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Airborne laser scanning
principles
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Basic components of an ALS system
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Laser

Laser

« Semiconductor lasers or Nd:YAG lasers pumped by semiconductor lasers

» Mostly Nd:YAG = neodymium-doped yttrium aluminium garnet, Nd:Y,Al.O,

e Emits at A = 1064 nm (near infrared)

« Bathymetric scanners often use A = 532 nm (green) obtained by frequency doubling
e Others: e.g. 810 nm (ScaLARS), 900 nm (FLI-MAP), 1540 nm (TopoSys)

» Properties exploited: high collimation, high optical power

» Pulsed (time of flight ranging) or continuous wave (CW, sidetone ranging)

Claus Brenner
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Pulsed laser operation

Signal
amplitude I

~ Vv

»‘ L Typical characteristics:
lise * Pulse width
t;,=10ns (= 3 m @ speed of light)

Pulse rise time

[_\> tie =1 ns (= 30 cm @ speed of light)

Peak power
Ppeak = 2,000 W

"

Energy per pulse

}_J E = Ppeay * tp = 20 pJ

Average power (@ pulse repetition rate F = 10 kHz)
P,=E-F=02W

A- .G.rP.Llr]C.l - A Claus Brenner
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Continuous laser operation
i /\vﬂ\/\v/ . Rr\>

amplitude ‘
\

Modulation
signal

Characteristics (ScaLARS):

e Two modulation frequencies
frigh = 10 MHz, f,,, = 1 MHz
2 Ashort = 30 M, 4504 =300 m

» Average power (continuous operation)
P, =026 W

Signal
amplitude

Claus Brenner
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Ambiguities (pulse)

Travelling time:

2R

travel —

t

Example:
h=R=1000 m = t,,,e = 6.7 us

t, = 10 ns can be neglected

_|)>
>

Maximum pulse frequency (assuming no transmit /

next pulse :
receive overlap):

I ] C
A, A «——> t fmax :1/ttravel = ﬁ
Liravel ’_Ck

> « Example:
»tpp i h=R=1000 m - f_,, = 150 kHz

Claus Brenner
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Ambiguities (CW)

N>

Maximum unambiguous range determined by 4, :

A

R _ long
Z,.Ground. % D
Example:

Aiong =300 m 2> R

=150 m

max

Range gating:
Known height, possible range

A A \/ v \/ differences < 150 m
R

———_
~V

Range tracking:
If no steps > 150 m are present

v —

Claus Brenner
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Scanning mechanisms & ground patterns oy

Deflection
unit

Oscillating Rotating Nutating mirror Fiber
mirror polygon (Palmer scan) switch
. )
i Q
@ 7.
(same for
Q009 ..
receiving
optics)
Z-shaped, Parallel “Elliptical” Parallel
sinusodial lines lines
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oo Lo ISITIATRN ., sese
PP PP e © 0 o .o.o.o.o ° % % % 0000
e o e o e o o o e o o o % % % % 0000
° ® ) ° o< e . o o & e s s, sess
[ [ ] [ (] o o o o e o o g & o0 0000
° e o ° e o o v % % % % o o 0% o oose
N ¢ o o & & o o o.o.o.o 06%e%0°%5° 0000
° oo ° e 0o 0o o RIS AR o000
° ° ° e o o o 0000

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006



ETH isprs

Eidprnbmbiche Techn che Bedhechols Zhinch
Fayies Fusteral ntitule of Tisknalogy Buikh

Commission VI Special Interest Group “Technology Transfer Caravan”

Deflection
unit

Polygon mirror example C—

—>— em
1 _f 0.5 mrad
beam
divergence
0/2=20°
h=spom 0.08° - 70 cm
364 m
500 pulses / line
" 1
Z cos’ &
) 0.08° = 79 cm
Swath width
2h tan(g) =0.7h =364m | o Repetition rate
2 50 lines/s g3 em 50 kHz, average
v = 150 km/h pulse rate 25 kHz

Claus Brenner
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Fiber switch details
(TopoSys Falcon)

~
A

\

/

o
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Laser
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To ground
and back
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Deflection
unit
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Fiber scanner example C—
%Jy @m Fiber 128
A
0/2=7° Fiber 3
h=500 m 0.25h / 127 L*
=0.002 h spot diameter
~1m 25 cm
i
Swath width S@mﬁz} Fiber 1 MWW
0 N
2h tan(a) =0.25h =123m 630 lines/s 11 cm
v =252 km/h

Claus Brenner
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Palmer scan m—

Deflection
unit

7 deg. nutating 30 deg. nutating Scan pattern with forward
mirror mirror (hypothetical) motion of aircraft (7 deg. nutating mirror)

b

B

», -..’- %00, 2%, %,

Claus Brenner
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Beam divergence

« Beam divergence vy
D, aperture diameter « Theoretical limit by diffraction  y > 2.44%

« Example:
A =1064 nm, D=10cm - 0.026 mrad

 Typical values for ALS:
N y=0.3-2mrad

r « Ground spot diameter
2

D, = D+2htan(y/2)
~ 2htan(y/2)
: ~ hy
D,, diameter of
illuminated area « Example:

vy =1 mrad
/Tt A - 1 m diameter @ h = 1 km flying height
(not to scale)

Claus Brenner
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Power balance

E—
A 4—\ 4 - Power received:
r
P = A ~M-p-M
277 R
R 1 - Power transmitted:

P

/ Lambertian surface:
Wy
‘M -P
5 P T

T

PR 2 - Power received:
M-P

3 - Power reflected, assuming

MZ
AE'PT
27 R

o= p

P, = 2000 W

Atmospheric transmission
M=0.8

A, =80 cm? (D, = 10 cm)
R=1km

Reflectivity p = 0.5

> P,=4.1019P; =800 nW

Claus Brenner
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Reflectivity

Reflectivity vs. material Range vs. reflectivity
MATERIAL REFLECTIVITY @
@ A =900 nm )
—— . MZA
Dimension lumber (pine, clean, dry) 94% Pr = 10—2' PT = R 1/p
Snow 80-90% 27 R
White masonry 85% 120
Limestone, clay up to 75% *
- = 100

Deciduous trees typ. 60% >,

« &
Coniferous trees typ. 30% e

Q
Carbonate sand (dry) 57% g ©
Carbonate sand (wet) 41% L w
Beach sands, bare areas in desert typ. 50% % -

o
Rough wood pallet (clean) 25%
Concrete, smooth 24% 0 20 40 60 20 100
Lava 8%
Black rubber tire wall 2%

Source: www.riegl.co.at * Normalized to 100% @ 80% reflectivity

Claus Brenner
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Interaction with target

[

4>
t
A first pulse last pulse
R
N~
t
Pulse width
10 ns > 3 m @ speed of light
2> 4h=15m

—> pulses separable

Claus Brenner
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Interaction with target

A

e

— — < t]_ P/

| .

Detection accuracy ~ 10-15% t
of rise time = 2-5 cm

A

7nNs —»

Measured range will be an intermediate value
(mixed echo)

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006



ETH isprs
Eidprabeshiche Tedhn e e Hoe dhachels Zindh

Faviss Fasdesal Institule of Tushnalogy Zuiich el
Commission VI Special Interest Group “Technology Transfer Caravan”

Interaction with target

~=
YN
Large area, Small area,
small reflectivity large reflectivity

(same for
sloped terrain)

* Minimum detectable object size depends on reflectivity

* Measured range depends on distribution of reflectivity inside laser ground spot area

Claus Brenner
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Interaction with target

1 /\/\/\

Canopy penetration gets worse Specular reflection
with increasing scan angles Water, wet surfaces, slate
-> no return signal

Claus Brenner
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Pulse:

Ranging ow:

>
: WUAVARVARVERN
| ANANA
> />
t VARVERVAE
 Range * Range
RZEt :l'£°lshort
2 2 21
* Range resolution * Range resolution
ARZE-At AR:M.A¢:L.L.A¢
2 A 4 fhigh
* Range accuracy * Range accuracy
1
On C On € ﬂ“short.

.
2 rise m

4z /SIN

Ranging
unit

Claus Brenner
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Ranging: Pulse vs. CW

Ranging
unit

In CW ranging, resolution and accuracy can be improved by using higher modulation
frequencies

Resolution:
CW, Agrort =30 m (10 MHz), Ad/2n = 1/16384 (14 bit) > AR =0.9 mm !

Cf. required time resolution for pulse ranging:
At=2AR/c=6.1ps (164 GHz)!

For the accuracy, S/N is important
depends on transmitted power, e.g. Pulse P, = 2000 Wvs. CW P,, =1 W
=~ Orcw ! Or, puise = 85, achieved by 2000 x power [Wehr, Lohr 99]

Pulse lasers with high power are available
CW semiconductor lasers with P,, > 2 W, f,;,, > 10 MHz scarce
OR, puise typically 2-5 cm

Does not apply to centimetre level measurement in the close range domain!

Claus Brenner
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Ranging: full waveform analysis

Ranging
o) c unit
c =
pu o o
(] (&) c
A 3 3 G 5
AR Q b= o (o))
2 >
: t
First|pulse Last|pulse
to 1
t1
A
AR

Z

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Ranging: full waveform analysis

Ranging

et unit
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Ranging: full waveform analysis

Ranging
unit

* “Unlimited” number of returns per shot

» Multiple target detection down 0.5 metres

» Surface roughness, slope

» Vegetation

 Discontinuities

» User-defined post-processing methods, no need for real time, neighbourhood analysis

* Riegl LMS-Q560, Litemapper 5600, Optech ALTM 3100, TopEye Mark Il

Claus Brenner
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Examples of ALS

Claus Brenner
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Scanner examples

System Optech ALTM Riegl LMS-Q560 TopoSys
3100EA Falcon Il
Laser 1064 nm near IR 1540 nm
Altitude 80 — 3500 m 30 — 1500 m 60 — 1600 m
Range measurements | upto 4 full waveform first and last
Scan frequency max. 70 Hz max. 160 Hz max. 630 Hz
Scan angle max. + 25° max. = 30° + 7° (fixed)
Pulse rate max. 100 kHz max. 100 kHz, 83 kHz
50 kHz @ + 22.5°
Beam divergence 0.3 mrad 0.5 mrad 0.5 mrad
Beam pattern oscillating, rotating polygon, fiber switch,
sawtooth parallel parallel

* Others: FLI-MAP (Fugro-Inpark), LiteMapper (IGI mbH), GeoMapper 3D

(Laseroptronix), ALS series (Leica), TopEye MK Il (TopEye AB)

Claus Brenner
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Riegl LMS-Q560 / LMS-Q280i

(Scanner & data recorder only)

Images taken from www.riegl.co.at Claus Brenner i | kg
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|Gl LiteMapper

Imageon top shows the LiteMapper 2800 hardware components from left toright: S5inch TFTflat
screen display for the pilot, 8 inch touch-screen display for the sensor control unit (LMcontrol),
CCNS and AEROcontrol systems, the shock-isolating mount with the laser scanner, the
LMcontrol and the IMU (Inertial Measurement Unit).

Image on the right shows how rugged in design even the LM 5600 with optional camera system
DigiCAM comes. Equipmentin helicopter pod: data recorder for LM5600, laser scanner, 2 image
banks, LMcontrol, DigiControl, 2 camera bodies with RGB and CIR lenses/filters,IMU, CCNS and
AEROcontrol.

(uses scanners from Riegl)

Images taken from www.litemapper.com Claus Brenner i | kg
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TopoSys

Falcon I, 1l (fiber)

Harrier (uses scanners from Riegl)

Images taken from www.toposys.de Claus Brenner | kg
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FLI-MAP

FLI-MAP 400

All images taken from www.flimap.com ' Claus Brenner 1 kg
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Errors and strip adjustment

Claus Brenner
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Errors and strip adjustment

e Error sources
» Geometrical error budget

 Strip adjustment

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Coordinate systems

thF%ECF

tARF%IRF

Inertial reference frame Aircraft/ scanner

Moving with aircraft reference frame
Moving with aircraft

Earth centered
reference frame
ECEF, WGS84

Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006



ETH isprs
Eidprabeshiche Tedhn e e Hoe dhachels Zindh

Faviss Fasdesal Institule of Tushnalogy Zuiich el
Commission VI Special Interest Group “Technology Transfer Caravan”

Error sources

» Laser measurement (range, angle: electronics aging & drift)

 DGPS (receiver, satellite constellation, ground reference constellation)

* INS (receiver: frequency, drift)

» Offset / alignment between GPS, INS, laser scanner

* Dynamic bend of IMU / scanner mounting plate

» Time synchronization and interpolation (GPS: 1-10/s, INS 200/s, turbulent flight)

» Transformation to local coordinate system

« Basic geometric configuration

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Error budget (geometry)

Z

AXo, AY,, AZ,

AZ

AX

Claus Brenner
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due Error budget (geometry)
to
error Total
. B Ao A9 Ak AR AR AX,  AY,  AZ,  Total | gniiooo
0 0 22.4 53.0
AX 15 0 20.9 7.5 0 0 8 0 0 23.6 56.2
30 16.1 27.6 66.6
0 0 26.4 63.5
AY 15 20.9 0 0 14 1.3 0 8 0 26.4 63.5
30 2.5 26.5 63.6
0 0 0 5 9.4 9.4
AZ 15 5.6 0 0 4 5 0 0 8 11.7 19.1
30 12.1 8 4 17.0 37.3
Assumptions: h =400 m (except last col. h = 1000 m), o = ¢ = k =0, cm 0 05 5-10 10-15 15+
Ao = Ap = 0.03°, Ak = 0.04°, Ap = 0.02°,
AR =5 cm, AX,= AY, = AZ, =8 cm Source: [Baltsavias, 1999a]

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Error budget: conclusions

B Ao A Ax AB AR AX, AY, AZ, Total @h=1000
0 0 53.0
AX 15 0 20.9 7.5 0 0 8 0 0 56.2
30 16.1 66.6
0 0 63.5
AY 15 20.9 0 0 14 1.3 0 8 0 63.5
30 2.5 63.6
0 0 0 5 9.4
AZ 15 5.6 0 0 4 5 0 0 8 11.7 19.1
30 12.1 8 4 17.0 37.3

o AY slightly larger than AX for small B (due to Aj error)

S . [Baltsavias, 1999

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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isprs

Error budget: conclusions

Total

B Ao A Ax AB AY, AZ, Total @h=1000
0 0 22.4 53.0
AX 15 0 20.9 7.5 0 0 0 23.6 56.2
30 16.1 27.6 66.6
0 26.4 63.5
AY 15 20.9 0 0 14 8 0 26.4 63.5
30 26.5 63.6
0 0 0 9.4 9.4
AZ 15 5.6 0 0 4 0 8 11.7 19.1
30 12.1 8 17.0 37.3

* AR has only marginal influence on AZ

and almost no influence on AX, AY.

Source: [Baltsavias, 1999a]

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete,

Greece, 24-29 April 2006



Eidprntoshche Technbche He diechelz 2Hirch
T Frdesal Insi@tut e of Technalogm Tukh

isprs

Commission VI Special Interest Group “Technology Transfer Caravan”

Error budget: conclusions

Total

B Ao Ap  Ax AR AR AX, AY, AZ,  Total | gniitoo
0 0 53.0
AX | 15 0 209 75 0 0 8 0 0 56.2
30 16.1 66.6
0 0 63.5
AY | 15 209 O 0 14 | 1.3 0 8 0 63.5
30 2.5 63.6

 AZ smaller than AX, AY and less dependent on h
Reason: AR, AZ, dominate and are nearly independent of h

* AZ mainly depends on AZ, (GPS!) (and AR) for small

Source: [Baltsavias, 1999a]

Claus Brenner
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Error budget: conclusions

B Aw Ao Ax AB AR AX, AY,

e AZ given is too optimistic

. . ) Source: [Baltsavias, 1999a]
» especially for sloped terrain, AX, AY dominate

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Counter measures

Constructional measures

» Highly stable mechanics, low drift in electronics, highly accurate time sync.,
internal reference measurement ...

Calibration

» Factory calibration of laser scanner, GPS/INS alignment ...

Flight specific measures

» Good satellite constellation, close reference station, little turbulence ...

Still systematic errors will remain, especially visible at strip overlaps

e —> strip adjustment

Claus Brenner
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Strip adjustment

Create a seamless data set by
correcting for the systematic errors.

(Slide provided by George Vosselman) Claus Brenner
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Strip adjustment

* Analogy to independent model adjustment with self-
calibration parameters

 Modelling of shifts, drifts and other systematic errors
 Measurement of tie points
 Measurement of control points
e Adjust strips such that
— corresponding tie points are transformed to same terrain
point
— misclosures at control points are minimal

(Slide provided by George Vosselman) Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Strip adjustment

Independent strips with tie Strips transformed to reference

points system

' |

b 1 EL““"E B —— 0 0 O O]
phip 1

£ - ,Ef;g;, O O o O m
wirip 2 m Eﬁ, ship 2

2| 0 [0 [ (]

O O O O b
:Hp-

cross sirip
— = =
M M ™ D=
-

L

(ifp / J. Kilian)

(Slide provided by George Vosselman) Claus Brenner
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Strip adjustment

e 1D strip adjustment
e 3D strip adjustment
 Measurement of corresponding
— points in height data
— ditches and ridges in height data
— edges In reflectance data

(Slide provided by George Vosselman)

Claus Brenner
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1D adjustment

« only correct the height
 mathematical model for control point in strip s

AH =a_+b (X -X & e [y -Y¢)

offset in height

a'S

b, tilt in flight direction

C, tilt across flight direction
XL, YE centre of strip s

(Slide provided by George Vosselman) Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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1D adjustment

 mathematical model for tie point between strip s and strip t

AH =a_+b (X =X & )+c [V -Y¢) -

S

a,~b, (X -X¢)-c [y -Y)

t t

(Slide provided by George Vosselman) Claus Brenner
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Problems

 unmodelled errors lead to large distortions

e case: range offset before adjustment
or scale error in the
scanning angle ;M
possible solutions: after adjustment
—more reference points 7
— Cross strips 4
tilt
offset

/

(Slide provided by George Vosselman) Claus Brenner
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3D adjustment

Modelling systematic errors in terrain coordinates:
e Approximation by 1st and 2nd order polynomials.
* Modelling the effect of sensor errors on terrain coordinates.

3D adjustment requires estimation of 3D offsets between
e overlapping strips
 strips and reference data.

(Slide provided by George Vosselman) Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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3D adjustment

Two approaches:

o Take height differences in suitable areas as observations
(cf. area based matching)

* First extract corresponding features, then use those as
observations

(cf. feature based matching)

(Slide provided by George Vosselman) Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Segmentation of overlaps

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Offset estimation

Planimetric offsets may be estimated from
» sloped surfaces
» reflection data

(Slide provided by George Vosselman) Claus Brenner 1 kg
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Offset estimation

Height differences only are not sufficient

o ®* o

flat roof gable roof

(Slide provided by George Vosselman) Claus Brenner
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Measurement of tie points
Area based image matching

Simple mathematical modelling
e “Geometric” transformation

X=X, +AX
Y. =Y, +AY
o “Radiometric”’ transformation

ZS(XS,YS) — Zt(xt’Yt) +£

(Slide provided by George Vosselman)

Claus Brenner
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Using ditches

Fitting of point clouds to ditch profile
model

* No data interpolation
* Noisy free gradients

» Better accuracy estimates

(Slide provided by George Vosselman) Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Eelde dataset

ETH 1§plﬁs

Point density
1 pts /3 m?

Strip width
225 m

(Slide provided by George Vosselman) Claus Brenner 1 kg
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Ditch measurements

(Slide provided by George Vosselman)

Claus Brenner 1 kg
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Point clouds

SR w3 R b T Ll
AT AW ?f!ﬁa‘:wﬂ

Original data

 Cra i el T e
L e T A
After fitting

Original data

After fitting ~ |RSaasaaatct S Ys

[ L]

el

(Slide provided by George Vosselman) Claus Brenner
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Using gable roofs

Point density
6 pts/m?

Strip width
90 m

Measurements
6 ridge lines

(Slide provided by George Vosselman)

(e

Claus Brenner 1 k
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Using gable roofs

-
g

#

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Using gable roofs

Next strip overlap

Measurements
10 ridge lines

(Slide provided by George Vosselman) Claus Brenner 1 kg
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q Using gable roofs

8

(Slide provided by George Vosselman) Claus Brenner
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Point clouds
Original data After fitting

(Slide provided by George Vosselman) Claus Brenner
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Offset estimation in reflectance data

Reflection data is noisy

» peak reflection strength,
no integration

* |ow reflectance strength in case of
multiple heights within footprint

o footprint much smaller than point
distance - needs to be modelled

Long edges are preferred B G e o ‘

(Slide provided by George VosseTman — Claus Brenner J
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Conclusions offset estimation

« Offsets estimated in height and reflectance data will be
biased when using standard image matching tools.

o Offset estimations in height data should use continuous
surfaces only.

* Fitting models to height data avoids interpolation errors.

 Modelling edge response in reflectance data allows
unbiased offset estimation, but requires long edges.

(Slide provided by George Vosselman) Claus Brenner
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3D strip adjustment results

Model: 3 shifts, 3 rotations, and 3 rotation drifts

Sensor FLI-MAP Optech
Point density 5-6 pts/m? 0.3 pts/m?
Flying height 110 m 500 m
Number of strips 2 4

Number of tie points 75 46

c before adjustment 15.2 cm 35.6 cm
o after adjustment 9.7 cm 20.3 cm
Relative improvement 36% 43%

(Slide provided by George Vosselman) Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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3D strip adjustment results

FLI-MAP O, o o
before adjustment 16.4 20.0 5.0
after adjustment 11.2 11.6 4.7
relative improvement 32% 42% 6%
Optech ALTM G, o G,
before adjustment 48.6 40.5 11.6
after adjustment 26.0 24.5 8.5
relative improvement 47% 40% 27%

(Slide provided by George Vosselman) Claus Brenner
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Conclusions strip adjustment

e Many errors may occur.

« Strip adjustment in combination with error models can eliminate most
systematic errors.

« Strip adjustment can be used for data correction or as a quality control
tool.

 Remaining systematic errors may reveal errors that are difficult to
model.

e New errors are still discovered.

(Slide provided by George Vosselman) Claus Brenner
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Filtering of ALS data

Claus Brenner
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Filtering — Introduction

 Digital elevation model (DEM), digital terrain model (DTM): “Ground”

» Digital surface model (DSM): “top surface”

* In open terrain, the separation surface between air and bare earth

 DEM is different from measured laser points due to very different reasons:
« Measurement errors of ALS system (position, orientation, range...)
* Interaction with target (mixed points in vegetation)
* Interpretation (buildings are not part of the DEM by definition)

* Filtering: classification of points into terrain and off-terrain

» Basis for DTM generation, detection of topographic objects

A
A
Al |A

//AAA VAV AV,

/[ / VAVAVAVAY,
YAy A4

¥/ T 7 7777
d%r///////////

B A
dX RaSter Claus Brenner

TIN
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Filtering

0!

N

Claus Brenner 1 g
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Filtering

Aa
Z

Claus Brenner 1 kg
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Filtering

S rt-——rmrt—

Claus Brenner
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Filtering

(Source: George Vosselman)

Claus Brenner 1 kg
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Filtering approaches

» Basic approaches
» Mathematic morphology
» Progressive refinement
» Linear prediction

« Segmentation

» Points / local neighbourhood vs. segments

Claus Brenner
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Filtering of ALS data

Introduction

Morphologic operators and slope based filtering
(Vosselman, 2000)

Linear prediction and hierarchic robust interpolation
(Kraus & Pfeifer 1998, Pfeifer et al. 2001)

Progressive TIN densification (Axelsson, 2000)

Segmentation based filtering
(Sithole, Vosselman 2005)

ISPRS filter test

Claus Brenner
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Morphologic operators
and
Slope based filtering

Claus Brenner
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Erosion, dilation, opening, closing

» Erosion and dilation for binary images
* |... Image, s... two-dimensional structure element

e Erosion:

("S><V’C>i={é it (0, j)es:1(r+ictj)=1

else
» Dilation:
(I +s)(r,c):= Lot 30, pes:ir+ic+)=1
0 else
» Opening:

los:=(1-5)+s

» Closing:
les:=(1+s)—s

Claus Brenner
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Example: Opening (1)

-s S los=(1—s)+s

Claus Brenner
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Example: Opening (Il)

-s S los=(1—s)+s

Claus Brenner
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Example: Opening (l1)

=IIIIII=

=IIIIII=

-s S los=(1—s)+s

Claus Brenner
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Equivalent definitions using min and max

Erosion:

: . _ 1 if V(@,)es:I(r+i,c+]))=1
| — ,C) = | , | — C) =
(1 =8)(r.):= min 1(r +i,c+ ) [( s)(r,c) {O oo J
» Dilation:
(I+s)(r,c):=(m_:§1xl(r+i,c+j)
i,j)es
» Define kernel function k
k(i)

~1 else i

k(i,j)::{o (i,))es

Then, erosion and dilation are given by:

(1 =k)(r,c) = ryijg1[l(r+i,c+ =k, j)]

(1 +Kk)(r,c) = r}?a};<[l(r+i,c+ +k, j)]

Claus Brenner
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Erosion using Kk(i,))

(1 —=k)(r,c) = r(r;ij?[l(r+i,c+ =k, j)]

T k(i)

M |—k
Claus Brenner
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Morphological operators for grey scale images (here, DSM)

DSM
Erosion
k(1)
[
Dilation
DTM
Opening

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006



ETH isprs
Eidprnbmbiche Techn che Bedhechols Zhinch
Fapies Fasheral Inpiituie of Teshnalogy Tuich

Commission VI Special Interest Group “Technology Transfer Caravan”

Original DSM

(opening)

11x11 m? 15x15 m? 21x21 m? 31x31 m?

Claus Brenner
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Original DSM

(opening)

11x11 m2 15x15 m2 21x21 m?2 31x31m?
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Original DSM DTM obtained by opening
Claus Brenner -ikg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006



ETH isprs
Eidprnbmbiche Techn che Bedhechols Zhinch
Fapies Fasheral Inpiituie of Teshnalogy Tuich

Commission VI Special Interest Group “Technology Transfer Caravan”

Modification: dual rank filters

Minimum / maximum may be problematic if outliers are present

Use of rank filters is more robust

Rank function: returns the mt" element of sorted values
Ry (€13, Lpveee 1,3) 1= (SOPE {1, 1y 1, 1))IM]
Then, erosion and dilation become
(1 = K)(r,€) = R, ({1 (r +i,c+ ) kG, )| VG, DY)
(1 +, K)(r, €)= Ry o (1 (4,04 1)+ G D] V(G )P

Note: n=#zerosink, — =-, + =+

\_,\ T N—
\_,\ T — I
T m
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Modification: points, irregular data

O ¢
» Erosion (previously): % o © ®
_ _mi en k(i i o ®0n°¢
e(r,) = (1 -k)(r,c) = min (I(r +i,c+ ) k(i )) oy "0,
1] ;
®e o
®
* Now: e ® °
e(p;):=min (h(p;) - k(Ax;, Ay,))
J A
k(AXij d Ayij)
 Definition of the DEM: >

DEM = {pj‘ h(pj)ge(pj)}

%

‘ \ Claus Brenner
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Slope based filtering (Vosselman, 2000)

e(p;):=min (h(p;) - k(Ax;, Ay,))

A
k(AXij , Ayij)
>
: I
k
Ahmax (d ) A

* Interpretation of k

K(AX, Ay) = —Ah__ (\/ AX? + Ay’ ): ~Ah__(d)

>

Points at distance d,
can be lower by 4h,

Claus Brenner
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Slope based kernel function

Ahmax (d ) A

DEM = {pj‘ h(Pj)Se(pj)}

» Kernel function effectively suppresses slopes larger than its own slope
Claus Brenner 1“ kg
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Derivation of suitable kernel functions 4h,

* Idea 1. assume a maximum slope, e.g. 30%

Ah_ (d):=0.3d

» Since measurements are noisy, add confidence interval. Allow 5% of terrain
points (with standard deviation ) may be rejected

Ahmax (d ) A

\/

Ah__(d):=0.3d +1.65v20

 Arbitrary specification - try to obtain from data

Claus Brenner
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Derivation of suitable kernel functions 4h,

* ldea 2: derive maximum height differences from data
 Training set with ground points only
e For each distance interval d, compute max(4h)

» Also compute variance (of the maximum) for each d using cumulative
probability distribution

Frax (AN) = F (AD)"

* |dea 3: minimize classification errors A 2
~
P 7’ ~ ~
» Effect of type | and type Il errors is the same PR S~
. e mm——
« - search for 4h where “ =" _., 3
1 2

P(p, e DEM| Ah,d, p, e DEM)=0.5

* Requires training set with ground points and unfiltered data of

(Source: George Vosselman)
the same area

Claus Brenner
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Derivation of suitable kernel functions 4h,

P(p; e DEM| Ah,d, p, € DEM)

10 m Black 0.0, white 1.0

-5m

(Source: George Vosselman)

Claus Brenner
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Derivation of suitable kernel functions 4h,

— Maximum
Probabilistic

Allowed height difference
m

O I I I I I
0 2 4 6 8 10

Distance between points (m)

(Source: George Vosselman)

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006




isprs

Eidprntoshche Technbche He diechelz 2Hirch

Commission VI Special Interest Group “Technology Transfer Caravan”

Fovis Federal neditude of Feskealegy Tuikh

Example results

"W G°0 :S8Y2UP Jo douaIayIp WYBISH “18)y wnWixen
"(wonoq) pub w g ‘(doy) pub w g

zwyswiod 9°g Ausuap juiod Jase

(uewjassop 861099 :921N0S)

Claus Brenner 1 kg
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Example results

Laser point density 5.6 points/m? (top), reduced to 1 point/16m? (bottom)

(Source: George Vosselman)

Perspective view.

Claus Brenner 1 kg
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Linear prediction
and
Hierarchic robust interpolation

Claus Brenner
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Interpolation using a summation of kernel functions

7 25
2| > Q
&
. (Xl’zl)"
N (Xn’zn)
1 2 3 | s‘ o 5 X

» Given: Heights z at positions x:

* Find an interpolating function:

Claus Brenner
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Interpolation using a summation of kernel functions

» |dea: describe overall function as a sum of basis functions

)=k ()

o Simpler:
» as a sum of identical basis functions k
» depending only on the distance x-x;

» multiplied by a factor m,

(0= m, -k(x-x)

» Example k(d)

Claus Brenner
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Interpolation using a summation of kernel functions

* Interpolation - f has to pass through the given points

2,=1(x) =Xm k(X - %)

o Written in matrix form

Zy k(0) k(Xl o Xz) k(X1 - Xn) m,
Z, _ k(X2 - Xl) k(O) k(X2 - Xn) m,
Z.n k(xn - Xl) k(Xn - XZ) o k(O) m,

e Or, shorter

Z=Km

Claus Brenner
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Interpolation using a summation of kernel functions

Solution (note: linear; exact solution)

m=K™z
* Function f m,
f(x):imi K(x=x)=(k(x=x) k(x=x,) - k(x=x,)) "
i1
* Or, shorter m,
f(x)=k'K™'z
* Note:

e X variable
« K depending on X
« K7z fixed

Claus Brenner
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Example using triangular kernel function

2.5 ¢

d o _o
| ® ®
1} . 1
1 2 3 ’ 5 1 2 s 5
x=(12,25,3 4) .
m=K"z=(1,2.25,-0.5,2.25,0)
z=(1,2,1.75,2,0)

2.5

f(X)

1.5

0.5 ¢

05 [

S e
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Example using Gaussian kernel function

) ® ® )
15} . |
3 (]
‘1 g g ® : °|
x=(1,2, 25,3 4) m =Kz =(-0.29, 5.07, —6.49,5.76, —1.53)
z=(12,1.75,2,0)
f(x) ™
k(d)=e ™ - '1

S e
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Statistical interpretation of Gaussian kernel function

* Interpretation as covariance of laser points P, B, having distance d

df C(0) -

C(PP,):=C(d)=C(0) e{c C(d)

 Statistical surface description: close points have high covariance

* Need to determine C(0), c

Claus Brenner
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Determination of parameters of covariance function

 After removal of trend (see later), z; coordinates contain
* Mmeasurement error r,

e systematic error s;

Z, =S +r

« Variance of z; :
V, = %Zzizi:%(Zsisi+225iri+2riri)

— %(Zsisi +Zriri):\/ss +Vrr

Claus Brenner
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Determination of parameters of covariance function

« Determination of empirical covariances C;
« Sort point pairs into buckets, according to their distance

* In each bucket, determine empirical covariances

1 1
C, :FZzizk —>FZsisk
J J

* Determine C(0)

C(0)=V,=V,-V_ =V, -0’ (using estimate o, of height error)

 Determine C; for each bucket from
d;

C, =C(0) e{c"] — solve for ¢,

 Determine c as weighted mean of c;

Claus Brenner
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Interpolation and filtering

» After having determined Gaussian kernel function, interpolation is just as before:

f(P)=c'C'z

CT=(C(P—Pl) C(P—Pz) C(PPn)) ZTZ(Zl Z, - Zn)
C(0) C(PP) C(PP,)

c _ |C(RR) CO C(P,P)
C(RP) C(RPR,) - C(0)

* What happens if we replace C by
V. =C(0)

QQ C(BR)  C(RPR) c)
2 1) C(PZPn)

C(Pn Pl) C(Pn PZ)

>

Ol
I

@..

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006



Eidprntoshche Technbche He diechelz 2Hirch
T Frdesal Insi@tut e of Technalogm Tukh

isprs

Commission VI Special Interest Group “Technology Transfer Caravan”

Interpolation and filtering

* Note from earlier:

VZZ :VSS +Vrr - C(O) + 0-5

= C=C+o?l,
2.5 USingC 25 usinga
1.5%

0.5 |

* Interpolation and filtering: considers measurement errors

» Allows weighting of measurements using individual V,, ;

Claus Brenner
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Hierarchic robust interpolation

* Kraus & Pfeifer 1998, Pfeifer et al. 2001
» Before application, remove trend surface, e.g. by estimation of a low-degree polynomial
» After trend removal, 3 stages of refinement:
 Interpolation + filtering
* as just explained
* Robust interpolation
« compute weights for individual points (see next slides)
» Hierarchic robust interpolation
« if gross errors occur in large clusters

e compute data pyramid, use surfaces obtained in coarse level to accept points
within tolerance band in higher resolution level

Claus Brenner
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Robust interpolation
* |nitial interpolation using unit weights O'iz = 0'5 Outlier, probably vegetation

Interpolation follows
outlier

1501

Result of interpolation +
filtering

1004

|
0 \ 100
(Source: I.P.F. TU Vienna)

Trend surface

Claus Brenner
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Robust interpolation

» Calculate filter values = oriented distance from surface to measured point
» Compute histogram of filter values

» Usually, asymmetric: many points above surface, few points below surface

o g

A <«

g1

6 -

4

2

TT T T 1T T T T T N L A A R Y I

-4.0 2.0 0.0 2.0 4.0 6.0 8.0 10.0

(Source: I.P.F. TU Vienna)

Claus Brenner
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Robust interpolation

* Use asymmetric weight function (a,b different for left & right branch)

pi = : or =0
S R CH LAY ) S

* a, b parameters, g shift determined from histogram

» Also remove points which are too far off the surface

g
A <
84
6
4 cutoff
2
TT T T T T T T T IR L I I I
-40 2.0 0.0 20 40 6.0 80 10.0
(Source: I.P.F. TU Vienna) Claus Brenner
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150

100 —

Robust interpolation

Initial .

B interpolatioN . ..

Refined
interpolation

(Source: I.P.F. TU Vienna)

Claus Brenner
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Filter results in forested area

(Source: I.P.F. TU Vienna)
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006




ETH isprs
Eidprnbmbiche Techn che Bedhechols Zhinch
Fapies Fasheral Inpiituie of Teshnalogy Tuich

Commission VI Special Interest Group “Technology Transfer Caravan”

Progressive TIN densification

Claus Brenner
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TIN densification (Axelsson, 2000)

» Start using sparse seed points
» lowest points in a large grid, based on largest structure, e.g. 50-100 m
» Densify iteratively from below
 calculate required thresholds from points currently included in the TIN
e add points to the TIN if they are within thresholds

» Threshold computation based on median values of surface normal angles and
elevation differences. Uses histograms for computation of median.

o
- N
.
o .
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.
. .
o £
* e
. *
. *
o .
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. »
o .
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TIN densification

* Add one point at a time in each triangle facet

» Accept based on distance and angle threshold

» Special case for discontinuous surfaces (urban areas)
 threshold values easily exceeded

» use mirroring of point at closest point in TIN triangle to compute deviation

o l e
@d\ .mirror@T d

Claus Brenner
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Segmentation based filtering

Note: the slides of this section were provided by George Sithole / George Vosselman
based on their talk “Filtering of airborne laser scanner data based on segmented point clouds”
given at the laser scanning workshop 2005 in Enschede

Claus Brenner
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Filter design

Problem analysis
* Smooth surface assumption does not hold
» Lack of context information

— Filter as a local operator

— Point-wise filtering

New filter approach
e Use continuous surface instead of smooth surface

» Filter continuous segments of points instead of points

Claus Brenner

Slide provided by George Sithole, George Vosselman
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Segment based filtering

« Texture based image segmentation

* Point cloud segmentation into continuous surfaces

Slide provided by George Sithole, George Vosselman

Claus Brenner
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Profile segmentation

Minimum
Spanning Tree

Delaunay
Triangulation

Remove
Dangling Edges

Proximity
Thresholding

Slide provided by George Sithole, George Vosselman Claus Brenner
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Profile classification

H Raised |

o—0 o—=0
*——o &—® | owered |
*——o Terraced |
—o
High |
*—o
—+o Low |
Slide provided by George Sithole, George Vosselman Claus Brenner
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Comblnlng profiles to segments
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Combining profiles to segments

Slide provided by George Sithole, George Vosselman Claus Brenner
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Segment classification

 Based on majority of
segment profile
classifications

Slide provided by George Sithole, George Vosselman Claus Brenner
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Bridge detection

« Select all terrain profiles
* Analyse profile segment classifications

Slide provided by George Sithole, George Vosselman Claus Brenner
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Results in urban area

-

Segment based ¥

filtering

. Type | error

. Type Il error

Three other algorithms of the ISPRS filter test

Slide provided by George Sithole, George Vosselman Claus Brenner
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Results in quarry

-
TN

Segment based

filtering

. Type | error
. Type Il error

Alg. 2

Slide provided by George Sithole, George Vosselman Claus Brenner
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Quantitative results

Urban sites (error %)

Algl Alg2 Alg3 New alg
Average 5.6 7.0 14.0 6.0
Median 4.3 6.7 122 4.3

Rural sites (error %)
Algl Alg2 Alg3 Newalg

Average 3.6 9.5 15.6 54
Median 2.9 7.9 172 6.2
Slide provided by George Sithole, George Vosselman Claus Brenner
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Conclusions for segment based filtering

e Segment-based filtering
— preserves discontinuities
— allows filtering of large objects
— can be combined with other filtering methods

— could be extended with other attributes (shape, size,
colour)

e Segmentation in areas with low vegetation remains difficult
* Bridges can be recognised in bare earth segment
e Segmentation results may support manual editing

Slide provided by George Sithole, George Vosselman Claus Brenner
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ISPRS filter test

Claus Brenner
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ISPRS filter test

Comparison of filter algorithms, 2002-2004

8 sites, 8 participants
Qualitative and quantitative evaluation

All filters do well on smooth terrain with vegetation and buildings.
All filters have problems with rough terrain and complex city
landscapes.

In general, filters that compare points to locally estimated surfaces
performed best.

The problems caused by the scene complexities were larger than
those caused by the reduced point density.

Research on segmentation, quality assessment and usage of
additional knowledge sources is recommended.

Full report on http://www.geo.tudelft.nl/frs/isprs/filtertest/

Claus Brenner
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Extraction and modelling

Claus Brenner

with contributions from George Vosselman and Juha Hyyppa

Institute of Cartography and Geoinformatics
University of Hannover, Appelstr. 9a, 30167 Hannover, Germany

claus.brenner@ikg.uni-hannover.de
www.ikg.uni-hannover.de

Claus Brenner
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Example laser scan data

0 20 40 60 80 100

« Data obtained by aerial laser scanning
« Example: approx. one measurement per m?
[ J

Regularized raster, mesh width 1m x 1m )
Claus Brenner 1kg
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Example laser scan data

{
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Main applications

e Derivation of DEMs

* Forest inventory

o Extraction of man-made objects
* Flood modelling

 Mapping of linear structures: dikes, roads, power line
clearance

» Classification

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Extraction and modelling

* Introduction
» Feature extraction
» Derivatives
» Local polynomial fit and curvature analysis
» Planar faces
* Region growing, scan line grouping, RANSAC, Hough transform
* More complex shapes - see terrestrial scanning
 Building extraction
« Examples (data driven, model driven, integration of existing knowledge)

» Future developments: constraints & generalization

Claus Brenner
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Derivatives

f(x) * » DSM seen as a grayvalue
image
— derivatives can be

used to detect jJumps
iIn the DSM

> X — second derivatives
0 A may be used to detect
x f(x) discontinuities in
X i slope
e Derivative masks from
digital image processing
can be used

\  Note: derivative has
metric interpretation

L Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006




ETH isprs
Eidpentoshiche Teshniuche Hodischelz Ziich
Faviss Fasdesal Institule of Tushnalogy Zuiich o man gy
Commission VI Special Interest Group “Technology Transfer Caravan”

Derivatives: discrete operators

« Derivative operator based on difference quotient

Sl_f(x)z f (x+Ax)— f(X)
X AX
— mask: (=1 D)

— even mask length, linear phase
— noise: o=+2-0, ~14.c,

« Derivative operator based on average difference quotient

df 1
Ix (X)~—
X 2 AX AX

f(x)— f(x—Ax)+ f (X+ AX)— f(x)j: f (Xx+AX)— f(X—AX)
2AX

— mask: Y (-1 0 D=0 D*(-1 1
— odd mask length, zero phase

— noise: az%ﬁaf ~0.7 0,
Claus Brenner
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Derivatives

2\

Original DSM  f (x, ) (21 y)jz{g )|

Claus Brenner
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Derivatives
L - [y

.. B (8 A%
Original DSM  f(x,y) [(&f(x, y)) +(@f(x, y)j J

Claus Brenner
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Morphological operations: opening

Original DSM DSM - DTM

Claus Brenner
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Morphological operations: opening

DSM — DTM o _ Orhophoto
Height >5 m and footprint > 50 m?
Helght > 5 m Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Local estimation of polynomial functions

» Derivatives (especially second derivatives) are sensitive to noise
« Standard smoothing masks are not motivated geometrically
e |dea:

— for each discrete point, determine locally a best approximating polynomial
function f(u)

— then, derivatives f'(x) and f"(x) can be obtained from the derivatives
of f'(u) and f"(u)

fA(u) N fQ) o

1] o

~—M ... 01..M,
Y
U :{_M 1_M +1""O’1’°."M} Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Local estimation of polynomial functions
e Scalar product

(f.9)=3 f(u)-g(u)

uel
« Polynomial base functions up to second order
@,(u) =1
@ (u)=u
M(M +1
p, () =u? - D

3
* Properties of base functions (orthogonality)
<¢i,gpj>:0 Vi# ]
(@0, 00)=2M +1 = p,
<(91’¢1> =1/3-M(M+1)(2M +1) =p,
(@ y)=... =P,
Claus Brenner
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Local estimation of polynomial functions

» Definition of normalized base functions
b = (%i = <g0i,bj>: d;  (Kronecker)
« Second order approximation for functions of one variable
f(u)= ZZ: a o)  with
i=0

a

< f ,bi> = Z f(u)- bi (u) < trick: no need to invert since functions
ueU are orthogonal

« Second order approximation for functions in two variables

fuv)=Y 8 ¢Ue ()  with

I+ <2

;= Y  f(uv)-bu)b(v)
(u,v)eU?

Claus Brenner
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Local estimation of polynomial functions
« Derivatives:

f(U,V) = Qg
+ a,U+ay,V
N azo(uz_lvl(lvl +1)j+aﬂuv+a02(v2—M(M +1)j
3 3
" 0 ¢
af(U,V) = 8 +8y - 2u+ay -V af(0,0) = o
i1?(uv) = @y, +a, 2V+a, - U i12(00) =
.y , 01 T Yo G ov ’ %
0% -
87f(u’\/) = 2ay,
2 A
f(u,v) =
Y (u,v) ay
0* -
Wf(U,V) = 2ay

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006




ETH isprs
Eidpentoshiche Teshniuche Hodischelz Ziich
Faviss Fasdesal Institule of Tushnalogy Zuiich o man gy

Commission VI Special Interest Group “Technology Transfer Caravan”

Local estimation of polynomial functions
 Example:

M=3 = U={-3...8},p,=7,p, =28 p,=84
(f.b)=3 f)+1

3 1
<f,b1>:l;f(u)-2—8u

a, :<f,b2>:i f(u)-8i4(u2—4)

d

From this, the following convolution masks are obtained:

d0=%(1111111)
d —i(—3—2—1 012 3)
L8

1
d,=—(50-3-4-305
= o )

Claus Brenner
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Local estimation of polynomial functions
« Two-dimensional convolution masks are obtained as follows:

Du = dgdl Duu = ZdeZ
D,=d/d, D, =2d]d,
Duv — ledl

 E.g.the second partial derivative with respect to u:

50 -3 -4 305
50 -3 -4 305
2 , |50 -84 305
—_f~D,*f,D,=2d{d,==—=~|5 0 -3 -4 -3 0 5
ou 7-84
50 -3 -4 305
50 -3 -4 305
50 3 -4 305

Claus Brenner
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Differential geometry

N
X
va U _— —
°q
R’ > m?’TL,
* Regqgular parametrized surface: « Normal vector

X: RWoU—->R X, X X,

e o N(q) = ——(a)
U open, x differentiable, dx, injective %, x|

Claus Brenner 1 kg
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Differential geometry

* First fundamental form in local coordinates
|=E-(U)*+2F -uV' +G- (V)
E=(x.,%), F=(X,%), G=(X,x,)

e Second fundamental form in local coordinates
l=e-(uU)*+2f -uv'+g-(V)* X, X X,

N(q) =
e=(N,x,), f=(N,x,), 9=(N,x,) [, x|

(9)

 (Gaussian curvature and mean curvature

eg— f?
P K-k =g

1 eG-2fF +gE
H:— + =
P H =) =5

K., K, Mmain curvatures

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Differential geometry
« DSMis given as a graph z =f(u,v)
— From this, the following simplifications are obtained:

z=f(u,v)
- . L
» xuv)=| v |, x=/0| x=|1
| f(u,v) | f, ] f,
E=(x,%)=1+f7 etc.
1 a
V=g N
| 1 _
e:<N’XUU>:(fu2+];t;+l)1/2 etc.
= K, H

Claus Brenner
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Surface types

» Surfaces can be classified depending on the sign of K and H
— Both signs can be coded into a single number (KH sign map)

khs:=3-(1+sgnH)+1+sgnK

— In practice, H=0 or K=0 will not be obtained, thus the following
modified sign function is used:

(1 ye_g sgn, (¥),
sgn_ (x):=5 0 —¢<x<g¢ >
1 x>¢ -l &

\

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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khs

K<0

Surface types
K=0

K>0

H<0

Not
possible

6

38

Claus Brenner 1 kg
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Application: curvature type classification

Type 6_8 Claus Brenner
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Application: curvature type classification

Local estimation of polynomial functions Type 6-8

Claus Brenner
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Region based segmentation

 Region based segmentation:
— partitioning of a region into disjoint subregions
— subregions evaluate ,true* with respect to a given predicate P(-)
— subregions are maximal

 More precisely:

1.|JR =R
i=1

2. V1<i<n:R Isconnected

3.Vi# J.RNR; =

4. P(R,) = true

5. Viz J:P(R, UR,) = false, If R;, R, are neighbors

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Region based segmentation

R ={L1,2,3,4,7,8,12}
R, ={5,6,10,11,15,16}

| 13[14] 15| 16 R, ={9,13,14}

11

 How can the desired subregions be obtained? E.g.:
— cluster analysis
— split-and-merge
— region growing

Claus Brenner
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Region growing

e

3

Search for
seed region

Y

Grow region as
long as possible

Claus Brenner
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Region growing

* Predicates for digital surface models
— distance of points from an estimated plane

P.: z=ax+by+c
distance: d (i) = |ax; +by; + ¢ —z|

— normal vector orientation
CoOSx = <Ni,(—a, -b,1)’ >

« Disadvantages:
— the order of selection of seed regions affects the result
— iterative estimation of plane equation is time consuming

« Application: detection of planar regions in DSM, e.g. roof faces

Claus Brenner
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Region growing: examples

y

Claus Brenner 1 kg
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Scanline grouping (Jiang & Bunke, 1992)

« Subdivide each line into segments (e.g. using Douglas-
Peucker)

* Build seed region using consecutive segments
 Grow seed region by adding segments
e Postprocess

Yo+2

Yo+1

Yo

>
Claus Brenner 1 kg
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Scanline grouping (Jiang & Bunke, 1992)

« Subdivide each line into segments (e.g. using Douglas-
Peucker)

* Build seed region using consecutive segments
 Grow seed region by adding segments
e Postprocess

Yo+2

Yo+1

Yo

>
Claus Brenner 1 kg
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Scanline grouping (Jiang & Bunke, 1992)

« Subdivide each line into segments (e.g. using Douglas-
Peucker)

* Build seed region using consecutive segments
 Grow seed region by adding segments

e Postprocess

>
Claus Brenner 1 kg
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Scanline grouping (Jiang & Bunke, 1992)

« Subdivide each line into segments (e.g. using Douglas-
Peucker)

* Build seed region using consecutive segments
 Grow seed region by adding segments

e Postprocess

>
Claus Brenner 1 kg
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Scanline grouping segmentation: examples

> 4
2

DSM (Stuttgart, 1m) Segmentation

Claus Brenner
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RANSAC (Random Sample Consensus, Fischler & Bolles 1981)

e Algorithm:

— Select minimum number of observations randomly (e.g. 3 points
for a plane, 2 points for a line) = random sample

— Compute parameters based on these observations
— Find out the number N of compatible observations = consensus
— Select solution which has largest N

 There is a formula for minimum number of draws required
* Very powerful algorithm, easy to implement

Claus Brenner
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RANSAC example: find linear segments

Z A

Z A

» X

Z A

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006



ETH isprs
Eidprabeshiche Tedhn e e Hoe dhachels Zindh :
Fapies Patteral Inplitui e of Teshnalogy Tuich

Commission VI Special Interest Group “Technology Transfer Caravan”

RANSAC example: find linear segments

Z A
...
... o
.... .... ............
» X
Z A
.‘.
.. o
_-._._,‘ .-..—.—".—.—.—.—.—.—.—.—.—.“ &
» X ©
Z A
.‘.
... o
¢eoe @ ...............

-—_—>X

Claus Brenner 1 kg
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RANSAC for planar segmentation

> [ etc.
Q /

Claus Brenner
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Examples: region growing, RANSAC

Region growing RANSAC

Claus Brenner
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Examples: region growing, RANSAC

Region growing

Claus Brenner 1 kg
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Hough transform (PVC Hough, 1962)

Or

C one specific line
NT % \ (cos aj al /
NG SINax 2}

a

(Xo,N Xcosa+Yysina+c=0 \1 2 3. 4 5 6
2t

c=—(x,cosa+y,sina)=cla)

accumulator

Claus Brenner
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Hough transform

« Can be used for any parameterized object: planes, cylinders,...

« Higher dimensions may become impractical (space, time)

« Sometimes sequential Hough transforms of lower dimension are feasible
e Global 3D Hough transform may be problematic

(source: George Vosselman)

Claus Brenner
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Building Reconstruction

Claus Brenner
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(Source: Sony press release)
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Non photorealistic rendering (NPR)

Source: Prof. Déliner, Computer Graphics Systems, Hasso-Plattner Institute, Potsdam

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Augmented reality car navigation

Eine Kamera nimmt Live-Bilder der
Umgebung vor dem Fahrzeug auf

Das Navigationssystem berechnet den
aktuellen Ort und die Fahrtroute

In einer 3D-Landkarte

ist die Topografie des
i

N
il L

Das Display des Navigationssystems zeigt das
kombinierte Bild der Kamera und der 3D-Route

Source: press release, Siemens AG, 30.09.2005 Claus Brenner kg
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006

Das AR-System berechnet die 3D-
Ansicht der empfohlenen Route
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Partial tasks for building reconstruction

Raw data Result
) _— -
r 3 ,building reconstruction
hd
: : Geometric Semantic
Detection Structuring Reconstruction Attributation

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Geometric building models

Building Model

Parametric General

Primitive Combined Prismatic Polyhedral Ruled

% g

Freeform

F"

)

—i

/-

T

\

Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Boundary representation vs. CSG

Topology

Boundary representation (BREP) Constructive solid geometry (CSG) . kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Data driven reconstruction

Object ta n
straigh%edges

Object contains
=
rectangles

Edge extraction

Grouping into
rectangles

Filtering using
spectral

signature Filtering using size,

grouping )
Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Model driven reconstruction

% Model database

Original
image

Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Example: data driven

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Data driven approach

Assumptions:
* Roof described by planar faces

 Height jump edges parallel or perpendicular to main building
orientation

Steps:

* Plane detection
« Initial face outlining in TIN

* Reconstruction of building outline
* Reconstruction of roof face edges

(Slide provided by George Vosselman) Claus Brenner 1 kg
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Height data

Initial roof faces

Connected components
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(Slide provided by George Vosselman)

Claus Brenner
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Reconstruction of roof outline

Union of faces

Approximation by straight lines

main building direction
minimum edge size
most points

Inside

building

(Slide provided by George Vosselman) Claus Brenner

International Summer School

“Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Reconstruction of face edges

 Ridges and valleys
Intersection of planes of adjacent roof faces

* Roof outline
Intersection of planes with adjacent walls

* Height jumps inside roof surface
Straight lines aligned to main building directions

(Slide provided by George Vosselman) Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Reconstruction of 3D building

« Merging edges to faces

— Joining parallel edges

— Intersection of other edges
» Extraction of terrain height

(Slide provided by George Vosselman) Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006



ETH isprs
Eidprnbmbiche Techn che Bedhechols Zhinch
Fapies Fasheral Inpiituie of Teshnalogy Tuich

Commission VI Special Interest Group “Technology Transfer Caravan”

Example: model driven

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Demo: "ATOP”

W ATOP - Automated Building Reconstruction Tool [C:/User/Data/Hausrekonstruktion/Hannover] = |5|

File Edt Primitive Estimate ‘iew

— 2D Parameters

with  [sa2317 T
J—
Height  [158211 [
J—
Angle IW r
.—J—
3D Parameters
Ground IW r
J—
Eaves W r
J—
Ride  [fEESE3 [

Orientation 4 [€ » I~

Accept

Last accepted:

Mone
Rejsct Accept now

Primitive mode (LMB: select primitive | MME: support mode | RME: madify (click edge), rotate (click vertex), move (dick inside))

Can be downloaded from: http://www.ikg.uni-hannover.de/3d-citymodels Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Integration of existing knowledge:
Using existing 2D ground plans

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Using existing 2D ground plans

« Solves detection problem

« Helps with structuring
— Helps to select model in model driven approach
— (How?)

« Helps with geometric reconstruction
— Boundaries, orientations...

 Problems:
— Inaccurate maps
— OQOutdated maps
— Reconstruction of structures for which no hint appears in the ground plan

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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ldea 1. Canonical reconstruction of
roof based on ground plan

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Roof construction

N

/N /N

Medial axis Straight skeleton edge event
(canonical roof)

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Reconstruction based on canonical roof

* Build roof from straight skeleton, assuming equal slopes

* Project into plane (= hypothesise)

« Test for evidence using DSM (= test)

« Set planes for with no evidence - upright

« Build skeleton again, using new slopes

 Fitto DSM

e - strong dependency on ground plan, limited roof shapes
e 1997 ...

Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Different roofs raised on the same ground plan & same planes

N

(canonical roof)

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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ldea 2: Subdivide ground plan into
primitives

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Subdivision into primitives

—J
[

713
Ty 7 7Ty | 70 7ty | 772 7ty | 70 Tty | 70
" AN
N J \ /
Y '
Flat Desk Ridge Hipped

Ground plan subdivision, selection of 3D-primitive,
parameter estimation
- more complex roofs, but still strong dependency on ground plan

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Example results

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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ldea 3: Subdivide ground plan at
concave vertices (Vosselman)

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Decomposition of ground plans

Ground plan

Decompositions

Building
primitives on partitions

(Slide provided by George Vosselman) Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Combining maps with laser data

Processing steps:

» Detection of planar faces

* Ground plan refinement  Initial 3D model
e Roof face reconstruction * (Model refinement)

(Slide provided by George Vosselman) Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Detection of planar faces

« 3D Hough transform in each ground plan segment
« Growing and merging of initial planar faces

(Slide provided by George Vosselman) Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Refinement of ground plan segmentation

 One plane per segment

« Detection of intersection lines

« Detection of height jump lines
— Constrained to segment orientation
— Not near segment edge

(Slide provided by George Vosselman) Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Reconstruction of roof face outlines

» Best fitting plane per segment
* Merging of segments of same plane

(Slide provided by George Vosselman) Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Analysis

e Starts from ground plan

« Ability to subdivide segments by planar segmentation (3D
Hough transform)

« Ability to merge segments of the same plane
- less dependency on ground plan, stronger role of DSM

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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ldea 4: Relate planar patches to
ground plan using a grammar

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Determination of relevant regions

s
g
!U
\%
V2

O O O O @, O
@, O O O O O

e What criteria can be used?
— General criteria (Size, shape)
— Hints from ground plan

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Labelling of regions

Ground plan
| 2
ve | r
c — compatible
| — left
p n

r — right
P — previous

n — next

a — opp. previous

b — opp. next \ 7 / \ X /
a b

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Example for labels

{rna} {lpb}

{c}
{c}

(e} |\ .

{rna} 2:;? \——-«f
/ {c}
(c) i N

{lp.b} {rna} {c}

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Acceptance rules

Contained pattern Accepted pattern
<p+a+C+ > <p+a+
C+b+n+> ) b+n+>
<p+ * n+> > <p+ and n+>
|*trt > |*trt

All remaining c* are accepted

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Example

Aerial image All regions of Accepted Roof built from
segmentation regions accepted regions

Claus Brenner 1 kg

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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EuroSDR test on building
extraction

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Test Sites

e Senaatti

e Hermanni
 Espoonlahti
e Amiens

e

Espoonlahti Hermanni Claus Brenner (1 KQ

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006




Eidprntmbidhe Teshnheh e Hodis bl Zinch
Fovis Federal neditude of Feskealegy Tuikh e
Commission VI Special Interest Group “Technology Transfer Caravan”

Hermanni, CyberCity Stuttgart ioN
pOSItIOﬂ accuracy 2m ! ! o
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-2m
@
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0.9 % ) . < |
T T T %@ T
0.8 B IQR Height 1 S0 %
07 @ IQR North
0.6 = IQR East ICC laser Aalborg FOI outlines
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0.5 o s
[ . 000 o ooo .
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o e | 1 out
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(Slide provided by Juha Hyyppa) claus Brenner (1 KQ
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Some Conclusions

* Cybercity can be considered as a reference to others in terms of
guality and detailness

« Fully automatic laser scanning gives 4 times higher errors than
CC, but time spent is 5%, depends on pulse density, building size.

* Errors of laser-based results can be explained by non accurate
determination of building outlines

— Laser good at height and roof inclination determination
— Aerial images good at building outline determination

— Integration of laser and aerial imagery optimal, techniques
relative simple at this moment

— Some more complex laser models extremely good in quality

— Laser pulse density major factor to explain differences
between test sites (within laser based models)

* Level of automation is a key factor to explain the difference of
results.

Slide provided by Juha Hyyppa Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Future developments

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Reconstruction Aspects

« Topological correctness
— Faces are correctly joined, no holes

e Geometric constraints

— Parallelism, rectangularity, surfaces having same
slope, surfaces meeting in one point, ...

e Generalization

— Acquisition generalization: which objects / object parts
are to be modeled

— LoD generalization: derive another model from a given
one

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Geometric Constraints

e CSG e B-rep:
— Primitives are constrained — Constraints have to be
implicitly added explicitly

— No implicit constraints
across primitives

— Sometimes: "snap"

Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Example constraint equations (2D)

ax+by+c=0 ; 2 .
/ a‘+b*-1=0 / (X, = %) +(y;—y,)" —d" =0

/ ax+by+c=0 .\d/ ax+by+c=d
AN g, +bb, =0 (x=X0)? + (3~ yo)? — 1 =

/ f a,a, +bb, —cosa =0
/ by —axhy =0 ab, —ab, —sina =0

LOgIC MetI’IC Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Weak primitives

Fields External
constraint

y equations
Internal | Points I— ﬁ
Constraint
h
\ / Equations | Lines - =B

Two lines

Internal :
representation perpendicular
— p—
(X3, :
3 Internal | Points |m= e
%Y constraint oo
(Xo.Yo) Equations | Lines - line

Internal g
representation
Claus Brenner
International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006
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Weak primitives demonstrator

i weakPrimi3 o [m] |
One Two More Edit Mew
Mame
=-FRoat
EI-U-Shape

- 5 amePoint2:

- S amePointZ:

- Point20nLine2:

- Paint20nLine:

- Point20nLine2:

- Paint20nLine:

- Hectanglez

- Rectanglel

- Rectangled

o _I
Paoint2 of Rectangle: <Paoint2=Root/U-Shape/Fectanglel. Pointz[1]> <Index=1> -
<Center=Root/U-Shape/Rectangle].Center: <buiz=Root/U-Shape/Rectangle] Az
Owfidth=Root/U-Shape/Rectanglel Wwidthe <Height=Root/U-Shape/Rectanglel. Height:
Owfeight=1e+006:
Unknowns: 47
Equations: 87
| 2 =
&
Can be downloaded from: http://www.ikg.uni-hannover.de/3d-citymodels Claus Brenner
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Containers

 Form hierarchy

— Objects are primitives - they contain geometry or

— Objects are containers - they contain other containers or primitives
* Implement layout functionality

— Linear, grid, irregular
 New: induced by formal grammar Container: Grid layout

- -l

=] =]
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Generalization

e CSG e B-rep:
— Implicit generalization — Region sizes?
— Rules?

- Generalization during capture

Claus Brenner
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Level of Detall (Definition according to Sig3D)

LoD O LoD 1

Regional City / Site City / Site City / Site Interior
No roofs Flat roofs Roof type & “Real” roof “Real” roof
orientation shape shape

Texture, Block Textured model, Architectural model, Walkable

ortho photo, model differentiated roofs, vegetation, architectural
land use vegetation (trees) street furniture models

>5m / >5m 5m/5m 2m/1m 0,5m/0,5m 0,2m/0,2m

Pos./Height

See http://www.citygml.org/ Claus Brenner
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In 2D: elementary generalization operations

oF

Monika Sester, ikg

Claus Brenner
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Elementary generalization operations

P=P"=P" > P >... >P =P"

9o 01 k-1

 Generalization chain
— Maximum representation: P"=P

— Minimum representation: P™ m<n
— Number of polygon edges: i,=n ... i, =m

— Elementary generalization operations: g,

Claus Brenner
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Elementary generalization operations

P"=P% ——— Pl

Ok 1 P Jdo

or =

A 4

* Inverse generalization chain
— Pre-computed
— Can be used for progressive transmission
— Each g;' is associated with a parameter &,
— Parameters ¢&; are decreasing (inverse chain)

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006




ETH isprs
Eidprabeshiche Tedhn e e Hoe dhachels Zindh
Fapies Patteral Inplitui e of Teshnalogy Tuich

Commission VI Special Interest Group “Technology Transfer Caravan”

Continuous generalization demo

il Streaming Generalization Demonstration - ikg Uni Hannove -0 x|

File Extras

, | | |5.39862

Can be downloaded from: http://www.ikg.uni-hannover.de/3d-citymodels Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006



ETH isprs
Eidprnbmbiche Techn che Bedhechols Zhinch
Fapies Fasheral Inpiituie of Teshnalogy Tuich

Commission VI Special Interest Group “Technology Transfer Caravan”

Generalization in 3D?

Original Cut Fill Final step

Frank Thiemann, ikg
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Generalization by incremental modelling

Claus Brenner

International Summer School “Digital Recording and 3D Modeling”, Aghios Nikolaos, Crete, Greece, 24-29 April 2006



ETH isprs
Eidprnbmbiche Techn che Bedhechols Zhinch
Fapies Fasheral Inpiituie of Teshnalogy Tuich

Commission VI Special Interest Group “Technology Transfer Caravan”

Generalization by incremental modelling

Claus Brenner
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Conclusions

« Methods available for the extraction of discontinuity and continuity

« Availability of 3D information makes relatively simple extraction
processes possible

e Laser scanning good at heights and roof inclination

« Still no fully automatic extraction systems available

— Problem: reliability

— Integration of ground plan information

— Automation will come in the form of small enhancements
 New challenges

— Interoperability requires rich descriptions

— Expression of relations (constraints) between objects

— Automatic generalization

Claus Brenner
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