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This is an informal talk about making science & engineering happen 
faster using algorithms & computers...



CACR Mission & Partners

Accelerating scientific discovery & engineering through 
advanced computation, collaboration and research



Intel Touchstone 
Delta:

World’s Fastest 
Computer in 1991

(30 Gflops)

“Nehalem”



Limitations of Hardware 
Performance Measures

Measure: How fast does the 
machine go [flops]?

• Important, but can be 
disconnected from science

• CSE problems do not 
necessarily need the fastest 
machines

• Dot product machines 
distort R&D - What if 
BLAST was the key app?

Need a larger context.

Source: top500.org 11/08



Outline

• Introduction

• Algorithmic Complexity

‣ How to beat (almost) any Top500 machine with a Mac

• CSE as Systems Engineering

‣ The questions change

• Structural Complexity in CSE

‣ Examples from CACR

• Some Implications

‣ Clear costs of computation lead to design trades



F117-A “NightHawk”

LA Times                             30 Mar 1999

Stealth Fighter’s Crash 
Reveals a Design’s Limits

… [T]o engineers familiar with 
stealth technology, one look at the 
triangle-shaped aircraft speaks 
volumes about how far science has 
come since the F117-A first took to 
the air. The reason its body is made 
up of flat surfaces, for example, is 
that the 1970’s computers used to 
design it couldn’t perform 
calculations to measure the radar 
resistance of three-dimensional 
objects.

Source: John Ottusch, Hughes



Problem Formulation (scalar)
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Rokhlin’s Dogma

Engineering radar cross section prediction:

1. Methods must be high order (Nystrom discretization)

2. Methods must be fast (Helmholtz FMM)

3. Implementations must be scalable



Source: Stephen Wandzura, Hughes



FastScat Results
Year 1992 1999

Code Patch FastScat
Computer Touchstone Delta SGI Origin 2000
Processors 512 64
Radius (wavelengths) 5.31 60
Area (sq. wavelengths) 354 45,239
Accuracy ( db rms) 2 (est) 0.12
Unknowns 48,672 2,160,000
Memory ( Gb) 38 45.5
Time (hours) 19.6 27.9
Cost/ Sq.Wavelength  $10,000 (approx) $50

‣ 10x greater accuracy on much larger target
‣ Patch would require 2,197,000,000x time for same accuracy
‣ Nine orders of magnitude improvement in seven years
(See Ottusch, Stalzer, Visher, and Wandzura, Scalable electromagnetic scattering calculations 
on the SGI Origin 2000, Proc. SC99, Portland)



Are we done yet?
Verification & Validation

Verification

Module tests

Comparison to theory

Solution convergence

Time complexity checks

Validation

Comparison to experiments for fixed parameters

Uncertainty quantification

Bad science and policy can result from divergent un-validated codes



CSE as Systems Engineering

• Science is a closed loop process between theory 
and experiment

• Significant resources devoted to experiment

• Computers -

• Enable prediction, operation and data collection

• Disintermediate the process

Step back from computation or data centric views

Take a broader systems view...



Structural Complexity in CSE
Examples from CACR

• Weapons certification

• Biochemistry

• Time domain astronomy

• Earth tomography

• High energy physics



Sample CSE Systems Design 
Questions

In a systems view, the questions affecting computer 
resources are different -

• How best to deploy resources (experiments, 
model development, computation) to certify a 
given design to 99.99%?

• What’s the next best experiment?

• How do we coordinate 10,000 telescopes?

• Which earthquakes best resolve Earth’s structure?

• How does experiment sensitivity change with 
computer resources?



Motivation for Systems View:
Validated Simulations

Source: Dan Meiron and Joseph Shepherd, Caltech

Coupled fracture simulation with 
detailed chemistry

Essence of CSE: Fast feedback between 
models, simulation and experiment



Caltech-JPL Small Particle 
Hypervelocity Impact Range

Source: Michael Ortiz and Ares Rosakis, Caltech

Particle velocity: 1-10+ km/s



SPHR Firing



Uncertainty Quantification by 
Concentration of Measures

(See Lucas, Owhadi, and Ortiz, Rigorous verification, validation, uncertainty quantification 
and certification through Concentration-of-Measure inequalities, J. Comp. Methods in 
Applied Mechanics and Engineering, 197:4591-4609, 2008)



Verification Sub-diameters

Sensitivity to both experimental and modeling parameters. 
It’s an experimental-theoretical system.



• Formal quality policy (QC-1) for over 30 packages and 
several millions lines of code

• Several hundred adjustable parameters: are there 
“wormholes” leading to malfunction?

• Experiments used to determine parameter ranges (due 
to incomplete knowledge, e.g. phases of heavy elements)

• Single 3D device simulation to numerical convergence 
not yet possible on ASC Purple (100 Tflops)

• Full vetting of important parameters using stochastic 
bootstrapping could consume 10-100 Pflops

Weapons Uncertainty 
Quantification

Source: Joseph Sefcik, LLNL, 2006



Synaptic Uncertainty Quantification



Stochastic Simulation for 
Biochemical Systems



Use of Algorithms

(See Mauch and Stalzer, Efficient formulations of exact stochastic simulation of chemical 
systems, IEEE/ACM Trans. on Comp. Biology and Bioinformatics, in press, 2009)



Much to Do

• This is just an incomplete inner loop

• Spatial explicitness

• Capture of biological models

• “Trajectory trees”

• Cloud computing



Real-Time Astronomy



Real-Time Astronomy 
Architecture

Source: Roy Williams, Caltech
The glue is the APIs and social organization



Google Earth (Sky)



Google Sky Usage

‣ Nearly 1 TB/month (827 GB) to support user interaction
‣ Data feeds (in this case) are insignificant
‣ We found out by over-run system logs!



Earth Tomography

Earthquake 
recorded globally 

and stored. 3D Earth model and 
sources used to compute 
synthetic seismograms. 

These are compared with 
recorded data and used to 

refine the Earth model.



Some Earth Tomography 
Measures

Source: Jeroen Tromp and Santiago Lombeyda, Caltech

• Non-linear inverse problem

• 18 hrs compute for 1 hr synthetic seismogram on 
Earth Simulator (p=4056, h=2 km, fmin = 3.5 Hz)

• Petaflops for 1 Hz resolution

• 20,000 5.5+ earthquakes in GSN database, need 
about 500-1000 well selected ones for inverse 
solution

• 15,000-60,000 simulations needed (~2,000 node-
hrs each) for “good” 3D Earth model. Large I/O 
issues as well.



LHC/CMS Data Analysis

Tier0

Tier1_1
Tier1_2

.

.

.

Tier2_1
Tier2_2
Tier2_3
Tier2_4

.

.

.

Virtual Detector
-Design
-Calibration
-Transport
-Classification

New physics?

Could UQ CoM help find Rumsfeld variables Z in the Standard Model?



• Sites:  11 Tier1 and 100+ Tier2

• CMS Data Flow: PB/s raw to electronics and 
Tier0, 10-40 Gbps to Tier1s worldwide, 
hundreds 2.5-10 Gbps to Tier2s

• When CMS is operating, the equivalent of the 
Library of Congress (20 TB) will be 
transmitted every minute

• 2008 Sensor Calibration: 2B simulated events/
yr at about 10 min/event avg = 333M node-hrs

Some LHC/CMS Measures

Source: Harvey Newman Caltech



“Well, anything is possible. It’s possible that an alien spaceship will 
materialize in your studio there and take over the microphone - but I’d 
rate the possibility of an LHC black hole engulfing the Earth as slightly 
less probable than that.”

  - Dr. Julian Bunn, CACR Principal Computational Scientist

Source: KPCC Public Radio Sept. 10 2008



Some Implications

• This was all planned...

• Commonalities

• Making computing costs explicit

• Simple design trade

• Partial question answers

• Final thoughts

• CSE systems engineering philosophy



This was all planned...

Source: Michael Ortiz, Caltech



Commonalities
• Science driven; engineering enabled

• Complex social (virtual) organizations

• Integrated experiments & computation - near real-time

• Large simulations as “inner loops” & sensor calibrators

• Importance of algorithms...

• Massive data sets due to sensors that are large and complex, or 
cheap and numerous, that require transportation and storage

It used to be that people built the best instruments and then figured out 
the results; now people build the best sensor architectures and then hope 
that computers figure it out.



Making Costs Explicit
(Amazon EC2)

Sources: New York Times & National LambdaRail & Amazon

+



Applications Costs for EC2

FastScat sphere:  $200 (assuming adequate MPI performance)

Certification: $5.4B (3 months at 100Pflops; weapons labs ~$6B/yr)

Single reaction:  $2.7x10-11 (1 ms/r; how much to simulate a human?)

New Earth model: $7.5M

LHC/CMS calibration for 2008: $33M (LHC & detectors ~$5B)

(See Walker, The real cost of a CPU hour, Computer, 35-41, April 2009. Also, Strand, 
KEYWORD: EVIL: Google’s addiction to cheap electricity, Harpers Magazine, March 2008)

Not having to run a supercomputing center: priceless

Explicit costs allow design trades



A Very Simple Design Trade
Optimize resolving power of a digital detector.

Minimize R = a/D > 0 s.t. C <= $1M (let a = 4.56; R arcseconds; D inches)

Cases:

C = D^2 (no computing, free of science) => R = 0.00456

C = D^2 + D^2 (explicit computing cost) => R = 0.00645

C = D^2 + D (better algorithm) => R = 0.004562

Note ~40% in R (as a function of cost). What if the algorithm does not scale as well?

What is the opportunity cost? Moore’s law may not save this in general.

This tradeoff is in most projects, e.g. Keck, LHC, LSST.



Partial Question Answers
‣ How best to deploy resources to certify a given design to 99.99%?

‣ Have theorem, need to compute DG-F & perform experiments to focus on “bad” 
sub-diameters (but not allowed to do full testing). Substantial legacy data. Need to 
trade resources devoted to F and G.

‣ What’s the next best experiment?

‣ Same approach (biologists are very clever experimentalists; observability).

‣ How do we coordinate 10,000 telescopes?

‣ Services architecture and buy-in from international community.

‣ Which earthquakes best resolve Earth’s structure?

‣ Inverse problem, enabled by global sensor network & efficient forward code 
(SPECFEM3D). Lots of structure to exploit.

‣ How does experiment sensitivity change with computer resources?

‣ If standard model is correct, no worse than 1/sqrt(N). What if it’s incomplete?



‣ CSE as Systems Engineering

‣ Holistic and interdisciplinary (sociology challenging)

‣ Design trades by potential science & engineering outcomes

‣ Convergence as bounded unpredictability (complexity)

‣ Other applications?

‣ Genome informatics, climate modeling, ...

‣ What can we learn from commercial systems (e.g. search)?

‣ Technology pull by 100x to discover new phenomena -

‣ Curse of dimensionality 10-100 Pflops (UQ), Distributed systems 
1-10 Tbps (CMS), Inverse problems (ET)

‣ Large simulations as “inner loops” (buy more algorithms)

Final Thoughts



Theory
Experiment

Algorithms

Computers

CSE Systems Engineering 
Philosophy



Web Links

CACR - www.cacr.caltech.edu

PSAAP - www.psaap.caltech.edu; UQ papers there too

Stochastic simulation - cain.sourceforge.net

NVO - www.us-vo.org

Earth tomography - www.seismo.caltech.edu

LHC/CMS - www.uscms.org

Amazon EC2 - aws.amazon.com/ec2

This talk - www.cacr.caltech.edu/director

http://www.cacr.caltech.edu
http://www.cacr.caltech.edu
http://www.psaap.caltech.edu
http://www.psaap.caltech.edu
http://www.us-vo.org
http://www.us-vo.org
http://www.seismo.caltech.edu
http://www.seismo.caltech.edu
http://www.uscms.org
http://www.uscms.org
http://www.cacr.caltech.edu/pub/ecse_april_2009.pdf
http://www.cacr.caltech.edu/pub/ecse_april_2009.pdf

