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Question you have asked me today...

@ Are you nervous? — Yes!

Questions you have asked me during the last years...
@ What is your PhD project about?
@ What is numerical linear algebra?

@ What have you been doing all day?
(The German word for this is: rumdoktorn)

3
TUDelft

Manuel Baumann PhD Defense Talk



THE MAP OF MA‘I"I'IEHA‘I’ICS

CARDINAL NUMBERS  oCTOWION QUATERVION t.E
TG oF ey Redea e e CRYPTOGRAPHY PUTER lluum
posy '—_'. o (e

EL ;.u'“

FUNDAMENTAL
G 5 evesrn. [
CONSISTENT SET PRIAE NUMBERS 3,0, 443 ki
MATHEMATICAL
T reuer A "SR

SpEC < exry | gty while awake:
P2 cotiiiiuss el ATECLIN wruTy Fer =) ) dotimeel)
et W mme gy ] [IRE
‘ g R [oPTmATion

O [ . w
Paig) = MR

MATHEMATICAL
Financ]

i

Cotaoum  srsTEn

MAT JI'EHATIL‘L

HATHEH-‘T IGAL
rﬁeasr
mmnc%@, s,

BY DOaidic WALLIMAN @) 2013 YoUTUBE: THE MAP OF AATHEAATILS



THE MAP OF MA‘I"I'IEHA‘I’ICS

CARDINVAL NUMBERS — OCTONION  GUATERWION
R R o | L] () RS
EL ;.u‘““"

FUNDRAEN

e 5 oo [
FATHEMATICAL | CONSISTENT SET PRIME MUMBERS. 3,0, 430 mki
wamat . PENPT [ an MrR

GopEL 0 compLExTY | ahEa'y il Re:
P20 uconbiiviucss THGoRr | £€4L1 L wRITY : ] “dacciancel)
TheoRend b0 mTe 3 iam —— e
Quoke= False
‘ g R [oPTmATion

O [ . w
Paig) = MR

MATHEMATICAL
Financ]

i

Cotaoum  srsTEn

MAT JI'EHATIL‘L

HA"dEHA‘l' lc AL
rﬁaasr
ﬂ!mnm@m\@, =

BY DOaidic WALLIMAN @) 2013 YoUTUBE: THE MAP OF AATHEAATILS



What is applied mathematics?

"Applied maths is about using mathematics to solve

real world problems neither seeking nor avoiding

mathematical difficulties. *

—Lord Rayleigh
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Seismic Full-Waveform Inversion

sener receivers

Interplay of...

@ measurements,
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Seismic Full-Waveform Inversion

sener receivers

Interplay of...
°

@ computer simulations

— matrix computations
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Seismic Full-Waveform Inversion

sender receivers

Interplay of...
°

@ computer simulations
‘ . — matrix computations
"X, =oil = $°

"Solve the linear systems of equations,

(K + iw, C — w?M)x, = b,

Manuel Baumann

efficiently (= fast and at low memory) for multiple frequencies. *
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Seismic Full-Waveform Inversion

sender
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Numerical Linear Algebra

A very classical linear algebra problem,

do+ B = 1500
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A very classical linear algebra problem,
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Numerical Linear Algebra

A very classical linear algebra problem,

do+ B = 1500
&b

+ w® =75
BB — waww = 160
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Numerical Linear Algebra

A very classical linear algebra problem,

o+ @ = 1500
&b + =75
BE — s = 160

A more formal way of writing this,

11 0] [éb 1500
1 0 2 =175
0 2 -3|] = 160
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Numerical Linear Algebra

A very classical linear algebra problem,

o+ B = 1500
xS + ww=75
OO — weew — 160
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11 0 M 1500
1 0 2 @1 =175
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N — N — Wb_/
—A =X =

3
TUDelft




Numerical Linear Algebra

A very classical linear algebra problem,
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Numerical Linear Algebra

The matrix A can be...
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Numerical Linear Algebra
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Shifted systems vs. matrix equation

Two main approaches for solving,

|(K + iwkC —wiM)x = b, k> 1.

T
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Shifted systems vs. matrix equation

Two main approaches for solving,

|(K + iwkC —wZM)xx =b, k> 1.

T

Shifted systems
iC K M 0 WiXk | b
1ol “%lo 1 x« |~ |0

@ Most work for xg (at w = 0)

@ Requires preconditioning
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Preconditioning Let A:= K + iwC — w?M

Solve large-scale linear system,
Ax=b, withAcCVN N>1 (%)

with an iterative method, i.e. compute x; with x; — x as
I — o0.

102

+ No Preconditioner
+ Good Preconditioner

Instead of (x), solve the system Nmrpremdmone,
1004 o
3 3 . L "
P~'Ax = P7!b, 5 : e
= -, "‘—_“_
T 1072 ®, -t
. . b=
where P is a preconditioner. 2 o
o .
10
,‘ 10 760 20 ) 40 .“60 80 100
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Preconditioning

However, it's often not that simple!
iC K —w M 0 WiXk| b
Io| “klo 1 X |

0

Main challenges:

@ multiple linear systems o wide frequency range
@ single preconditioner @ preserve structure
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iC K M 0 WiXk| b
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Spectral analysis

imag part
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Spectral analysis
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Spectral analysis

imag part
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Spectral analysis

imag part
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Spectral analysis

Thm.: Optimal seed shift for multi-shiftt GMRES s/, 2016

(i) For A € A[AB~] it holds () > 0.

(ii) The preconditioned spectra are enclosed by circles of radii
Ry and center points c.

(iii) The points {ck}_; C C described in statement (ii) lie on
a circle with center ¢ and radius R.

(iv) Consider the preconditioner P(7*) = A — 7*B. An optimal
seed frequency 7* for preconditioned multi-shift GMRES is
given by,

. R (T
T (€, w1, wn) = iy SEv < !Cil)) =..=

_ 2wiwn i\/[62(w1 + wn)? + (wy — wi)?] wiwn

w1 + wn w1+ wn
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Spectral analysis

Proof:
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Spectral analysis

Proof:  Not now.
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Spectral analysis

Proof: There is an App for that.

i

J(t) = 0.658 T real 11.3097

T imag  -20.037:
J(t*) = 0.658
=) fmin 1

fax 9
n_fregs 7

damping 0.7
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https://manuelmbaumann.github.io/optimal-tau/

Convergence behavior and spectral bounds

For any ...

— f=1.0Hz --- f=1.0Hz

. — f=3.0Hz --- f=3.0Hz

— f=5.0Hz 2.0 --- f=5.0Hz
) — f=7.0Hz --- f=7.0Hz
10 — f=09.0Hz 1 T aeeel --s f=09.0HZ

imag part

Relative residual norm
/ //

AN
)

15 10 —05 0.0 05 10 15

g o o 0 o X
Number of matrix-vector multiplications real part
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Convergence behavior and spectral bounds

For the optimal 7*...

— f=1.0Hz
. — f=3.0Hz
10
— f=5.0Hz 20
— f=7.0Hz
10 — f=9.0Hz

imag part

Relative residual norm

g 5 o 3 0 5
Number of matrix-vector multiplications
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Lot's of details...
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What happens today?

15:00 — 16:00 Formal PhD defense

16:15 — 17:30 Reception (in this building)
21:.00 - 77

More reception (borrel) at Prinsenkwartier
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