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Goals of FWI A\‘(IT

Early days: Find all possible earth models that explain the full data by full

wave modelling !

Today: Find one discrete numerical computer model that predicts the relevant
signals at low frequencies
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Goals of FWI Q(IT

arlsruhe Institute of Technology

Early days: Find all possible earth models that explain the full data by full

wave modelling !

Today: Find one discrete numerical computer model that predicts the relevant
signals at low frequencies
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Goals of FWI A\‘(IT

Karlsruhe Institute of Technology

Early days: Find all possible earth models that explain the full data by full

wave modelling !

Today: Find one discrete numerical computer model that predicts the relevant

signals at low frequencies
Benefits

@ © Improved resolution: ~ 4
; ® Possibility of multi-parameter
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3|63 25.04.2019 T. Bohlen - Applications of 2D full waveform inversion at different spatial scales GPI, KIT



Applications of FWI

Karlsruhe Institute of Technology

In recent 20 years FWI has received great attention and has been applied

sucessfully to a broad range of spatial scales and wave types
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Applications of FWI

Karlsruhe Institute of Technology

In recent 20 years FWI has received great attention and has been applied

sucessfully to a broad range of spatial scales and wave types
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Example 1: Top salt imaging using streamer data
Target depth: 3-4 km, Acoustic-Elastic, 80 A
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Applications of FWI

Karlsruhe Institute of Technology

In recent 20 years FWI has received great attention and has been applied

sucessfully to a broad range of spatial scales and wave types
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Example 2: Imaging of gas hydrates using OBS data
Target depth: 1.4-2.0 km, Acoustic, 150 A
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Applications of FWI

Karlsruhe Institute of Technology

In recent 20 years FWI has received great attention and has been applied

sucessfully to a broad range of spatial scales and wave types
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Example 3: Imaging of shallow marine gas hydrates using OBC data
Target depth: 0.15-1.0 km, Acoustic, 200 A
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Applications of FWI

Karlsruhe Institute of Technology

In recent 20 years FWI has received great attention and has been applied

sucessfully to a broad range of spatial scales and wave types

=

=)

15

Q1=

g

= Medical Imaging Reflection Seismic

E P-waves P-/S—waves

s

=<

=]

=

e : .

: ear Surface Seismic ) VDAL «
.E P-/S—/Surface wave =S

)

o o Borehole Tom\, ohy Seismology

E 5 P—/S—waves ’ (
S |= & ~ P—/S—/Surface waves
&)

Imm lcm 1dm Im 1 100m 1km 10km 100km  1000km
scale (m)

\
Example 4: Near surface characterizaztion using geophone data (land)
Target depth: 0-20 m, Visco-elastic, 20 A
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Applications of FWI

Karlsruhe Institute of Technology

In recent 20 years FWI has received great attention and has been applied

sucessfully to a broad range of spatial scales and wave types
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Example 5: Medical imaging (synthetic)
Target depth: 5-15 cm, Visco-acoustic, 330 A
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2. Methodology and Challenges
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FWI: iterative data fitting procedure A\‘(IT

[ Initial model mg ]

[ Field data d ]
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FWI: iterative data fitting procedure

[ initial mode! " ]_>_
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FWI: iterative data fitting procedure

[ inital mode! o ]_>_
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FWI: iterative data fitting procedure Q(IT
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FWI: iterative data fitting procedure Q(IT

Karlsruhe Institute of Technology
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FWI: iterative data fitting procedure A“(IT
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FWI: iterative data fitting procedure &(IT
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FWI: iterative data fitting procedure
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FWI: iterative data fitting procedure ﬂ

[ Initial model mg

[ Field data d
[

T
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Challenges of FWI (1/7) A“(IT

Karlsruhe Institute of Technology

Mitigate non-linearities by multi-scale approach

B we need sufficient low wave numbers in the initial model or the observed
data

Low wave numbers in model or data... ... to find global minimum by multi—scale FWI

£ g
g :

&
- £
= Z
E M W :

5]
1 MM WWW :
g Y

model parameter

7163  25.04.2019

T. Bohlen - Applications of 2D full waveform inversion at different spatial scales GPI, KIT



Challenges of FWI (2/7) ﬂ("-

Suitable misfit definition

® to measure the misfit of the relevant signals

® Normalized L2, envelope, optimal transport,...

@ defines the adjoint sources

® tradeoff between robustness (against noise, cycle skipping) and resolution

0 .
100 150 200 250 300
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Challenges of FWI (3/7)

Appropriate physics for wave propagation

® to model the relevant signals
® multi-parameter reconstruction
® consider forward and adjoint equations

Acoustic Elastic Visco—elastic
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W = ﬁ + W + 9 L (ou o o = (j*ﬁ)r'f'ﬂf‘l*’);'w Wit
€j = = +
Pus_Opg o G e
P = i .
ot? 8],‘]’ n]%—%?ﬂ s

P-waves, S—waves
Surface waves
Attenuation

P-waves P-waves, S—waves
Surface waves

Computational requirements
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Challenges of FWI (4/7) ﬂ("l

Numerical solution and space discretization

® Finite-Differences, Spectral elements
® Boundary condition (free surface topography is challenge with FD)

FD: Cartesian grid FD: Stretched grid Specfem: Triangular
- r T T P o A\ > TAN
L L L‘ir‘;%'{ﬂ\‘é’%n
e YA BN
- DK
i s S
- N B
(Igel et al. 2011)
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Challenges of FWI (5/7) ﬂ("-

Optimization method

& efficient calculation of gradients by the adjoint method

® available methods: steepest-descent, conjugate gradient, L-BFGS,
GaufB-Newton, Truncated Newton etc.

® consider global strategy if number of parameters is small (uncertainty

estimation)
Gradient—based (local) Global
&
"‘a—n\
I—/
y = e -
optimal X
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Challenges of FWI (6/7)

High Performance Computing

® Efficient forward and adjoint simulation on heterogeneous architectures
(CPU/GPU)

Domain Decomposition

PE1L | PE2
—h
b L
PE3 L PE4
Pom (Foto:KIT)
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Challenges of FWI (7/7) ﬂ("-

Preconditioning - manipulation of the gradient

® smoothing to reduce artifacts at sources/receivers
® enhance regions with poor illumination

a .
Gradient with preconditioning
after sumation per shot
(Habelitz 2017)
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Questions ?
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1. Introduction
2. Methodology and Challenges

3. Applications of FWI
3.1 Top-salt imaging using streamer data

4. Conclusions
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Acoustic/elastic FWI of marine streamer data Q(IT

® Imaging of structures above (and below) a salt dome located west of
Africa.

Acquisition geometry

12.5m Sml
]

[l | |
! 10,037.5m T loom

Streamer (length 10 km) record P-waves in the water

(Thiel et al. 2019, Thiel 2018)
Data was provided by PGS
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Initial model and field data
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(Thiel et al. 2019, Thiel 2018)
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Acoustic Finite-Difference Simulation

Click to play

Karlsruhe Institute of Technology

profile in km

(Thiel et al. 2019, Thiel 2018)
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Evolution of pressure in acoustic and elastic simu-
lation

acoustic elastic
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(Thiel et al. 2019, Thiel 2018)
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Evolution of pressure in acoustic and elastic simu-
lation
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KIT
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(Thiel et al. 2019, Thiel 2018)
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Evolution of pressure in acoustic and elastic simu-
P AT

lation
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(Thiel et al. 2019, Thiel 2018)
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Evolution of pressure in acoustic and elastic simu- \‘("-
lation =\
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(Thiel et al. 2019, Thiel 2018)
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Application of acoustic FWI to field data

4 Felddaten 4 Modellierte Daten
= Datenfehler: 78 %
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Application of elastic FWI to field data
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Modellierte Daten

Datenfehler: 41 %
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(Thiel et al. 2019, Thiel 2018)
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Comparison of acoustic and elastic FWI models
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Dichte, akustische FWI
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(Thiel et al. 2019, Thiel 2018)
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Acoustic/elastic FWI of marine streamer data for \‘("-
top-salt imaging =\

® Elastic FWI may be necessary even in marine environment in the
presence of strong contrast discontinuities such as salt

® The discontinuities in the P-velocity (and density) show similarities to
the reflectivity seen in migrated images
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Questions ?
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Seismic characterization of marine gas hydrates A\‘(IT

Gas hydrates

Gas hydrate properties

® Store huge amounts of natural gas

@ Mainly found at continental
margins and permafrost

® Gas can be trapped beneath
hydrated sediments if stability
conditions are met

® Increase/decrease of Vj in
hydrates/gas

® Hydrate-gas contact creates BSR

Source: https://de.wikipedia.org/wiki/Gashydrat

Goal of FWI: Improvement of P-wave velocity model
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Acoustic FWI of OBS data from the Black Sea

Karlsruhe Institute of Technology
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(Gassner et al. 2019, Gassner 2018)
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Acoustic FWI of OBS data from the Black Sea

o MSMa4-2
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full and reduced data
(Gassner et al. 2019, Gassner 2018)
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Acoustic FWI of OBS data from P1 Q(IT

Traveltime tomography (initial)

7
Distance (km)

(Gassner et al. 2019, Gassner 2018)
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Acoustic FWI of OBS data from P1

KIT

arlsruhe Institute of Technology

Traveltime tomography (initial)
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— improved resolution of FWI compared to traveltime tomography

(Gassner et al. 2019, Gassner 2018)
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Acoustic FWI of OBS data from P1 A\‘(IT

Distance (km)

2D acoustic FWI reduced data

7
Distance (km)

— Artefacts are removed when using reduced data
(Gassner et al. 2019, Gassner 2018)
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Data fit
Observed data and synthetic response for FWI of reduced data
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0
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moderate fit of primary and multiple reflections

(Gassner et al. 2019, Gassner 2018)
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Seismic characterization of marine gas hydrates b

® Models of acoustic FWI show improved resolution compared to
traveltime tomography

® FWI of multiples and refracted waves (only) show less artefacts around
OBS
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4. Conclusions
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FWI of OBC data in shallow water A\‘(IT

arlsruhe Institute of Technology

Acquisition geometry
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£
2
2 -100
_msmm | ® Quellpositionen
\ ‘ | = Empféngerpositionen
159 2 4 6 8 10 12
L X in km
@ QOcean-Bottom-Cable B Water depth approx.
® |ength: 6 km, 240 Hydrophones 130m
® 61 Airgun shots @ Maximum offset 9 km

(Kunert 2015, Kunert et al. 2016, Habelitz 2017)
Data was provided by Addax
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FWI of OBC data in shallow water ﬂ(“.

Acoustic simulation of wavefield in the final FWI model

Click to play
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£ 1000
> 1500
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X m m

(Habelitz 2017)
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FWI of OBC data in shallow water
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FWI of OBC data in shallow water A“(IT

Karlsruhe Institute of Technology

Acoustic modes
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(Habelitz 2017)
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FWI of OBC data in shallow water

Performance of FWI

Click to play

misfit evolution with frequency stages

20

35|63 25.04.2019

T. Bohlen - Applications of 2D full waveform inversion at different spatial scales

K

Karlsruhe Institute of Technology

e time function inversion per frequency stage, 61 sh
inverted vp model

= 1000 -
= { 23
Z 1200 i z
1500
1
’ 1600
2 ~ 0
2000 4000 G000 5000 10000 12000 000 5000 6000 7000 S000 9000

comparison with migrated model

"W" i

o 2000 5

1500

1m0

1600

12000 1000 6000 5000 10000

2000 4000 6000 5000 10000

(Habelitz 2017)

GPI, KIT

.




FWI of OBC data in shallow water

AT

Karlsruhe Institute of Technology

DEIER]
S I B
551 syntheAtisch
observiert
51
4.5 3
3 T >
4t 1 < i
" 3 $ =
.E 3.5+ $
3t ¢
3
2.5 p e < %
2t %.
15 Iteration 48 Iteration 90 Iteration 160
T 2 Hz -6 Hz 2 Hz - 10 Hz 2 Hz - 23 Hz
| 1T 1 ! I I I | | A I I |
4000 6000 8000 4000 6000 8000 4000 6000 8000
X in m X in m X in m

36|63 25.04.2019

T. Bohlen - Applications of 2D full waveform inversion at different spatial scales

(Habelitz 2017)

GPI, KIT



FWI of OBC data in shallow water
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FWI of OBC data in shallow water ﬂ(“.
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FWI of OBC data in shallow water A\‘(IT

® Acoustic FWI of guided waves in shallow water was successful

® Higher resolution of Vp model reveals gas accumulations and pathways
along faults

® Consistent with migrated images of reflected waves (independent data)
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Visco-elastic FWI for near surface characterization Q(IT

Shallow seismic surface and body waves are useful for geotechnical site
characterization

Field data acquisition

L

@ easily excited by a hammer blow

® surface waves are strong signals

® highly sensitive for S-wave velocity
& depth of investigation up to 30-40 m

FWI is especially useful to infer small-scale lateral variations and
multi-parameter models (V,, Vs, Qp, Qs)
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Field laboratory glider field Rheinstetten Q(IT

Profile crosses known trench "Ettlinger Linie” excavated in the 18" century.
The trench is 5m wide and 2m deep.
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Attenuation in the near surface Q(IT
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Attenuation in the near surface

Effects of attenuation on the observed seismograms

S-wave velocity model
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First visco-elastic FWI of synthetic data e s
Viscoelastic FWI reconstruction tes
S Cl

Real model

Depth (m)

Initial model

Depth (m)

Multi-parameter FWI

Depth (m)

10 60

Width (m)
T U S-vove velocity (m/s)

Monoparameter FWI 120 180 210
I .l o
( Width (m)
(Gao et al. 2018)
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First visco-elastic FWI of field data
Viscoelastic FWI of Rheinstetten data
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First visco-elastic FWI of field data A\‘(IT

Synthetic and field data
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Visco-elastic FWI for near surface characterization A\‘(IT

& Visco-elastic FWI can resolve small-scale structures in P-wave and
S-wave velocity in the near surface

® Further research is necessary to improve models of attenuation and
density
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Acquisition geometry

Click on frame to play movie
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2D acquisition geometry used in the reconstruction test.
The ring array is equipped with 256 receivers and 16 sources.
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Measurement with a 2D ring transducer
(Sandhu et al., 2015)
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180

Prototype of a ultrasound device with a full
3D acquisition geometry (Ruiter et al., 2017).
(Kiihn 2018)

GPI, KIT

e




Reconstruction of speed of sound

Propagation Vptue  Vorwi O (VpFwr)

medium inm/s inm/s inm/s
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True, initial and inverted speed of sound models (Kiihn 2018)
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Reconstruction of damping
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Data fit ﬂ(
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Data for the true, initial and inverted model
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Visco-acoustic FWI for medical imaging

Conclusions

® Forward modelling is very expensive due to the high frequencies in
medical imaging

® 3D applications are still prohibitive

® 2D visco-acoustic FWI of synthetic data with good illumination works
very well

® Detailed models of P-velocity and attenuation can be recovered
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4. Conclusions
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Conclusions

First applications revealed that FWI is applicable on different wave types
acquired on a broad range of spatial scales. We are still in the early stage
of the development of this technology.

Promising directions of future research

® Develop multi-parameter reconstruction techniques

® |ntegrate constraints from boreholes or other geophysical methods e.g.
using cross-gradients

® Joint-inversion with full signals from other geophysical methods (EM,
Gravity, ERT)

@ Global optimization strategies (independence of initial information,
uncertainty estimation)
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Geometrical Spreading Correction

Greens function in 2D and 3D acoustic homogeneous medium
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Geometrical Spreading Correction of Surface “ -I-
Waves A

after correction

—— v » works surprisingly well for
shallow seismic wave
fields
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line source seismograms
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(Schéfer et al. 2014)
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