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Plate Tectonics 101

~14 nearly rigid plates in relative motion

84° 126° 168° 210° 252° 294° 336° 18° 60°
"_ T
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Plate Tectonics 101

Plate Velocities
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Plate Tectonics 101

Types of Plate Boundary
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Plate Tectonics 101

Types of Plate Boundary
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Plate Tectonics |

Types of Plate Boundary

84° 126° 168° 210° 252° 294° 336° 18° 60°
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Plate Tectonics 101

Types of Plate Boundary

84° 126° 168 210° 252" 294° 336 18° 60°
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Plate Tectonics |10

Types of Plate Boundary
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Plate Tectonics 101

Crust & Simplified structure of the earth
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upper mantlejf?
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lithosphere
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Plate Tectonics |10

Types of Plate Boundary
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Plate Tectonics 101

Global Distribution of on land Volcanoes
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Plate Tectonics |10

Earthquakes > M5
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Plate Tectonics |01
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Plate Tectonics 101

Just Topography
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VWhat we would like to know
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® Structure and Properties of Earth’s
Interior
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VWhat we would like to know

® Structure and Properties of Earth’s
Interior

® Dynamics of Plate Tectonics/Global
Mantle Convection

® Dynamics of Plate Boundaries

o Physics/Predictability of Earthquakes
and Volcanoes
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VVhat we actually know

® Detailed surface plate motions to ~200 Ma
o Geophysical Observations

o Earthquake locations, Seismograms,
Topography, Gravity, Magnetics

@ Geochemical Observations

® composition of earth materials (periodic
table plus half the table of isotopes)
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VWhat we actually w

o Detailed surface plate o =200 Ma

o Geophysical Obsefvati
o Earthquakeflocat§pns, Seismograms,

vity, Magnetics

Observations

omiposition of earth materials (periodic
table plus half the table of isotopes)




The Role of Computational Science in Solid
Earth Geodynamics
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The Role of Computational Science in Solid
Earth Geodynamics

o Quantitative Models provide the link
between what we want to know and what we
can actually observe.
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The Role of Computational Science in Solid
Earth Geodynamics

o Quantitative Models provide the link
between what we want to know and what we
can actually observe.

o Advanced computation has always been
an important component of solid earth
geoscience because the Earth is

® too big, too slow and can’t build the
laboratory experiment (similar to
astrophysics)
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The Role of Computational
Science in Solid Earth
Geodynamics

|
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1 Future of
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Jeffrey Vetter, Richard
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Thomas C. Schulthess
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The Role of Computational Science in Solid

Earth Geodynamics
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The Role of Computational Science in Solid
Earth Geodynamics

http://visservices.sdsc.edu/projects/scec/m8/1.0/
Yifeng Cui, Kim B. Olsen,
Thomas H. Jordan,
Kwangyoon Lee, Jun
Zhou, Patrick Small,
Daniel Roten, Geoffrey
Ely, Dhabaleswar K.
Panda, Amit Chourasia,
John Levesque, Steven
M. Day, Philip Maechling

Domain: 810 x 405 x 100 km
h_min: 40 m .,x,&‘,«.‘::‘i'a.‘?-;;;'rf'-,'.-; o\ : ““ By \ o
# Dofs: 435 Billion B Sz T

# cores: 223,074 (Jaguar) AL T Q‘\‘\.ﬁ
220 PFlops sustained for 24 hr AR SSY TS

highest frequency 2 hz
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The Role of Computational Science in Solid
Earth Geodynamics

http://visservices.sdsc.edu/projects/scec/m8/1.0/
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The Role of Computational Science in Solid
Earth Geodynamics

© 3 Principal Problems in
Computational Geodynamics

Computational Seismology

Solid Mechanics: Mantle Convection, Continental
Deformation, Earthquake Physics

Coupled Fluid/Solid Mechanics: Magma dynamics,
subsurface flow/oil,water,gas

Thursday, January 6, 2011



The Challenge

o Putting it all together:

o Develop Flexible, Interoperable, Open
Source, high performance computational
tools for exploring a wide range of multi-
scale/multi-physics geodynamic models.

o Use any insight gained to understand both
fundamental Earth Science and guide policy/
mitigate against natural hazards.

® This is the goal of the Computational
Infrastructure for Geodynamics (CIG)
(www.geodynamics.org)
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Computational Seismology

PRINCETON
UNIVERSITY
0:00:00

o ASUNGION oBrasilia

‘ Hantiago

é o Blienos: Aires
\: ; ™

8oStanley

Simulation of 201 | January 2, Mw =7.1 Chile Earthquake wavefield using SPECFem3D_Globe.
Red: upward motion Blue: downward motion. http://global.shakemovie.princeton.edu/
Tromp et al, 2010, GJI 183, 381-389
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Computational Seismology

= NS comPoneM " {hﬂ \W\ «m W/

Vertlcal component ; .
oo MWWWWWW Wuwj‘m ) ﬂm/mﬂ JM \M

3 component Broad Band Selsmogram of 26 Feb 2010,

8.8 Mb Earthquake offshore Maule, Chile from USArray station 0352
http://anf.ucsd.edu/spevents/2010/058/a/
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Computational Seismology
Sensors

60°E 120°E 180" 120
/

| \

/
0° 60°E 120°E 180° 120°'W60°'W 0O

Figure 1. Map showing locations of 1838 seismographic stations supported by members of the FDSN (yellow dots). At each of these locations, the near
real-time system provides three-component normal-mode synthetics for the 1-D PREM (Dziewonski & Anderson 1981) and SEM synthetics for 3-D model

S362ANI (Kustowski et al. 2008) plus Crust2.0 (Bassin et al. 2000). The synthetics capture R1 and G1 at all epicentral distances for CMT events with
My, < 7.5, and R2 and G2 for CMT events with M, > 7.5.
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Computational Seismology

Fundamental Questions

Given heterogeneous distribution of sources (plate
boundaries) and sparse set of receivers, can we

o Accurately locate Earthquakes?

o [nfer dynamics of earthquake rupture!?
(Eq. Seismology)

o Develop high resolution image of
earth’s interior?! (Structural
Seismology)

® To do all of this requires modeling and
extracting information from seismograms
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Computational Seismology
The Forward Problem

Strong Form: Elastic Wave propagation

,OUtt:V°O'—|—f

o-n=0 on 0N
u=0, u;=0 at t=0

4
where

elastic displacement field: u(x, t)

stress tensor: oc=C:¢

strainrate tensor: e=1/2(Vu+Vu')
Earthquake Moment tensor Source: f= —MJ(x — xs)

4
For isotropic Elastic media

pug = V- (Vu+Vu')+V(k—2u/3)V-u+f

Q
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Computational Seismology
The Forward Problem

Choose test-functions w and trial functions u € V s.t.

/ pW - udV = / Vw: odV 4+ M : Vw(xs)S(t)
Q Q

u=0 u;=0 at t=0

@ Note: Free stress Boundary conditions o - n = 0 are
automatically included as natural boundary conditions.

@ Issue is simply choice of discrete function space V for test
functions w and u.

@ Once chosen, the problem assembles into simple discrete wave

equation )
Md+ Kd = f

for displacements d.
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Computational Seismology
Spectral Element methods

4th order Spectral Lagrange element
using Gauss-Legendre-Lobatto
Quadrature

2-D hexahedral reference element:
tensor product element
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Computational Seismology
Spectral Element methods

A few nice Computational Features

; - ), 7 | . °
YL T, . . . ¥ eDiagonal Mass Matrix: Lagrange

>
D 2 .a 0, ,),,,,? 2. ¢ 42 Polynomials are “orthogonal”
bl w1t 3 Ny under GLL quadrature rules
.),;)),‘)),f) , : - . .
- S SN ’Qy’?f ) "4 ,; @, 9o Assembly parallelizes/vectorizes
RN T L n e 0 very well
» y > 5 ) ‘)) > J ;3.'
P ;" 3 ,,} 1 \: )
" ’, )),,,’ ))h)’u‘)f 3 éf\‘
,"' ’,v’ " ‘)’ 3 d N
SRR e AR B 7
»- , g " Y
B

4, 3-D hexahedral reference elements
showing 53 dofs/element (4th order)
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Computational Seismology
Spectral Element methods

Global Hexahedral mesh Vertical structure showing
“cubed sphere” crustal model and doubling layers
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Computational Seismology
The Forward Problem

Md+ Kd = f

where M is a diagonal mass matrix, K(C) is the stiffness matrix, d
Is discrete vector of displacements.

Explicit Time Marching Scheme (Newmark)

Define Acceleration: a, = d;, = M=—Kdy + ]
Define Velocity: vy = d,
Initialize : dg = vg =0, ag = M 1f;
for n=1,2,... do {loop until t = T}
d, =d,_1 + Atv,_1 + ATtQan—l
Vp = Vp_1 T % [an—l =+ an]
end for

o CFL Stability Criteria: At < a(Ax/cp)min- (o ~ 0.5)
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Computational Seismology
Full wavefield propagation

Scientific Mode Enablad :: Earthquake movies, 1D and 3D synthetic seismograms for sesmologists. Public | Scientific
S ' a l M Vi :: Wednesday, January 05, 2011 :;
GLOBA AL Princeton University’s Near Real Time Global Seismicity Portal
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Computational Seismology

Full wavefield propagation
/.1 Mw Jan 02, 201 | Chile Earthquake

PRINCETON
UNIVERSITY

0:00:00
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Computational Seismology
Synthetic Seismograms
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Figure 7. Vertical component record section comparing data (black) and SEM synthetics (red) for the 2008 September 3, M,, = 6.3 Santiago del Estero,
Argentina earthquake, which occurred at a depth of 571 km. The records are aligned on the P wave, plotted as a function of epicentral distance, and bandpass
filtered between 17 and 60 s. Major seismological body wave arrivals are labelled. Epicentral distance is plotted to the left of each set of traces, and FDSN
station identification codes are plotted to the right.
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Computational Seismology

Synthetic Seismograms
/.1 Mw Jan 02, 201 | Chile Earthquake
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Computational Seismology
Computational Cost/Performance

Basic Scaling

@ Resolution depends on highest frequency wave we want to
propagate accurately.

Let 7 = 27 /w be the period of a wave with frequency w
Wavelength A = 7¢ depends on period and wavespeed
Resolution h o< A o< 7min

Time step limited by cfl condition At o< h X Tmin

Number of elements N o< V /h3 o< w?

Number of time steps Ny = T /At xx w
Total ops O(w?)

© 6 6 66 ¢ ¢ o
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Computational Seismology
Computational Cost/Performance

®Routine Global Long period simulation (17 s)
~400 CPU cores in ~ 4 hours

02003 Gordon Bell Prize (Komatisch et. al, 2003)
5 s minimum period (h~2.9 km)
1 4.6 Billion dofs
| 944 Vector processors on Earth Simulator
30% peak on 38% of the machine 5Tflop sustained

oM8 (SCEC simulation 2010 GB Finalist)
2 hz maximum frequency (1/2 s period)
regional mesh with 435 Billion dofs

223K opteron cores of Jaguar
220 Pflops
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Computational Seismology
The Inverse Problem

TUC \ 78.53

78.76

0 1000 2000 300

Time(s)

The Forward Problem: Given an
earth model calculate synthetic
seismograms at n locations.

The Inverse Problem: given
mismatch between data and
synthetic seismogrames, refine
the Earth model to minimize the
misfit.

The Inverse Problem can be cast
as a “PDE Constrained
Optimization” problem solvable
by adjoint methods
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Computational Seismology
PDE Constrained Optimization

(the short course)

PDE Constrained Optimization: the generic problem

minimize  J[u] = 5 [, (v — d)?dV
subject to L(p)u=f, + BC's and IC's (PDE constraint)

with
@ u: solution field
@ d: data

o L(p): Linear operator with parameters p
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Computational Seismology
PDE Constrained Optimization

Define Lagrangian

LIX, u, p] = %/Q(u— d)2dV—|—/Q)\[£(p)u— fldV

@ A(x,t) is a Lagrange multiplier

@ Lagrangian provides weighted misfit between solution, data
and PDE constraint.
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Computational Seismology
PDE Constrained Optimization

Optimality conditions

Calculate the first variation and set to zero

5L =0Ly+6L,+6L,=0

where
5Ly — / £(p)u — F]5AdV = 0
Q2

oL, = /Q{(u—d)—l—fr(p))\} oudV =0

5L,

/ AG(p)u] dpdV = 0
Q2

o LT is the adjoint operator defined by [, ALudV = [, uLTAdV
@ Note: linear elastic wave propagation is self-adjoint s.t.

LT=L
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Computational Seismology
PDE Constrained Optimization

Implications

@ 0Ly = 0 implies that u satisfies the original PDE with forcing

f'
@ 0L, = 0 implies that the Lagrange multiplier satisfies the
adjoint PDE

LT (p)A = —(u—d)

with forcing driven by the mismatch between data and
synthetics

o if u and A satisfy their respective PDE's, then the gradient oL
reduces to just model sensitivity which can be written in
terms of a sensitivity Kernel

oL = / K(u, A\, p)opdV

where

K(U, A, P) — )\G(p)u
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Computational Seismology
PDE Constrained Optimization

Example: Waveform Tomography

o Given model p (e.g. p, C or vp, vs), solve the forward problem

/pr cupdV = /QVW :o(u) + M : Vw(xs)S(t)

with u(x,0) = us(x,0) =0

@ Solve the adjoint problem in reverse time (using the same
code)

-
/pw.ﬁtth:/Vw:J(ﬁ)—l—Z/ (uy — d,)dt
Q Q = Jo

with A(x,t) = G(x, T — t) and “IC's" Gi(x,0) = G+(x,0) =0

@ Calculate Sensitivity Kernels and optimize to minimize oL
(e.g. CG, Newton, etc).
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Computational Seismology
Example Sensitivity Kernel

0.5
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27 s wave  xaw
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© | @

Figure 10: (a) Vertical component synthetic velocity seismograms recorded at an epicentral distance of 60 for
simulations accurate down to periods of 27 s (green), 18 s (red) and 9 s (blue), respectively. (b) Source-receiver
cross-section of the K, kernel, defined by (4.27), for a 27 s P wave recorded at a station at an epicentral
distance of 60°. The source and receiver locations are denoted with two small white circles. The unit of the
sensitivity kernels is 10”7 s/km?> throughout this paper. (c) K, kernel for an 18 s P wave recorded at a station
at an epicentral distance of 60°. (d) K, kernel for a 9 s P wave recorded at a station at an epicentral distance

of 60°. Courtesy of [40].
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Computational Seismology
Example 3-D Regional Waveform Tomography

Geophysical Journal International

Geophys. J. Int. (2010) 180, 433—462 doi: 10.1111/5.1365-246X.2009.04429.x

Seismic tomography of the southern California crust
based on spectral-element and adjoint methods

Carl Tape,'* Qinya Liu,?> Alessia Maggi® and Jeroen Tromp*

ISeismological Laboratory, California Institute of Technology, Pasadena, CA 91125, USA. E-mail: carltape@gps.caltech.edu

2 Department of Physics, University of Toronto, ON, Canada

3 Institut de Physique du Globe, Université de Strasbourg, Strasbourg, France

* Department of Geosciences and Program in Applied & Computational Mathematics, Princeton University, Princeton, NJ, USA

Full problem:
| 6 Iterations

6800 wavefield simulations
800,000 total cpu hours (178 cores)
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Computational Seismology
Example 3-D Regional Waveform Tomography

Seismic tomography of the southern California crust

-122° -121° -120° -119° -118° -117° -116° -115° -114°
37 37°
36°
35°
Elevation, m
34 34 4000
2000
33 1 33 0
. | - i W ) g % | -2000
# -‘; ' | -
4 - ’ PR -:w ‘
Yoy i LKA wm; iy I

-122° -121° -120° -119° -118° -117 -116° -115° -114°
® Regional Models are critical for Earthquake
hazard assessment (shaking)
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Computational Seismology
Example 3-D Regional Waveform Tomography

37° N T T [N TN T TN [N T T T TN T N T M AT T T T T N R

a :

36" - _

35 __ __ Earthquake
7 - Depth, km

L
_ W

33" — — — -10
: N R

S AL L B B L LR NN B -20

-1929° -121° -120° -11Q° -118K° =-117° -11R° -11R° -114°

@143 Earthquakes (beach balls)

0203 stations (triangles) used in inversion
@ 91 Additional earthquakes used for validation.
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Computational Seismology
Example 3- D Reglonal Waveform Tomography

|-D Synthetics

Initial SCEC
model

200 150 100 50

-50 -100

Original Model

Final Model

®Model improvement in waveform misfit
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Computational Seismology
Example 3-D Regional Waveform Tomography

Station (in LA Basin)

3-D Synthetics
formlé

|-D Synthetics

I ' I ' I ' I ' I ' I ' I ' 1 ' I v 1 ' ! ' I v I ' I v I ' I ' I ' I ' I ' I !
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Figure 5. The influence of sedimentary basins on the seismic wavefield. (a) Cross-section of the final Vg crustal model m;g, containing the path from event
14179736 (x; M, 5.0, depth 4.9 km), beneath the Salton trough, to station LAF.CI (V; distance 263.5 km), within the Los Angeles basin. (b, left column) Data
(black) and 1-D synthetics (red). (b, right column) Data (black) and 3-D synthetics for model mjg (red). The seismograms are bandpass filtered over the period
range 630 s. Z, vertical component, R, radial component, T, transverse component.

o|nfluence of local structure (sedimentary basins)
on shaking
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Computational Seismology
Available Software
® Source (F90): at CIG (www.geodynamics.org)

3-D Global Model 3-D Regional model
v5.1.0 Cubed Sphere v2.0.0 “Sesame”
Both forward and accepts arbitrary
adjoint models hexahedral meshes,
Open Source: GPL license Well interfaced with
CUBIT (Sandia).
Forward and Adjoint
models, absorbing
W A @ S '? A @ @i Doundaries

Open Source: GPL license

® Pre-Computed Synthetics:

® 3-D Global: http:/global.shakemovie.princeton.edu/

® Regional SC: http://shakemovie.caltech.edu/
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Computational Seismology
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® Pre-Computed Synthetics:

® 3-D Global: http:/global.shakemovie.princeton.edu/

® Regional SC: http://shakemovie.caltech.edu/
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Computational Seismology
GPU implementations

Dmitri Komatisch (U. Pau):

Dimitri Komatitsch, Fluid-solid coupling on a cluster of GPU graphics cards for seismic wave propagation, Comptes Rendus de I'"Académie des Sciences
— Mécanique, doi: 10.1016/j.crme.2010.11.007, in press (2011). PDF reprint BibTeX

Dimitri Komatitsch, Gordon Erlebacher, Dominik Géddeke and David Michéa, High-order finite-element seismic wave propagation modeling with MPI on a
large GPU cluster, Journal of Computational Physics, vol. 229(20), p. 7692-7714, doi: 10.1016/j.jcp.2010.06.024 (2010). PDF reprint BibTeX

David Michéa and Dimitri Komatitsch, Accelerating a 3D finite-difference wave propagation code using GPU graphics cards, Geophysical Journal International, vol.
182(1), p. 389-402, doi: 10.1111/5.1365-246X.2010.04616.x (2010). PDF reprint BibTeX

June 2010: a multi-GPU port of SPECFEM3D wins the BULL Joseph Fourier supercomputing award:

™
BulLk
Architect of an Open Waorld prix BU” - JDSEDh FDU”EF

T « VEPTOEE : en association avec GENCI|
- a

( 2Tl )
aamOCIIL Pour le développement de

la simulation numérique

LA POLITIOZE | BUSINESS | FIMANCE
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http://www.univ-pau.fr/%7Edkomati1/published_papers/CRAS_Komatitsch_fluid_solid_GPU_2011.pdf
http://www.univ-pau.fr/%7Edkomati1/published_papers/CRAS_Komatitsch_fluid_solid_GPU_2011.pdf
http://www.univ-pau.fr/%7Edkomati1/bibtex_komatitsch.bib
http://www.univ-pau.fr/%7Edkomati1/bibtex_komatitsch.bib
http://www.univ-pau.fr/%7Edkomati1/published_papers/JCP_multiGPUs_2010.pdf
http://www.univ-pau.fr/%7Edkomati1/published_papers/JCP_multiGPUs_2010.pdf
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http://www.univ-pau.fr/%7Edkomati1/published_papers/GJI_FD_multiGPUs_2010.pdf
http://www.univ-pau.fr/%7Edkomati1/published_papers/GJI_FD_multiGPUs_2010.pdf
http://www.univ-pau.fr/%7Edkomati1/bibtex_komatitsch.bib
http://www.univ-pau.fr/%7Edkomati1/bibtex_komatitsch.bib

Computational Seismology
GPU Cluster Configuration

7706 D. Komatitsch et al./Journal of Computational Physics 229 (2010) 7692-7714
Tesla S1070 Tesla S1070
GPU || GPU GPU || GPU
4GB || 4GB 4GB || 4GB
]
Shared PCle2 Shared PCle2 Shared PCle2 Shared PCle2
] =t HE— [
| | | | | | |
quad-core quad-core quad-core quad-core
I I | | | | l | | l |
24 GBytes 24 GBytes
Two 4-core Nehalems Two 4-core Nehalems

nfinibanc

Fig. 9. Description of the cluster of 48 Teslas S1070 used in this study. Each Tesla S1070 has four GT200 GPUs and two PCI Express-2 buses (i.e., two GPUs
share a PCI Express-2 bus). The GT200 cards have 4 GB of memory, and the memory bandwidth is 102 GB/s with a memory bus width of 512 bit. The Teslas
are connected to BULL Novascale R422 E1 nodes with two quad-core Intel Xeon X5570 Nehalem processors operating at 2.93 GHz. Each node has 24 GB of
RAMJZ& éleiv\vrk is a non-blocking, sym.mﬁric, full duplex Voltaire InfiniBand double data rate (DDR) organized as a fat tree.

odes: each wit
o] S1070 (4 GT200 GPUs)
02 quad-core 2.93GHz Nehalems
oInfiniband connect between nodes
oTotal: 192 GPUs + 384 CPU cores
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Computational Seismology
CPU vs. GPU Performance

Dimitri Komatitsch, Gordon Erlebacher, Dominik Géddeke and David Michéa, High-order finite-element seismic wave propagation modeling with MPI on a
large GPU cluster, Journal of Computational Physics, vol. 229(20), p. 7692-7714, doi: 10.1016/5.jcp.2010.06.024 (2010). PDF reprint BibTeX

Weak Scaling Results
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Computational Seismology
Summary
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Computational Seismology
Summary

o Computational Seismology is a beautiful computational
problem

° Well Posed Forward problem
o Explicit, single physics & Linear

o Highly Parallel (Multicore,Vector and GPU)
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Computational Seismology
Summary

o Computational Seismology is a beautiful computational
problem

° Well Posed Forward problem

o Explicit, single physics & Linear

o Highly Parallel (Multicore,Vector and GPU)
o Qutput is directly comparable to Data! (seismograms)
° |nverse problem expensive, but tractable

o Self-Adjoint linear problem = code reuse

o Complexity is maneagable and |0x GPU speedup will
translate directly to inverse problem
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Computational Seismology
Summary

o Computational Seismology is a beautiful computational
problem

° Well Posed Forward problem

o Explicit, single physics & Linear

o Highly Parallel (Multicore,Vector and GPU)
o Qutput is directly comparable to Data! (seismograms)
° |nverse problem expensive, but tractable

o Self-Adjoint linear problem = code reuse

o Complexity is maneagable and |0x GPU speedup will
translate directly to inverse problem

o Near State of the art codes publically available through
CIG (Open Source GPL)
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Computational Seismology
Caveats

Don’t get used to this ;")

Computational Seismology is the most mature
(and in some sense easiest) HPC problem in
Solid Earth Geophysics

Extremely important for imaging current Earth
structure and estimating Seismic Hazard

But doesn’t yield Earth Dynamics.
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Computational Seismology
Caveats

o Don’t get used to this ;")

o Computational Seismology is the most mature
(and in some sense easiest) HPC problem in
Solid Earth Geophysics

o Extremely important for imaging current Earth
structure and estimating Seismic Hazard

o But doesn’t yield Earth Dynamics.

o That’s a much harder problem (to be
continued...)
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