Seismic Imaging with
Remote Sensing for Energy
Applications

Naveed Akram, Liang Tian, Jiahua Zhao
Rocco Sedona, Gabriele Cavallaro, Eric Verschuur, Nikos Savva *
Task 4.2 '

|

-



Contents

> Remote sensing principles; production of land cover maps

> Seismic imaging principles; 2D seismic imaging

> Integration of remote sensing to constrain seismic imaging: near
surface

> Future works




Remote (without physical contact)
Sensing (measurement of information)
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> Measure radiation of different wavelengths reflected or emitted from distant objects
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Elements of Remote Sensing, https://www.brainkart.com/article/Elements-of-Remote-Sensing 41124/
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Earth Observation Mission: Copernicus Sentinel-2 RASE

Center of Excellence

> Twin polar-orbiting satellites with temporal resolution of 5 days
> Open data policy
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Workflow In Earth Observation
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https://www.fz-juelich.de/en/ias/jsc/systems
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Workflow management with Apache Airflow RASE
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> Features of Apache Airflow

> Open-source platform

> Python based

> Scheduling capabilities

> Monitoring

> Scalability




Workflow management with Apache Airflow RASE

Center of Excellence

> Check the dependency of subtasks

~Airﬂ0w DAGs Security Browse Admin Docs 17:27 UTC AA
. Schedule: 1 day, 0:00:00 Next Run: 2023-04-13, 00:00:00
O EarthObservation Workflow ()
B Grid ® 8 Graph {3 Calendar ® Task Duration = Task Tries <L Landing Times = Gantt /\ Details <> Code B Audit Log » O
(M 2023-07-14T16:57:26Z Runs 25 ~ Run  manual__2023-07-14T16:57:25.192063+00:00 ~ Layout Left>Right ~ | Update Find Task...
SSHOperator [deferted] [‘la||ed| [queued] [runnmg] scheduled | | skipped Isuccessl |..up_.1or._resche-dula: up_for_retry _Jupstream_.falle-d‘ no_status

o Auto-refresh

[ Data_Retrieval H Preprocessing H Model_Training ]—V Prediction




Workflow management with Airflow RASE

Center of Excellence

> Monitor the process
DAGs

Active @  Paused @

DAG T Owner Runs Schedule Last Run Next Run Recent Tasks Actions Links
@ steps tiang 1 day, 0:00:00 2023-03-30, 00.00.00 » T

study tutorial_1 1 day, 0:00:00 » O

test1 enxhi 1 day, 0:00:00 2023-03-24, 00:00:00 » O
@ test_date 23 enxhi 1 day, 0:00:00 2023-03-30, 00:00:00 » O
@ test aate 2 enxhi 1 day, 0:00:00 2023-03-30, 00:00:00 » O
@ test cate 25 enxhi 1 day, 0:00:00 2023-03-30, 00:00:00 » B
@ test_date_noury enxhi 1 day, 0:00:00 2023-03-30, 00:00:00 » B
0 test_date_none enxhi 1 day, 0:00:00 2023-03-30, 00:00:00 » O
@ test_date_once enxhi 1 day, 0:00:00 2023-03-30, 00:00:00 » O




Scalable Workflow with Airflow RASE
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Cloud VM

Satellite data
repository

Airflow Cluster

HPC JURECA GPU

Vil ML 7 2 .

General Parallel File System

Airflow integrated with HPC systems

L. Tian, R. Sedona, A. Mozaffari, E. Kreshpa, C. Paris, M. Riedel, M. G. Schultz, G. Cavallaro,"End-to-End Process Orchestration of Earth Observation Data Workflows with Apache Airflow on
High Performance Computing, " in Proceedings of the IEEE International Geoscience and Remote Sensing Symposium (IGARSS), 2023 (press)




Production of Land Cover Maps

Google map

Legend
B Artificial Land [ Ricefields [l cConifers [ Lake

[ Grassland I Bareland [ Shrubland [_] Snow
[ cropland [ Broadleaves [ Lagoon 1.5 hvs. 14 h (without HPC)

Production time

> Validation with street-level crowdsourcing geo-tagged

imAanes

R

https://land.copernicus.eu/imagery-in-situ/lucas/lucas-2018
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https://land.copernicus.eu/imagery-in-situ/lucas/lucas-2018

Code Repository RASE

Center of Excellence

Earth Observation Data Workflows with =] o LiangTian49 / EO-Workflow-with-Airflow Q. Type (7] to search
Apache Airflow
<> Code (© Issues 11 Pullrequests () Actions [ Projects [0 Wiki @ Security |~ Insights 3 Settings
Cloud VM This repository presents a scalable and parallelizable e
it N B i = - - H . il
repository e —— workflow using Apache Airflow, capable of integrating 0 EO—Workrow—W|th—A|rrow Public {k Pin & Unwatch 1
Machine Learning (ML) and Deep Learning (DL) models with

u"d‘ﬂﬂ;,i"bmms Modular Supercomputing Architecture (MSA) systems [6]. To
: test the workflow, we considered the production of large- ¥ main - ¥ 1branch ©0tags Go to file Add file ~ <> Code ~

scale Land-Cover (LC) maps as a case study. It can generate

HPC DEEP CPU HPC JURECA GPU

LC maps based on Sentinel-2 data using ML and DL 11 LiangTian49 Add code of the workflow step 2 to step 5 ... 15f3cd7 1 minute ago &) 5 commits
SLURM SLURM algorithms combined with High-Performance Computing
" Goinie] | (HPC) technology. W code Add code of the workflow step 2 to step 5 1 minute ago
o LA The workflow manager, Airflow, offers scalability, extensibili
Scikit-learn ger. 2 ty, ty, (3 READMEmd Update README.md yesterday

and programmable task definition in Python. It allows us to

General Parallel File System execute different steps of the workflow in different HPC
README.md Ve

oS | systems, leading to efficient utilization of available computing
resources on the HPC machine. The workflow is

demonstrated on the Dynamical Exascale Entry Platform Eo 'Workfl OW 'Wit h 'Ai rfl OW

(DEEP) and Jiilich Research on Exascale Cluster Architectures

(JURECA) hosted at the Julich Supercomputing Centre (JSC), This repository proposes an automated earth chservation workflow that generates the Land Cover maps based on

a platform that incorporates heterogeneous JSC systems. Sentinel-2 data using Machine Learning and Deep Learning algorithms combined with High Performance Computing
technology. With the demonstration of Apache Airflow, tasks can be distributed across multiple HPC resources,
GIT Repository

leading to efficient utilization of available computing resources on the HPC machine.

https://www.coe-raise.eu/uaif-coderepositories 11




Working on: Linking Remote Sensing with Seismic imaging RASE

Center of Excellence

Impact near-surface
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Working on: Linking Remote Sensing with Seismic imaging RASE

Center of Excellence

Easting (X)
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> Extract LC information along the seismic record line
Legend
B Artificial Land [ Rice fields [l conifers [ Lake
[ Grassland [ Bareland B shrubland [ Snow > Data of 2018 as a start
[ cropland [ Broadieaves [ Lagoon

> Accurate validation
13




Multi-temporal Land Cover Maps RASE
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Multi-temporal Land Cover Maps

> Rule based
approach to

disentangle:
> Stable
component
> Seasonal
component
> Abrupt
changes

> Estimated date of
change can be
extracted

(a) Predicted land cover map

(b) RF: detected change

(c) Transformer: detected
change

(d) PM: detected change

Detected abrupt change

precision | recall | F1 score | IoU
RF 0.20 0.67 0.30 0.18
Transformer 0.13 0.75 0.22 0.13
PM 0.72 0.59 0.65 0.48

RF: Random forest
PM: Proposed method (ours)

RAISE

Center of Excellence

(©) (d)
. artificial IandD grass D crop . bareland [:I broadleaves . conifers . shrub . water
Dtrue negative . false positive .false negative .true positive



Multi-temporal Land Cover Maps RASE

Center of Excellence

> Use a solid baseline land cover map

> Add change

> Increased consistency

- Better detection of abrupt changes (validation
with reference ground truth)

RF: Random forest

Multi-year agreement PM: Proposed method (ours)
RF Transformer PM

Class 2018-2019  2019-2020 2018-2020 | 2018-2019  2019-2020 2018-2020 | 2018-2019 2019-2020 2018-2020
- Artificial land 85.4 83.1 80.3 79.3 88.0 84.4 100 100 100

Grass 87.5 79.6 79.6 84.7 5279 62.6 100 100 100

Crop 88.0 85.1 81.2 79.3 77.8 74.2 99.9 99.9 99.9
- Bareland 70.5 73.4 58.3 727 46.4 46.4 99.8 08.8 08.7

Broadleaves 88.1 90.5 82.8 79.6 88.1 87.3 99.9 99.8 99.7

Conifers 87.0 86.9 79.0 88.3 83.0 84.6 97.5 95.5 93.1

Shrub 74.3 81.8 66.7 45.0 62.8 64.6 99.9 99.9 99.9

Water 97.2 97.7 96.4 93.4 78.1 80.1 99.9 99.9 99.9

Overall 86.6 86.7 79.9 80.4 80.3 81.2 99.1 98.5 97.7




First receiver
number = 1800

Linking Remote Sensing with Seismic Imaging
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Example seismic shot
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Attribute 1:
Map of the S-wave speed
of sound measured as a
function of shot identifier
and lateral location along
the line (rcv nr)
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Attribute 2:
Average S-wave speed of
sound profile




Attribute 3:
Average noise content in
each receiver channel
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Attribute 4:
Receiver elevation along
the seismic line
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Seismic Imaging: Revealing Earth's Subsurface RAISE

Center of Excellence

Land seismic survey design

X

> Sub-field of Geophysics, broadly
speaking Geosciences

——————

i A S— p—
e - 3. —

— e ®

» Seismic waves that pass through
Earth’s subsurface layers and recorded
back on the surface by receivers called
geophones.

> Recorded signals turn into subsurface
Images aiming to discover hidden
treasures of the Earth.

https://www.sercel.com/Pages/default.aspx 25



Seismic Imaging: Significant Applications RASE
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Airborne surveys
Flooding

Renewable energy

Carbon capture & storage

> Subsurface characterization and monitor
> Natural hazards studies
(Earthquakes, Tsunami, volcano)

> Geo-technical industry (civil engineering)

> Green hydrogen storage (salt caverns)

> Geothermal Energy

26



Seismic waves modeling RASE
Joint Migration Inversion(JMI)
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Huge seismic data volumes RASE

eeeeeeeeeeeeeeeeee

> Seismic datasets are huge in size, involving 1000’s of source
locations, each source ‘shooting’ into a receiver spread of also
10,000’s of sensors.

> With a basic sampling of 12.5m to 50m in both spatial directions, and
covering areas spanning 25 x 25 km, the data volumes contain 10’s
or 100’s of Tbytes, or even reaching the Pbyte.

> EXplored ML methods aiming to at least partly replace
computationally expensive part for wave modeling process.

28



Machine Learning: Seismic Wavefield Reconstruction RASE

Workflow

Center of Excellence

Results

Subsurface model

seismic record in

seismic recor
space-frequency in space-time
domain domain

Modeling (re)training
data, all frequencies

Modeling rest of
data, subset of freq.s

Neural Network

FORP RN LW Y

U TR L TR

Extract frequency
subset for
(re)training network

Infer other
frequencies from
network

Update subsurface
model via IMI
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frequency nr

frequency nr

Results: Pix2pix (cGAN) for SEAM industry standard model RASE

Center of Excellence

Input shot profile channel 0 Ground Truth Predicted Difference
1.00 0 1.00 0 1.00 0 1.00
50 0.75 50 - 0.75 50 - 0.75 50 - 0.75
. 0.50 . 0.50 3 7N\ 0.50 . 0.50
100 . 100 X 100 . f~\\§§ ‘ " 100
150 - 0.25 T 150 - 0.25 3 150 4 {@3\\ 0.25 3 150 - 0.25
Q ) \ (7 Zos \‘ )
200 4 0.00 § 200 - 0.00 § 200 - ‘ ?eN 0.00 § 200 - 0.00
S o o b 3 o
250 - —0.25% 550 —0.258 55 - 723 0.25% 550 -0.25
300 -0.50 54 ~0.50 54, . -0.50 54 - -0.50
S50 075 5o, 075 4. =075 o0 . -0.75
T T T _1.00 T T T -1.00 T T T —1.00 T T T -1.00
0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 600
trace nr trace nr trace nr trace nr
Input shot profile channel 1 Ground Truth Predicted Difference
1.00 0 1.00 0 1.00 0 1.00
50 1 0.75 50 - 0.75 50 - 0.75 50 - 0.75
100 050 1001 = 050 1004 //;,,'j\ 050 100 - 0.50
- 72283\ - 1ZE\\ ) —
150 - 0.25 : 150 ?@% 0.25 i 150 - ,ﬁ 0.25 i 150 - 0.25
o \KTZED \-':;; / v ;\ SN v
200 4 000 § 200{ By 000 § 200{ ‘;, il 000 § 200 0.00
' g o Pt o
250 . R —0.25;‘2'_) 250 - T L —O.ZSg 250 . % :»:,§ -O.ZSg 250 o —0.25
300 - -0.50 300 - -0.50 300 - -0.50 300 - -0.50
304 075 .., =075 oo | “075. o0 -0.75
T T T -1.00 T T T -1.00 T T T -1.00 T T T -1.00
0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 600
trace nr trace nr trace nr trace nr

30




F______ﬁ

Workflow: Al integration into regular JMI

N\

Data generation

L

Make model (A)

4

’ Forward modeling (B) |

L

N\

Prepare training, testing
pairs [full freq. 0-48 Hz]

)

Step2

Al-Model training
[LS ,0-48 Hz]

Outer freq. loop 7
I—

Step3

|

NN Integration into JMI
(C)

Fine-tuning for all
frequency ranges
[5-10Hz], [5-20Hz],
[5-30Hz], [5-40Hz].

L

RAISE
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g = s o em Em e e e eeEm e emesme= - — <
Update frequencies N\
ranges \
[ Testing trained model ]—l
e = N
f[ Calculate wavefield ]4— \
v

[ Interpolation by NN J

[ Residual + calculate ]

#______“

N N . -
h_—_—_—_—_—_—

gradient
} e
. Inner iter. loop
Perturbation+step length
| : plength [ [5, 15, 15, 15]
Update image + velocity | I
- (Single iter. output) | / /
\. - a s s e e s . e -
e * _________ -
{ Final out: reflectivity image + Velocity }
model




‘Al’ is faster than original JMI software RASE

Center of Excellence

Time Al-supported JMI lterations IMI_AI JMI_orig IMI_AI JMI_orig
sec, Mod step Mod step Inversion Inversion
1 7.54 5.38 1.99 1.65

JMI_origin
2 2 3.43 5.38 1.97 1.63
IMI 3 3.54 5.13 1.96 1.63
40 —

4 3.48 5.35 2.0 1.64
30 5 3.46 4.68 2.02 1.62
6 3.5 5.36 2.0 1.64

20
7 3.49 5.14 2.01 1.62
8 3.47 5.26 2.03 1.64

10
9 3.52 5.17 2 1.64
0 10 3.48 4.71 1.98 1.63

FWMod_time_10iters_aver Inversion_time_10iters_aver

TOTAL 38.91 51.56 19.96 16.34

mJMI_Al = JMI_Original
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Next Steps: Task 4.2 RASE

Center o f Excellence

o Envisioned integration of remote sensing (RS) and seismic imaging
tools.Objective: The information from the land-cover map directly defines the
seismic processing parameters.

2 Integrate ML trained models into regular JMI software particularly for
seismic inversion calculations.

2 Facllitate to update the design and workflow for seismic data acquisition and
processing.
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Neural Network Architecture

P - - .
Conditional GAN (train data pair) T
Generator Discriminator

Ground Input
truth data
Input ' | '
I Discriminator
¥
Generated
data

']

Discriminator

]
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Generator Building: RAISE

Center of Excellence

P S
Generator -> U-Net TIT
1 1
Encoder -> contracting path Decoder -> expansive path
Encoder block = Conv2D + Decoder block -> Conv2DTranspose +
BatchNormalization + LeakyRel.U BatchNormalization + LeakyRelU
64 128
128 256
256 512 [ |
3¢%¢§¢3 o o et e . 5o ] |3 > % oo 1R o 5
<1 Sl o 1 L @ W 1R »
(oo} [ (o0)
| 3
l | p
Downsample o
Upsample 2 :
Skip connection —_—
Last Conv2DTranspose L3




Discriminator Building RASE

Center of Excellence

Discriminator -> Encoder + patch classifier

|

Encoder -> contracting path
Encoder block = Conv2D +

BatchNormalization + LeakyRelU
& a patch
(10*10)

-0 I
pPEAD DI »[realorfake]
N N D

Q71.Q7T
8CT48C1

Downsample =
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