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EBIOGRAPHICAL SKETCH

dJ. Tinsley Oden is world renowned for his contributions in
establishing and developing the field of computational mechanics,
which applies mechanics, mathematics, and computer science to
create computer models of the physical world. Such simulations are
used in fields as diverse as medicine, material engineering, energy
exploration, and climate science. As the Director of the Institute for
Computational Engineering and Sciences, Dr. Oden’s current
research is in multi-scale “adaptive” modelling, with a focus on
semiconductor modelling and cancer treatment. For his scientific
contributions, Dr. Oden was awarded the Theodore von Karman
Medal of American Society for Civil Engineers in Engineering
Mechanics in 1992, the John von Neumann Medal of U.S.
Association for Computational Mechanics in 1993, the
Newton-Gauss Congress Medal of International Association for
Computational Mechanics in 1994, and The Stephen P. Timoshenko
Medal of American Society of Mechanical Engineers in Applied
Mechanics in 1996, among others.
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McGraw-Hill, New York City, 1967
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McGraw-Hill, New York City, 1972
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(with E.B Becker and Graham F. Carey)
Prentice-Hall, Englewood Cliffs, 1981

Applied Functional Analysis, 2nd ed. :
(with L. F. Demkowicz)
CRC Press, Boca-Raton, 2010

An Introduction to Mathematical Modelling :
Wiley, Hoboken, 2011

(selected among 800 publications, including 27 books)
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This report is the gist of the commemorative lecture at the 34th Honda Prize Award Ceremony at the Imperial Hotel, Tokyo on

18th November 2013.
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The Third Pillar:
The Computational Revolution of Science and
Engineering

J. Tinsley Oden

Institute for Computational Engineering and Sciences
The University of Texas at Austin

AHMHAR D IZAANAKED DEZRDO IO BHFITREG L TWEEE, AYITHIIRDIEHKTT,
ZOEIITENBERITBNT, £ DHEES LWREDH LI THIFE N H T, AHEOHE
KI2DREHNEONDLFIIHITNDENIDIL, —EEEL TOANEDESN E/RDHRKET

I BHEREE,. 2027, BEHE FEMRELLTOROF v U 7ITES T, N L WEH
T, AOWFEZFEML. ZOEIGEEL T ZIsAHME, tHEABEE. 8 %éé
ROHERRITIE, DR DL Z B U BT £ ARHBE TER SRR EF R 2 & O ERRIT
@%$bhﬁi?°hﬁ%ﬁmfﬁﬁﬁ;%@bwkk%\%%EU&&%%AﬁLT<kéé$
ES LWIHIEZ OERRICH, L2 L EIFEd, . AHMEEEHEETH S MERED,
BUITU DT E MW ZFEOBNT T, BRADLE SRS ZORGRXER LI ENTEEL
oo RBIZHOMED TZTNET, (EFETHTITANX—FTHHELZEL., REICDODESIADH
HLENWZRETH D, SHIDBIZWDHERLZENZBIZHEH L £9. AH ZFHIENZZ0
I RTOERKR AYITHONED TINET,

E. AHBMHOIREL THEsN 2 Ta7 7 /0P —0BRITOn6HEKTHEEH1T, FHEN
¥ KOJEWEKRTH LU RIFIUSEHER AL BHERiR 0 s 5 02 5 ICKER1 >Ny he5 X
TEXELREL, 2N HEAHITIHTHADEND T &, IHITEFHRANEIZESTNITINAD
IRWERBRZREL, AT 7 7 /0P —2RHEIBLZDIIAMRBEREBRDZTHAD, &
WHZEEITHALENWERESTVWET,

L. BOMBEAEEZITI T<NELE<DALEOBNT T, RWEDODZEANT, AEDZOD
MRICETREEDELSZENTEE L, RIETHHEDN—NT, BTFOT+—T—, RO —
BB EEEZZENT< N APHEFEICEFTEL XD IR LT NE L 2. OmE IR,



FE2BETELT, £E—ADORAELT, FREMKICHTBADZEEZELTINELZ, FL
T MANTEGHIZITRTIN TS EL O%ERES, B ECRIBEOMIRE-BIZ. BE
WZH7=0D, ZLDOREICDODVTIH ISP R—F2LT<NELEZ, DS EBHL THET,

B HEORR

¢ Introductory Comments
o The Foundations of Science and Engineering
e The Third Pillar

¢ Anatomy of Computer Simulation

e The Great Algorithms and Modeling Methods

e Computer Speed Versus Intelligent Algorithms
e Error Estimation and Adaptivity
o Examples of Modern Computer Simulation

¢ Concluding Comments
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The Foundations of Science and Engineering:
Basic Definitions and Questions

Definitions and Questions:
e What is Science?
e What is Engineering?

Science: The activity concerned with the systematic acquisition of
knowledge (the enterprise that builds and organizes knowledge in the form
of testable explanations and predictions about the universe)

Engineering: The application of scientific knowledge and practical
knowledge for the benefit or needs of mankind
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An Ancient Question and Debate

The historic debate in the philosophy of science on how
knowledge is acquired
i
¥
Newton, 7
Leibniz /1
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Socrates Aristotle David Hume

Maxwell,
Einstein,
Bohr,
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The Classical Pillars of Science

. OBSERVATION - Experimental Science
(The use of human senses aided
by instruments to observe natural
events.)

II. THEORY - Induction, the use of hypotheses about causes of events (of

physical events) to infer general principles from specific facts

An inductive argument is probable, based on evidence.
A deductive argument is supposed to be certain.

The Scientific Method (Oxford Dictionary)

“A method or procedure that has characterized natural science since the
17th century consisting of systematic observations, measurement, and
experiment (# I) and the formulation, testing, and modification of
hypotheses (# I11)”
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Is There a Third Pillar?

Computational Engineering and Science: the discipline concerned
with the use of computational methods and devices to enable
scientific discovery and engineering applications of science

Computational
Science and

- D Engineering
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Mechanics: The scientific discipline concerned with the study of the
motion of bodies under the action of forces (solids, fluids, material science,
electrons, quantum mechanics, statistical mechanics, .. .)

Computational Mechanics: The discipline concerned with the use of
computational methods and devices to study mechanics

Computational Mechanics
0
Computational Engineering and Science
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B CSE (Computational Science and Engineering) 1213, [HEDOBIZIZITTE AW
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What can CSE do that classical science cannot?

¢ Look into the past: Inverse analysis. What past events caused the
observed phenomena
(earthquakes, climate, oil discovery, archeology,
seismology, .. .)

¢ Explore the effects of thousands of scenarios that are possible before
or in lieu of actual experiments

e Study events beyond the reach of contemporary experimental science
(drug design, space exploration, climate change,
natural disasters, ...)

¢ Explore consequences of breakdown of models and theory

e Optimize procedures, designs, products, systems, etc.
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The Anatomy of a Computer Simulation

Mathematical Model (of Physical Phenomena): A collection of mathematical
constructions that puts into mathematical context both inductive hypotheses
about the functions and behavior of the physical system as well as observations
of the response of the system to various inputs

Computational Model: A discretization of a mathematical model designed to
render it to a form that can be processed by computing devices

Mathematical and Computational Algorithms: Step-by-step procedures used
for calculations, data processing, and automated reasoning

Scientific Software: Machine readable instructions that direct computers to
perform specific operations

Digital Computers: A device that performs logical operations with quantities
represented by digits - usually in binary number systems

November 2013 9738
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The Anatomy of a Gomputer Simulation
P The Mathematical Model
7

1 Ao \
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(Statement of the classical conservation and balance laws
: S of physics: mass, linear momentum, etc.)
The Phenomena:
Flow of water through a _ The Computational Model
channel

Computer Algorithm &

Simulation
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The Greatest Modeling Methods and Algorithms of
Modern History Made Possible by Computers

e The Finite Element Method ( 1956 - present) e Enabled Partial Differential

Equations to be solved in
general geometries

® Mathematically Rigorous
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M2 NS DONDOHROFIEAEIL. I E2—5—DOHBBR UITIEEELRN > b AN EE A
BRANCBEET D DL, ARERIEICDONVWT T, TOHZFEIEH - ELENTAWEZSINTWE L7225
—RENTIE 1950 FERICEA I N ESONTNET, ARELRET. SHICWZ52EZTHREZ
T T A< WS NET TWE T, MY ENMEZ /NS TRR . IROBARERNEHEIL.

fHx DRFTH LTI I ERNFEAZERT S, EWSTHWRTETT., Thhs T 50K
FEOEFEEDICL T, RESKEHIBR I AT LADFERRBETIVERKT 5D TY, AREEEKITIE
FEE, BEENOD SO0 FICHEEEBLIILE Lz, RIEFEEICH, ARERENEDNZL
AR EITD ZENTE, ZOFEERAL T, EMANMETES AT LOMES AT L%
ST 5, W< DOQMORIOIEa—4—70 5 LA %MELE L. 1960 FRHEED Z &
TY, OBIT 1970 FRIT7I2> T, RIIZ DB ENEBREZE HDOD > IEBAIHOAD 56 D—ftaH
EEL ZOF—XIEES N FEEFCBNTERDO D D RE LR B /2> THO,
HRFTHZAENTNET,
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The Greatest Modeling Methods and Algorithms of
Modern History Made Possible by Computers

e The te Element Method ( 1956 - present)

® Enabled Partial Differential
Equations to be solved in
general geometries

® Mathematically Rigorous
® Made statistical sampling

o Markov Chain Monte Carlo Methods Rosslole orarge Systomss

Bayesian methods

® Made possible the
simulations of chemical and
biological systems
. ® Quantum mechanics;

e Molecular Dynamics Simulations electronic properties

o & ® |ntegral equations, wave
e B F e to, : An ¢
Al T propagation, (O™ operations

» Density Functional Methods %@)

J.T. Oden Honda Prize
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b 3INEZON?

Are Advances in Computational Science Strictly Due to
Advances in the Size and Speed of Computers?

Modeld

Model 2

]
o
g
[
5
o
Q
2
e
£
]
o
3

Calendar Year

November 2013 13738
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(—12) ZOEIIRAZE2—F—Dbs LERENHEEZR TS L, 250D BT
NENELNERA, 2O LEERBITIET, 32E2—4—O/NULDEHLDOBNT RN ? |
ZOEMIZHL TIE, FZERICLT, WHRT No) EEDRIFRD EFEA. KiEFEDOHH
T2ZENTEET, 2OV I 7F FIZFaA>Ea—4F—F v 7 1 DY D OFERLIEMT
52 ELT, FHREEOFHERENRH ORI > TENS S WA LU 22 ZE, Mz &4 T,
Mtz A/ R F 70y TATRLZDDOTY., oM, #E 30 F£/ichiz> TIRIFER %
BV TWET, ZHUIE<H SN, @D TNWEFEHETY, BUCTHHL TELL DTV
JY XLDBRIRERITE > T, HAZTA X, WHAE - R, BIUMEZOHDDOEM S,
AMBALCHEMU KT, 32 Ea—5—HMTE, EFEOFHERZOESDS B, FAD—HICH
MLIZELDEATE Ao
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Imperfect Paths to Knowledge

All of science - including Computational Science - must cope with errors:
Errors in the theory (the mathematical model), errors in the observation,
and errors in the computational model

THE UNIVERSE
of —
PHYSICAL

KNOWLEDGE )

servatio
rs elin Discrelization
Errors E
o = ~~ THEORY / \\
MATHEMATICAL COMPUTATIONAL
OBSERVATIONS
\ /// \\Juonsl.s/ MODELS /

VALIDATION VERIFICATION

November 2013 14738
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(M—13) HROFERZCIBOT RHENTFIEOETORBICIIREEERENETENTHET,
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Error Estimation and Adaptivity

Question: If we acknowledge that theories, models, computer
discretizations, and observations all are in error, how can one calculate
approximations of errors and correct them?

General Answer:

1) First, compute the residual, the left-over information when the
erroneous answers do not satisfy the equations governing the model,
...and then,

2) Adjust the parameters of the model so that one can prove
mathematically that the residual is reduced (this is called adaptivity -
adapting the discretizations or adapting the model to reduce error).

X —14

(M—14) STZZT, RFEBFELLILICHEET S, XREZTHIT SO0 Ea—%
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EOHROHERFOMEICHET 5, BANZIZ T HTT,
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The Last Word: The Path to Truth ...

“If error is corrected
whenever it is recognized as such,
the path of error
is the path of truth.”

Hans Reichenbach (1891- 1953)
The Rise of Scientific Philosophy, 1951.

X —15

(B—15) #HEEFEDINA « TANNwNE, TREEEZOER] EWHEEDORNT IO
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12, DRICEEADETH D, INDHEBNEEEDORANZE ST,

B ICES iZBJ %t R T A5 OB

Examples of CS&E Research at ICES -

¢ Global Mantle Convection

* Hurricane Storm Surge and Oil Spill Modeling

* Nano-Manufacturing

« Cardiovascular Modeling

» Prostate Cancer Simulation — A DDDAS Approach
* Drug Design

* DNA Synthesis and Protein folding

Honda Prize
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Global Mantle Convection Modeling

P TN

Multiscale Problem: Spatial scales 1km-10*km; Temporal Scales 10-10° yrs.
Mesh Size: Uniform regular mesh — 10"7 DoFs
Simulations: Benchmark problems ~630M elements, 2.5B DoFs

Run on Jaguar (ORNL) — 122,800 cores (Rhea code)

X —17

=17 ZHIHEOHBHAIE, HERO< > BL, TROEMEZFEFE 0> <D E8<, FEEHME
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100,000 ¥ f LAT v THbBEELE L
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Mantle Convection Simulation

‘.

Rising plumes and adaptive mesh that resolves large temperature gradients
Model includes ~300M Elements and 1B DoFs, adapted every 32 time steps

J.T. Oden Honda Prize November 2013
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Hurricane Storm Surge and QOil Spill Modeling
in the Gulf of Mexico

Satellite Image of W‘ '
Deepwater Horizon i 3 g
Bathymetry (<0) and ¢ / g

topography (>0) contours
in Southeastern Louisiana

Starting Particle Locations Unstructured Grid in
Based on Satellite Data Southeastern Louisiana

J.T. Oden Honda Prize November 2013 20/38
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Hurricane Storm Surge and Qil Spill Modeling
Using the ADCIRC Code

Couples Satellite Images with Computational Models

Coupled storm surgefwave and particle tracking
models are used to forecast the location of oil plumes.

Real time multi-day forecasts of water levels, currents,
and particle movements are produced based on
available data.

Hypothetical Hurricane impact on oil spills has been
studied for: Katrina, Rita, Gustav, ke, and Alex.

Honda Prize November 2013 21738
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Hurricane Storm Surge and Oil Spill Modeling —
Hurricane Katrina and the Deepwater Horizon

ADCIRC Simulation: 10M Elements, 10M Particles, 86,400 Time Steps/Day
Run Time: ~2 hours on 4096 Processors (on Ranger)
Left: Storm Track Right: Oil Plume Movement

X —21
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Nano-Manufacturing —
The SFIL Nano-Manufacturing Process

Template
gt -

Photocurable
Acrylate

Polymerization
Transler
Layer — T

E—u‘u Ua

Step-and-Flash Imprint Lithography Densification

(Equilibrium configuration
at room temperature)

Honda Prize November 2013 23/38
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Nano-Manufacturing -
Etch Barriers in Step and Flash Imprint Lithography

a) Semiconductor Multiblock Molecular Model

Component

b)

c) Manufacturing Detail

Honda Prize November 2013
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Nano-Manufacturing —
One Realization of the Polymerization Process

(Kinetic Monte-
Carlo Algorithm)

J.T. Oden Honda Prize November 2013 25/38
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Nano-Manufacturing —
Multi-Processor Computations

100x100x100 particles — 3,000,000 D.O.F.
370 CPU hours on 64 processors — 25000 Newton lterations

J.T. Oden Honda Prize November 2013 26138
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Nano-Manufacturing —
Shrinkage Adaptive Step

(—24~26) ZHRI>E2—F—THERLEZZYFNIT7OHTHEETT (M—24). H-o
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Cardiovascular Modeling — Reconstruction of a 3D
Anatomically Accurate Heart Mitral Valve

Computational Model:
* ~2M Elements
» ~500K DoFs

Detailed model of the heart’s mitral valve. The valve prevents backflow of blood from the left
ventricle into the left atrium of the heart. It has two leaflets that guard the valve opening, one
anterior (red), and one posterior (green), that close when the left ventricle contracts. The
yellow tendons connect the valve to the papillary muscle that prevents backflow.

November 2013 28/38
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Cardiovascular Modeling - Mitral Valve Simulation

Reduced Computational Model:
* Explicit Dynamic -- 40K DoFs

Dynamic simulation of
the closure of a heart

¢ Dt=2.0x107sec. -- 1.22M time steps
¢ Simulation Time: 0.244 sec

mitral valve due to
transvalvular pressure.
The computational model
is used to investigate the
mechanics, surgical
repair-induced stresses,
and resulting tissue
damage. Such models
enable the design of
improved surgical repair
strategies with enhanced
long-term valve durability.

J.T. Oden Honda Prize
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Prostate Cancer Research — A DDDAS Model -

Cyberinfrastructure and Work Flow

hp adaptive FEM
computations

MRTI Data Transfer
Feedback Control

LBIE Mesher

Image processing
and Mesh generation

[Volume Rover

Houston: Surgery/Visualization Client

MRI & MR cane

Honda Prize
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26

Data Acquisition
Geometry
Extraction
Mesh Generation
Laser
Parameter
Optimization
Registration
Data Transfer
Patient Specific
Calibration
Model Validation
Data Filtering
Predictions
Visualizations

November 2013 3038
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Prostate Cancer Research — A DDDAS Model -
Imaging to Mesh Generation Pipeline

FEM MESH

Semi-Auto
Segmentation

Honda Prize
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Neurovascular
Bundle

Rectum

Data Acquisition

Geometry
Extraction

Mesh
Generation

Laser
Parameter
Optimization
Virtual
Treatment
Registration
Data Transfer

Patient Specific
Calibration

Data Filtering
Predictions
Visualizations

November 2013 31138
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Prostate Cancer Research — A DDDAS Model -

Patient Specific Calibration

Honda Prize
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Data Acquisition

Geometry
Extraction
Mesh
Generation

Laser
Parameter
Optimization
Virtual
Treatment
Registration
Data Transfer

Patient Specific
Calibration

Data Filtering
Predictions

Visualizations

November 2013
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Prostate Cancer Research — A DDDAS Model -
Treatment Process

pre-op data & mesh generation

X —32
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Drug Design - SIV/HIV Envelope Interacting with a
Candidate Inhibitor

Electrostatic potential computation for a target spike protein on the
envelope of the Simian/Human Immuno-deficiency Virus interacting
with and candidate inhibitor protein

Computatlonal Model:
 Potentials are computed with
Poisson Bolzmann equations

 Electron tomography refined
atomistic model

* Blue - positive potential

* Red - negative potential

» Potential cancellation
indicates good binding affinity

X —33
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B2 ATHEL 720, EEBMIEE RS 720ITRLE X T,
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H HIV RT ® DNA &1k

HIV RT Synthesizes DNA

A millisecond process during DNA
synthesis (HIV RT) studied in
atomic details using Milestoning
and Molecular Dynamics

Computational Model:
* ~135,000 Atoms
» ~10'% Molecular Dynamics time steps
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(M—34) HEOFEIEL T AMOMERIANT D DFHEAEICDOVTIMHMNAMLEL £ 5,
TENZZWTWL DL, 02 - T)LN—OFF#IZK D ICES StREAMEE - EMdEt >y — Tk
537z, HIV Pl GREE OV KR EBE DD O, s/NDOHHI IV F—REKETY, HIV RT3,
T 7L —hES>TH LW DNA 72 EKRT 5 W5 %EZHD, DNA RYAT—ETT,
X7 VFF RZHCSBO 7071 > OEMBEORTNERINTNEY, ZOEBEBIZBNT,
DNA IZIABGNDIEL WX T LAF ROBIRINET, EoHE T, BRNEICETTSI &
MTEERA, TTTHREBIE, 70T ONEREBAEZITRD ZEITKD, ZOEEEEA
LRI UBLNTHZ ENS &%, ERMIKHETSZENTEE L, EFINOYA X
1%, 135,000 7 FATY., ZOHHIRINF—DO7OT7 7 AIVDFHEIZIE. 1 DDY A LATY T
D& 10 7 A NBT, K100 (EOHTENHEMA Ty TIHBET Lz, TF Y2 estHEr >
% —@ Lonestar A>E 21— —%ffi>7T. 1 # HULZNTF,. 100 DaA7 ZHWNTHEMIMEL 2,
WL TIE, 0571 > OEESMor0—Xy vy J&, JarA OnEEEHALC LK. XD
TOMEEEZDDONERLHENTEET @l LB, READT)IL—F FRETRIN/Z DNA
AL NDZEITRBXT LAF REETT, BEDKRKIL, KIGITBHERI TR T LA T >
T, BN TWSEMAD V) — TIIEER OEMIKEOHIH T, AEBROX I LAF REHLUTHD,
(LR DEEHEZ L TWET RZENHO 2N EB S TWS D, a5 >4 25 )0 DNA
DR IE—Z G520, EOXDITLTIELWX I LFF REERTLON, WD ET
T, MAREEB TIIELWEEOAZEEL, > al—32 3> Tl EAZRINF-OGR
. BEEROEMENOEREZRET S, BEANALEZERLTEHIENTEET, 20
EF5)VIE DNA D52 TN EED A N Z X LIZET 5 EMOMRIIDONTHA T NS DD,
EEULAHADVET, MEBEIIMEONEAZRTTOETL, REZHGL. EEMEZIORL
7291213, RIT 0 MR 2 Z TOEMENBHEIZRD £, kAN XL ZET, KE
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(KM—35) AHIHMNLENZ. BFEFEE DS 2 LREOMFAEZ BN REEL T N/bDiz
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Summary and Conclusions

X —36

(=360 HBIEID 15 3 O] 2 RROBEECI DY Z2HET 205iEC. &
DEDITHHFEZMML . 2T 0NITDNT, ESITREAHMENDIBDOEEDXDITRA. £
EETH2ONIDONTOBEATL ZHEVWRSELETIHESD LN Lz, KBITHH L DODH U
£9, FORFECEL K DREXRILE > TOLEMAVBRAGIL. BIECAERTHO, FHERZDH)
FUZ K> TEREL, $EEREH DI LR FEBRNRE 2EE L TREFSNZ DTN,
ERBENTHET, HBROIZATLAZNWTNEET 20, AATERDNS ZLITE5TL LD,

INMEEIAPESADTHIZE, BREALENESREITRDDIL, GHEREICE ST &
KREOBHAECT DY N TERMN O LFEITDWTIHEL, B TE2XDITR57EAD &
WO ZETY, BIRKANTE Z > 72FRZE, EEICHETI2FIETEDETL £ D7 2 HIESHED
JRK E75 %, FAERFOFRPREBZEFT S LIEXTELTL 50 2 MR AT L OHRIME
HzeMEL, HIEROKESRAUCDNWTORMWTRZL TSI LIFTELTL X DM FhTP
BTOHEHEZBEML, TNSNEDI DL THEZBWEZIERT 2DNIDNWT, BETE2T
U & D 2 FEEDRKET - B0, FROMM, AMITIZHE TEIRWAT —)UITBUT 23k #ETs
E. AR AT LDV TIEED TL &5 2 AMDH KRR, DIRINE D AT L BAD
BEEZETIVUEL, BTS2 LI TESTLEIN? HEVWE—ADANMOHEEREEZ< v E
SUTHDITMEBIGRIBBOT —F &, E5%o TIE - FF - UL, FHTUERINWDOTL
EOMEREREICEL ST INS DT XRTIBYREDEMMN S, BERDOT - B0 EL £
LTHRRICIE, B9 EOR AN EOERNZENDEMICHZDTY,

BCOLR—FIFBHFADKR—LAXR=D[CHEBHEEINTHUET,
FBEBEZLNLNCERENDSEE. BRIICHMFAOHFAIZETTS,
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