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High-performance computing: two frontiers
higher capability

for hero users

first frontier

“new” frontier

Traditional: raise the peak 
capability for simulation 
experts
Contemporary: lower the 
simulation entry threshold 
for people who are expert in 
something else!

Software technology is a key
Software can reliably 
“package” intelligence

best practices
for all users
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Philosophy of presentation
n Applications are given (evolving over time)
n Architectures are given (evolving over time)
n Algorithms must be adapted or created to bridge to “hostile”

architectures to execute the applications
as important as ever today, with transformation of Moore’s Law from 
speed-based to concurrency-based (due to power considerations)
algorithmic concurrency main driver, but programming model stresses 
arise when on-chip memories are shared in “multicore” architectures

n Algorithms packaged in reliable, portable software allow non-
experts to compute like experts

n Knowledge of software availability and their performance 
vulnerability factors can usefully influence:

the way applications are formulated
the way architectures are constructed
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Plan of presentation
Provide some overall context, as conference “kick-off”

nearly equation-free ☺
Reflect briefly on progress in high-end scientific computing

as captured in Gordon Bell prize trends
as planned in petascale architecture projects from U.S. DOE
as illustrated on physical applications based on partial 
differential equations (PDEs)

Peek briefly at some motivating applications with economic 
impact
[Look generically at PDE-based simulation and the basis of 
continued optimism for its growth – capability-wise]
Give an “elevator speech” for theTOPS (“Towards Optimal 
Petascale Simulations”) project 

one of four “enabling technology” centers in the DOE “Scientific 
Discovery through Advanced Computing” initiative 
one of two such centers substantially led by New York State
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Disclaimers
This talk can be digested at multiple levels
Much of it can be appreciated (I hope!) by 
nonspecialists who seek just a flavor of the coming era 
of science and engineering done by computer

If you are a specialist, please don’t feel patronized!

Parts of it (including unspoken parenthetical notes or 
purple text on some slides) are intended for specialists

If you are not a specialist, please feel free to ignore!

Specialist or not, feel free to interrupt with a question 
☺

mainly
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Three pillars of scientific 
understanding

Theory
Experiment
Simulation

“theoretical 
experiments”

Computational simulation :

“a means of scientific discovery 
that employs a computer system to 
simulate a physical system 
according to laws derived from 
theory and experiment”
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Can simulation produce more than 
“insight”?

“The purpose of computing is insight, not numbers.”

— R. W. Hamming (1961)

“What changed were simulations that showed that the new 
ITER design will, in fact, be capable of achieving and sustaining 
burning plasma.”

— R. L. Orbach (2003, in Congressional testimony about why the U.S. should 
rejoin the International Thermonuclear Energy Reactor (ITER) consortium)

“The computer literally is providing a new window through 
which we can observe the natural world in exquisite detail.”

— J. S. Langer (1998)
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Progression of high performance computing*

* with ack to IBM’s “deep computing” theme

Capability
• For computation involving systems with multiple scales
• Spatial scale determines required work per “computation step” (cells, particles, 
agents, etc.)
• Temporal scale determines number of steps

Complexity
• For computation combining multiple components to produce an integrated 
model of a complex system
• Individual components may each require high capability
• Coupling between components requires that all components be modeled 
simultaneously
• As computation evolves, updates on interfaces are transferred between the 
components

Understanding
• For computations executed many times with varying model parameters, inputs 
and boundary conditions
• Goal is to develop a clear understanding of behavior / dependencies / and 
sensitivities of the solution over a range of parameters, which may be uncertain
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Capability – multiple scales
Multiple spatial scales

interfaces, fronts, layers
thin relative to domain size, δ
<< L

Multiple temporal scales
fast waves
small transit times relative to 
convection or diffusion, τ << T

Analyst must first isolate dynamics of interest and model the rest in a 
system that can be discretized over more modest range of scales
Often involves filtering of high frequency modes, quasi-equilibrium 
assumptions, etc.
May lead to infinitely “stiff” subsystem requiring implicit treatment
Resulting implicit subsystem may be very ill-conditioned

Richtmeyer-Meshkov instability, c/o A. Mirin, LLNL
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Interfacial coupling examples
Ocean-atmosphere coupling in 
climate
Core-edge coupling in 
tokamaks
Fluid-structure vibrations in 
aerodynamics
Boundary layer-bulk 
phenomena in fluids
Surface-bulk phenomena in 
solids

Bulk-bulk coupling examples
Radiation-hydrodynamics
Magneto-hydrodynamics 

Complexity – multiple components

SST Anomalies, c/o A. Czaja, MIT

Coupled systems may admit destabilizing modes not present in either 
system alone
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Subsurface contaminant 
transport and petroleum 
recovery
Climate prediction
Medical imaging
Stellar dynamics, e.g., 
supernovae
Waves in inhomogeneous 
media
Nondestructive evaluation of 
bridges, other structures

Uncertainty can be in
constitutive laws
initial conditions
boundary conditions

Understanding – multiple parameter sets

Subsurface property estimation, c/o Roxar

Sensitivity, optimization, parameter estimation, boundary control all 
require the ability to apply the inverse action of the Jacobian of the system 
– a capability present in all Newton-like implicit methods
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Forward vs. inverse problems

model

forcing
BCs

params

forward problem

solution

inverse problem
IC

s
model

forcing
BCs

solution

params

IC
s

+ regularization
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Environment
global climate
contaminant 

transport

Lasers & Energy
combustion 

ICF

Engineering
crash testing
aerodynamics

Biology
drug design
genomics

Applied
Physics

radiation transport
supernovae

Scientific 

Simulation

In these, and many other areas, simulation is 
an important complement to experiment.

The imperative of simulation
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ITER:

$12B
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Hurdles to simulation
“Triple finiteness” of computers

finite precision numbers
finitely many such numbers
finite processing rate

Curse of dimensionality
Moore’s Law is quickly “eaten up”
in 3 space dimensions plus time

Curse of uncertainty
models and inputs are often poorly 
known

Curse of knowledge explosion
no one scientist can track all 
necessary developments

Need: stability, 
optimality of 
representation & 
optimality of work 

Need adaptivity

Need good   
colleagues ☺

Need UQ methods
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Five orders 
of magnitude 
in 17 years

   
Year Type Application No. Procs System Gflop/s 
1988 PDE Structures 8 Cray Y-MP 1.0  
1989 PDE Seismic 2,048 CM-2 5.6 
1990 PDE Seismic 2,048 CM-2 14 
1992 NB Gravitation 512 Delta  5.4
1993 MC Boltzmann 1,024 CM-5 60 
1994 IE Structures 1,904 Paragon 143 
1995 MC QCD 128 NWT 179 
1996 PDE CFD 160 NWT 111 
1997 NB Gravitation 4,096 ASCI Red 170 
1998 MD Magnetism 1,536 T3E-1200 1,020 
1999 PDE CFD 5,832 ASCI BluePac 627 
2000 NB Gravitation 96 GRAPE-6 1,349  
2001 NB Gravitation 1,024 GRAPE-6 11,550 
2002 PDE Climate 5,120 Earth Sim 26,500 
2003 PDE Seismic 1,944 Earth Sim 5,000
2004 PDE CFD 4,096 Earth Sim 15,200
2005 MD Solidification 131,072 BG/L 101,700
2006 MD Elec. Struct. 131,072 BG/L 207,000

 

 

2007: again MD & BG/L, K-H instability, 2B atoms, 2.8 CPU-M, ~100Tf/s

Gordon Bell Prize “peak performance”



NYHPCC, 23 October 2008

Metric System prefixes

241,000,000,000,000,000,000,000,000Yotta
211,000,000,000,000,000,000,000Zetta
181,000,000,000,000,000,000Exa
151,000,000,000,000,000Peta
121,000,000,000,000Tera
91,000,000,000Giga
61,000,000Mega
31,000Kilo
PowerMultiplierPrefix

(1988)
(1998)

(~2008)
(2018?)



IBM’s BlueGene/P: 72K 
quad-core procs w/ 2 
FMADD @ 850 MHz              
= 1.008 Pflop/s

13.6 GF/s
8 MB EDRAM

4 processors

1 chip

13.6 GF/s
2 GB DDRAM

32 compute cards

435 GF/s
64 GB 

32 node cards

72 racks

1 PF/s
144 TB 

Rack

System

Node Card

Compute Card

Chip

14 TF/s
2 TB 

Thread concurrency:         
288K (or 294,912) processors

A petascale machine built in NYS

1990 Bell

One of three 
paths to the 
petascale by 

IBM
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Highlights of 2005 Bell Prize

c/o F. Streitz, LLNL

The size of the largest cluster in the system as a 
function of time, plotted for 64K (blue), 256K 
(pink), 2M (red), 8M (green), and 16M (black) 
atoms. The final doubling suggests that the grain 
size is no longer resolution-limited.
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Gordon Bell Prize outpaces Moore’s Law

Gordon Moore

Gordon Bell

<<Demi Moore>>

CONCUR-
RENCY!!!

Four orders 
of magnitude 
in 13 years



NSF WTEC / 2 November 2007

“Moore’s Law” for MD

c/o F. Gygi, UC Davis
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“Moore’s Law” for MHD

“Semi-implicit”:

All waves treated 
implicitly, but still 
stability-limited by 
transport

“Partially implicit”:

Fastest waves 
filtered, but still 
stability-limited by 
slower waves

Figure from SCaLeS report, Volume 2
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Gordon Bell Prize: “price 
performance”

   
Year  Application  System $ per Mflops 
1989  Reservoir modeling CM-2 2,500
1990  Electronic structure IPSC 1,250
1992  Polymer dynamics cluster 1,000
1993  Image analysis custom 154
1994  Quant molecular dyn cluster 333
1995  Comp fluid dynamics cluster 278
1996  Electronic structure SGI 159
1997  Gravitation cluster 56
1998  Quant chromodyn custom 12.5
1999  Gravitation custom 6.9
2000  Comp fluid dynamics cluster 1.9
2001  Structural analysis cluster 0.24

 

Four orders 
of magnitude 
in 12 years 

recent: submissions received for as little as $.03 per Mflop/s using GPUs



NYHPCC, 23 October 2008

Gedanken experiment:
How to use a jar of peanut butter 

as its price slides downward?

n In 2008, at $3.20: make sandwiches
n By 2011, at $0.80: make recipe 

substitutions for other oils
n By 2014, at $0.20: use as alternative to 

petroleum as feedstock for 
biopolymers, plastics, etc.

n By 2017, at $0.05: heat homes
n By 2020, at $0.0125: pave roads ☺
The cost of computing has been on a curve much better than this for two 
decades. Like everyone else, scientists and engineers (very conservative 
people on the whole) are finally planning increasing uses for it…
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Whimsical remarks on simulation 
progress measured by Bell, since 1988

n If similar improvements in speed (105) had been 
realized in the airline industry, a 15-hour flight (e.g., 
JFK-NRT) would require one-half of a second today

n If similar improvements in storage (104) had been 
realized in the publishing industry, our office 
bookcases could hold the book portion of the 
collection of the U.S. Library of Congress (~20M 
volumes)

n If similar reductions in cost (104) had been realized in 
the higher education industry, tuition room and 
board (at a college in the USA) would cost about $2 
per year
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2002
2003

2003-2004 (2 vol )
2004

2006
2006

2007

Many recent reports ride 
the “Bell curve” for 

simulation

Fusion Simulation 
Project

June 2007

2007

Mathematical 
Challenges for the 

Department of 
Energy 

January 2008

2008

These are
all downloadable;
e-mail me if interested
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Recent “E3” report

2007

Chapter 1. Climate

Chapter 2. Combustion, fusion and 
fission energy technologies

Chapter 3. Biology

Chapter 4. Socio-economic modeling

Chapter 5. Astrophysics

Chapter 6. Mathematics

Chapter 7. Software

Chapter 8. Hardware

Chapter 9. Cyberinfrastructure*

* Support for distributed virtual organizations, workflow 
management, data management, cyber security
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What would we do with 1000x more?   
Example: predict future climates

Resolution of Kuroshio Current: Simulations at various resolutions have 
demonstrated that, because equatorial meso-scale eddies have diameters ~10-200 
km, the grid spacing must be < 10 km to adequately resolve the eddy spectrum. 
This is illustrated in four images of the sea-surface temperature.  Figure (a) shows 
a snapshot from satellite observations, while the three other figures are snapshots 
from simulations at resolutions of (b) 2°, (c) 0.28°, and (d) 0.1°.  
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What would we do with 1000x more? 
Example: predict future climates

Resolution
refine horizontal ocean scale from 105 to 7.5km
refine horizontal atmospheric scale from 160 to 40 km

New “physics”
atmospheric chemistry
carbon cycle (currently, carbon release is external 
driver)
dynamic terrestrial vegetation (nitrogen and sulfur 
cycles and land-use and land-cover changes)

Improved representation of subgrid processes
clouds
atmospheric radiative transfer
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Images c/o R. Cheng (left), J. Bell (right), LBNL, and NERSC    
2003 SIAM/ACM Prize in CS&E (J. Bell & P. Colella)

Instantaneous flame front imaged by density of inert marker Instantaneous flame front imaged by fuel concentration

What would we do with 1000x?            
Example: control combustion
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What would we do with 1000x?           
Example: control combustion

Resolution
evolve 3D time-dependent large-eddy simulation (LES) 
codes to direct Navier-Stokes (DNS; work ~ Re11/4 )
multi-billions of mesh zones required

New “physics”
explore coupling between chemistry and acoustics 
(currently filtered out)
explore sooting mechanisms to capture radiation effects
capture autoignition with realistic fuels

Integrate with experiments
pioneer simulation-controlled experiments to look for 
predicted effects in the laboratory
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SciDAC: economy in general-purpose “ETs”
for specialized “Applications”

CS

Math

Applications

Enabling 
technologies 
respond to all

Many 
applications 

drive



NYHPCC, 23 October 2008

V&V 
loop

Performance 
loop

c/o SciDAC report, U.S. DOE, 2000

SciDAC-style code design



NYHPCC, 23 October 2008

Hardware Infrastructure

A
R
C
H
I
T
E
C
T
U
R
E
S

Applications

Role of scientific software engineering in 
our scientific simulation era

scientific models

numerical algorithms

computer architecture

scientific software engineering

“Computational science is undergoing a phase transition.” – D. Hitchcock, DOE

(dates are symbolic)

1686

1947

1976

1992
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HPC software enabling technology
Model-related

Geometric modelers
Meshers
Discretizers
Partitioners
Solvers
Visualizers
Workflow controllers
Data miners

Development-related
Source-to-source 
translators
Compilers
Messagers
Debuggers
Profilers
Version controllers
Regression testers
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applications

software 
technologies

grid, 
network 
technologies

adaptive 
gridding, 
discretization

solvers

systems 
software, 
component 
architecture, 
performance 
engineering, 
data 
management

0),,,( =ptxxf &

0),( =pxF

bAx =
BxAx λ=

..),(min tsux
u
φ

0),( =uxF
software 
integration

performance 
optimization
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SciDAC’s applied math “centers”

Interoperable Tools for Advanced Petascale Simulations (ITAPS)
PI: L. Freitag-Diachin, LLNL (major RPI component, M. Shephard)
For complex domain geometry

Algorithmic and Software Framework for Partial Differential 
Equations (APDEC)
PI: P. Colella, LBNL
For solution adaptivity 

Combinatorial Scientific Computing and Petascale Simulation 
(CSCAPES)
PI: A. Pothen, Purdue U
For partitioning and ordering

Towards Optimal Petascale Simulations (TOPS)
PI: D. Keyes, Columbia U

For scalable solution

See: www.scidac.gov/math/math.html
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ITAPS
Interoperable Tools for Advanced Petascale Simulations

Develop framework for use of multiple mesh and discretization strategies within a 
single PDE simulation.  Focus on high-quality hybrid mesh generation for representing 
complex and evolving domains, high-order discretization techniques, and adaptive 
strategies for automatically optimizing a mesh to follow moving fronts or to capture 
important solution features. 

c/o L. Freitag, LLNL
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Algorithmic and Software Framework for PDEs
Develop framework for PDE simulation based on locally structured grid 
methods, including adaptive meshes for problems with multiple length scales; 
embedded boundary and overset grid methods for complex geometries; 
efficient and accurate methods for particle and hybrid particle/mesh 
simulations. 

c/o P. Colella, LBNL

APDEC
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CSCAPES
Combinatorial Scientific Computing and Petascale  Simulation

Develop toolkit of partitioners, dynamic load balancers, advanced sparse matrix 
reordering routines, and automatic differentiation procedures, generalizing 
currently available graph-based algorithms to hypergraphs

c/o A. Pothen, Purdue

Contact detection
Particle Simulations

x bA

=

Linear solvers & preconditioners
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The TOPS “Center for Enabling Technology”
spans 4 labs & 5 universities ($32M/10yrs)

Towards Optimal Petascale Simulations

Mission: enable scientists and engineers to take full advantage of 
petascale hardware by overcoming the scalability bottlenecks of 
traditional solvers, and assist users to move beyond “one-off”
simulations to validation and optimization 

Columbia University University of Colorado University of Texas
University of California 

at San Diego

Lawrence Livermore 
National Laboratory

Sandia National Laboratories
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TOPS software has taken applications to the 
architectural leading edge

TOPS software at the 
heart of three Gordon Bell 
“Special” Prizes 1999 

fluids
2003 

seismic
2004 

mechanics

Scales to the edge of 
BlueGene/L (131,072 
processors, 2B unknowns)

0

5

10

15

20

0 50000 100000

2B dofs

15.6K dofs

After new coarsening 
algorithm (red), 
nearly flat scaled 
speedup for 
Algebraic Multigrid

# processors

tim
e

C-old

C-new

Enabled numerous physics 
attainments in SciDAC-1

accelerator 
design QCD

magneto-
hydro-
dynamics

Prototype shape optimization capability Robust solution algorithm for zero quark mass, fine lattices

~5X speedup of  
plasma fusion codes 
through linear solver 
replacement – like 
providing “next 
generation” computer

Re part of “instanton” Im part of “instanton”
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Only with optimal complexity solvers are scalable 
architectures practical for applications

problem size

Compare with Moore’s Law: 
Over 36 years, processor architecture 
goes through 24 “doubling periods”
Algorithms produce an equal factor 
of speedup on a small problem; much 
more on a larger problem

year

relative 
speedup

16 million 
speedup 

from each
∇2u=f 64

64 64
Consider, for example: 

Poisson’s equation in a 3D 
domain
Solve by “best method 
available” over a span of 
1948 to 1984 (36 years)

Given, for example: 
a “physics” phase that scales 
as O(N)
a “solver” phase that scales 
as O(N3/2)
computation is almost all 
solver after several doublings
Optimal O(N) solver saves 
the computational cycles for 
the physics

Solver takes 
50% time on 
64 procs 0

0.2

0.4

0.6

0.8

1

1.2

1 4 16 64 256 1024

Solver
Physics

Weak scaling limit, assuming efficiency of 
100%  in both physics and solver phases

Processor number & relative problem size

O(N3/2) method 
on 64K procs

Algorithmic and 
architectural 

advances work 
together!

O(N) method 
on 64K procs
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Solvers evolve underneath “Ax=b”
Advances in algorithmic efficiency rival advances in 
hardware architecture
Consider Poisson’s equation on a cube of size N=n3

If  n=64, this implies an overall reduction in flops of 
~16 million

n3n3BrandtFull MG1984

n3.5 log nn3ReidCG1971

n4 log nn3YoungOptimal SOR1950

n7n5Von Neumann & 
Goldstine

GE (banded)1947

FlopsStorage ReferenceMethodYear

∇2u=f 64

64 64

*Six months is reduced to 1 second

*



smoother

Finest Grid

First Coarse 
Grid

coarser grid has fewer cells
(less work & storage)

Restriction
transfer from fine 
to coarse grid

Recursively apply this 
idea until we have an easy 
problem to solve

A Multigrid V-cycle

Prolongation
transfer from coarse 
to fine grid

Optimality from multilevel recursion
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TOPS is building a toolchain of proven 
solver components that interoperate

We aim to carry users from “one-off” solutions to 
the full scientific agenda of sensitivity, stability, 
and optimization (from heroic point studies to 
systematic parametric studies) all in one software 
suite
TOPS solvers are nested, from applications-
hardened linear solvers outward, leveraging 
common distributed data structures 
Communication and performance-oriented 
details are hidden so users deal with 
mathematical objects throughout
TOPS features these trusted packages, whose 
functional dependences are illustrated (right)*:
Hypre, PETSc, SUNDIALS, 
SuperLU, TAO, Trilinos
These are in use and actively debugged in dozens 
of high-performance computing environments, in 
dozens of applications domains, by thousands of 
user groups around the world                                 
* See also the webpages for each code

Optimizer

Linear 
solver

Eigensolver

Time 
integrator

Nonlinear 
solver

Indicates 
dependence

Sens. Analyzer
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Design principle: multiple layers

Top layer (all users)
Abstract interface featuring language of application domain, hiding 
details, with conservative parameter defaults
Robustness, correctness, ease of use

Middle layers (experienced users)
Rich collection of state-of-the-art methods and data structures, 
exposed upon demand, highly configurable
Capability, algorithmic efficiency, extensibility, composability, 
comprehensibility of performance and resource use

Bottom layer (developers)
Support for variety of execution environments
Portability, implementation efficiency
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0)( =Φ u
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Scaling fusion simulations up to ITER

c/o S. Jardin, PPPL

1012 needed 
(explicit 
uniform 

baseline)

International 
Thermonuclear
Experimental
Reactor

2017 – first 
experiments, in 
Cadaraches, 
France
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1.5 orders: increased processor speed and efficiency
1.5 orders: increased concurrency
1 order: higher-order discretizations 

Same accuracy can be achieved with many fewer elements

1 order: flux-surface following gridding
Less resolution required along than across field lines

4 orders: adaptive gridding
Zones requiring refinement are <1% of ITER volume and 
resolution requirements away from them are ~102 less severe

3 orders: implicit solvers
Mode growth time 9 orders longer than Alfven-limited CFL

Where to find 12 orders of magnitude in 10 years?
H

ar
dw

ar
e:

 3
So

ftw
ar

e:
 9

Algorithmic 
improvements bring 

yottascale (1024) 
calculation down to 

petascale (1015)!
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increased processor speed
10 years is 6.5 Moore doubling times

increased concurrency
BG/L is already 217 procs, MHD now at ca. 212

higher-order discretizations 
low-order FE preconditioning of high-order discretizations (Orszag, 
Fischer, Manteuffel, etc.)

flux-surface following gridding
evolve mesh to approximately follow flux surfaces

adaptive gridding
within SciDAC, this is APDEC; we will team to make it implicit

implicit solvers
we propose Newton-like fully implicit, with Krylov/MG innards

Comments on JK roadmap
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SciDAC solver collaboration examples

Meeting physicists at a well-defined traditional 
interface

swapping in new linear solvers in decoupled linearizations

Collaborating with physicists across traditional 
interfaces

unrolling the model back to a fully coupled nonlinear 
system
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M3D: multigrid for optimality
M3D code

unstructured mesh, hybrid FE/FD 
discretization with C0 elements
Sequence of real scalar systems  
(>90% exe. time)

TOPS collaboration
replacement of additive Schwarz 
(ASM) preconditioner with algebraic 
multigrid (AMG) from Hypre
achieved mesh-independent 
convergence rate 
~5× improvement in execution time 0

100

200

300

400

500

600

700

3 12 27 48 75

ASM-GMRES
AMG-FMGRES

c/o S. Jardin, et al.
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Resistive MHD prototype implicit solver
Magnetic reconnection: the breaking 
and reconnecting of oppositely directed 
magnetic field lines in a plasma, 
replacing hot plasma core with cool 
plasma, halting the fusion process

Replace explicit updates with implicit 
Newton-Krylov from SUNDIALS with 
factor of ~5× in execution time

Current (J = r £ B)

J. Brin et al., “Geospace Environmental Modeling (GEM) magnetic reconnection challenge,” J. Geophys. Res. 106 (2001) 3715-3719.

c/o D. Reynolds, et al.
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Engage at a higher-level than Ax=b
implicit solvers directly on coupled nonlinear system

Sensitivity analyses
validation studies

Stability analyses
“routine” outer loop on steady-state solutions 

Optimization
parameter identification
design of facilities (accelerators, tokamaks, power plants, 
etc.)
control of experiments

TOPS’ wishlist for collaborations —
“Asymptopia”
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TOPS dreams that users will…

Understand range of algorithmic options 
w/tradeoffs
e.g., memory vs. time, comp. vs. comm., inner iteration 

work vs. outer

Try all reasonable options “easily”
without recoding or extensive recompilation

Know how their solvers are performing
with access to detailed profiling information

Intelligently drive solver research
e.g., publish joint papers with algorithm researchers

Simulate truly new physics free from solver limits
e.g., finer meshes, complex coupling, full nonlinearity

User’s 
Rights
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Overall wrap-up claims
Simulation will become increasingly cost-effective
relative to experiment, while never replacing 
experiment; it will guide expensive experiments
Simulation will become increasingly fruitful relative to 
theory in understanding complex systems; it will test 
theory
Simulation may define today’s limit to progress in 
areas that are already theoretically well modeled
Simulation aids model refinement in areas not already 
well modeled (via interplay with theory)
Advanced simulation makes scientists and engineers 
more productive (can partially offset national 
disadvantage in workforce recruiting)
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Where does the U.S. stand in scientific software?
E.g., linear algebra, adaptive meshing, mesh partitioning, 
parallel messaging & I/O, visualization, …
Without much controversy, the U.S. leads

look at where the software was written (U.S. national labs)
look at where it’s used (“Berkeley to Barcelona to Beijing”)

SciDAC program of the DOE is a lab-university collaboration 
that allows budgeting for code maintenance, porting, 
optimization, etc., and “embeds” enabling technologies from 
math and CS in application groups

much admired, with flattering successors emerging in the U.K., 
France, Norway, China, etc.

No intrinsic reason why this leadership must continue
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Acknowledgment:
today’s Peta-op/s machines

1012 neurons @ 1 KHz = 1 PetaOp/s


