplistic, esp. neglecting physical
correlations

* |f too simplistic, significance of VCM is questionable

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 31
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6 Uncertainty of point clouds

6.5 Stochastic model of geo-referenced point clouds
6.5.1 Static laser scanning

6.5.2 Mobile laser scanning

6.5.3 Camera based mobile mapping
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Measurement Geometry Object
Angle of incidence, distance Reflectance,
roughness
Instrument wmisalignments, Eccentricities, Offset, ...
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i1 Static laser scanning L
g8 UNIVERSITAT
x19 x r-sind -singl’
[ ] + R(ey, £y, €,) [ +sinb - cos g
L r-cosd }
XS
]
Z
« Until now:
Xy =2, or nyz — 2:;;cyz
* New:
y9 _|2f pr [9f
ryz a(p,l) Zn| b
1T
= [ty ty, ts €0, 6y, &2
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o g VCM of geo-referencing A

UNIVERSITAT

)X
pp
[ Eu] = Zpp

« Example: GNSS based geo-referencing
with targets as identical points

1. Estimating local target coordinates using laser scans => %, ..,
— See next slide

2. Estimating geo-referenced coordinates using GNSS => Y., ¢s
— Multipath, satellite orbits, clock errors, antenna errors, ...

3. Estimating transformation parameters => %, ¢,

— Number and geometric distribution of targets

= ZPP — ZPP (Ztargetr 2"GNSS: 2:trafo)

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 35



Estimating target coordinates ¥

"e-igg
1. Plane
estimation
2. Image
gradients
3. Line \//
Intersection '

4. 3D coordinate
of target

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 36



Summarising uncertainty v

lgg UNIVERSITAT

GNSS uncertainty + Target estimation
uncertainty (+ further) => Transformation
parameter uncertainty

“lawnl 17 2w
Eeye o(p, D) Zuf [9(p,D)

Uncertainty of local laser scan

=> Much more complex to model than for local scan

~SmN

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 37
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g Mobile laser scanning A

-igg UNIVERSITAT
x19 Ly Ax 0 S
H = |ty| + RE(L,B) - R} (¢, 6,¥) - | |Ay|+ R2(a, 5, 7) - [d-sinb]

Z t, Az d - cosb
 Until now:
2y =2y
* New:

y9 _[9f | Zep [ !
ryz d(p,D) 2 d(p,D)

p — [t_x; ty; tz; L; B) ¢) 811/)) Ax; AY; AZ; a;,B;V ]T
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i1 VCM of geo-referencing

UNIVERSITAT

)X
pp
[ Eu] = Lpp

« Participating sensors: GNSS, IMU, ...
— Changing environment for kinematic GNSS?
— Drifts => IMU?
« Geometrical relationships => system calibration
— Stable and uncertainty can be assessed with acceptable effort
 Temporal relationships => sensor synchronization
— Process rather deterministic
« Combination in Kalman filter
— Complex, also due to process noise

=> Again, much more complex and many quantities unknow;

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 40
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From image to point cloud A

UNIVERSITAT

Point cloud

| S P;
. T N 1+3
Moving camera o
Pi+1

e and ¢ : corresponding feature points

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 FoIie742



VCM of point cloud _(

8 igg

IMU / Strapdown | * Direct georeferencing

algorithm — GPS influences (baseline
! . length, multi path,
shadowing, satellite
geometry, ...)

GPS Position

system model ——— Kalman Filtering

l — Duration of measurement
camera position camera lever arm / GPS outages => INS
and attitude calibration
l — Movement of UAV
" S O... direct « Calibration parameters
SYpOILOALACUON georeferencing .
and matching . * Image processing
... Image . .
! - procgessing — Distance to object
bundle block _ — Number and geometric
adjustmentand | |  point cloud distribution of key points
camera calibration densification
Courtesy: Christian Eling & Lasse Klingbeil xXyz— ?

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 43



i Interim summary _/

« Complexity of stochastic model increases noticeably
when geo-referencing point clouds

« For mobile laser scanning, the VCM might still be
modelled by variance propagation to some amount, but

individual uncertainties are partially not accessible (e.g.,
current GNSS uncertainty)

* For camera based mapping systems, the variance
propagation cannot be performed due to a too complex

processing chain with unknown distribution functions of
participating methods

* Instead, the uncertainty is often rather determined
empirically based on the given point clouds

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 44
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6 Uncertainty of point clouds

6.6 Determining the uncertainty of existing point clouds
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Relation to metrology in general

VvV

UNIVERSITAT

- VDI/VDE 2617, Part 2.3:
Accuracy of coordinate
measuring machines (CMM)
of large dimensions

a)

b)

© QFM Erlangen 2001

Courtesy: A. Weckenmann;

Probing error: Error of indication
within which the range of radii of a
spherical material standard of size
can be determined by a CMM.

Error of indication for size
measurement: Error of indication
when determining the size of a
material standard of size, using a
coordinate measuring machine.

Error of indication of a multi-arm
CMM for size Measurement: Error
of indication when determining the
size of a material standard of size,
using two probing systems within
the same coordinate system.

This file is licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license.

https://commons.wikimedia.org/wiki/File:WS-KOS medium QFM.gif

Uncertainty of point clouds, Part 2/2, Christoph Holst
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b) Geometric
a) Smoothness (datum free/local)
properties

c) Position and
orientation

Increasing scale

Relative accuracy / precision

Absolute accuracy / bias

[ Instrument/scanner

[ Geometry/Object ]

] [ Atmosphere ]

[

[

Geo-referencing static _%

Geo-referencing mobile

Uncertainty of point clouds, Part 2/2, Christoph Holst

SS 2020 Folie 47



S a) Smoothness

 Reference:

— Object assumed to be
smoother than uncertainty

* Quantity:

— Precision of points in local
neigborhood

 Procedure:

— Estimating smoothness by
averaging neighbored points

- E.g., plane fitting, ...

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 48



’ b) Geometric properties L

UNIVERSITAT

- Reference:
— Target coordinates

— Point clouds of scanned
object

* Quantity:

— Differences between
distances of targets

— Relative differences between
point clouds of objects

 Procedure:

— Vector estimation = =
— Point cloud comparison :
. #1 #
— Parameter analysis of plane :
fitting or similar !
mm] | Vi

Courtesy: Erik Heinz -45-30-15 0 15 30 45 -100 -75 -50 -25 (37 25 %0
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UNIVERSITAT

 Reference:

— Superordinate coordinate
system materialized by
signalized targets and
digitalized objects

« Quantity:

— Differences between
positions of targets

— Absolute differences
between point clouds of
objects

 Procedure:
— Coordinate transformations
— Point cloud comparison

Gobgle Earth

— Parameter analysis of plane Courtesy: Erik Heinz
fitting or similar

€L

hY
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Lice Identification of error sources _/

* [f we quantify the uncertainty with the aforementioned methods, can
we also identify the error causing sources and their actual
transmission to build a VCM?

o) Geemeuie ¢) Position and
a) Smoothness (datum free/local) orientation
properties
Instrument/scanner ]
Geometry/Object ] [ A"tmosph.ere
[ Geo-referencing static
[ Geo-referencing mobile

 We might connect the uncertainty to general sources, as e.g. the
instrument or the geo-referencing

 Explicitly identifying individual errors requires special setups to be
able to separate them

=> Designing an evaluation environment for mobile mapping systefris

Uncertainty of point clouds, Part 2/2, Christoph Holst SS 2020 Folie 51



. Uni Bonn: reference point clouds

a) Smoothness /

e
b) Geometric
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’ Uni Bonn: reference point field L
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gy Uni Bonn: reference trajectory A
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s 4 Interim summary _(

« Uncertainty of point clouds can be evaluated/
determined in different scales

« Based on the scale (local to global), different error
sources are of varying impact for the uncertainty

« To be able to identify individual error sources within the
complete uncertainty of the point cloud, a sophisticated
environment needs to be materialized (pillars,
structures, ...)
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& g Learning objectives _(

* How to describe the uncertainty of a point cloud within a
variance-covariance matrix?

 What makes the variance-covariance matrix complex?

* How to determine the uncertainty of existing point
clouds?
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