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Limitations of Hardware
Performance Measures

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

* |ntroduction
e Algorithmic Complexity

» How to beat (almost) any Top500 machine with a Mac
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FI17-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
BN resistance of three-dimensional
Y objects.

Source: John Ottusch, Hughes



Problem Formulation (scalar)

Field given by :

Y(x) = [ G(x - x)o(x')dx', where G(r) =™ /r
S

Boundary condition:

p(x)+yY(x)=0, xon S
Discretize and apply bc:

P(x) = Y wG(x - X,)0(X,)
Ce— —2 wG(x-X,)o(X,), xon S

Use same points for X :
V=21

FMM accelerates computation of ZI




Rokhlin’s Dogma

Engineering radar cross section prediction:
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HIGH-ORDER DISCRETIZATION
FOR STEALTHY TARGETS

ST Ld s

"HRL BAT" [2d TARGET] L=300n 6000 UNKNOWNS

Fa STEALTHY
>20 dB ERROR, T ... 0° ASPECTS
- Low Order ' — High Order
STEALTHY ‘ STEALTHY
ASPECTS & ¥ ASPECTS

270“ L1 L1 1 1 90

/50dB  J0dB

Source: Stephen Wandzura, Hughes



FastScat Results

Code " Patch - FastScat
Computer Touchstone Delta SGI Origin 2000
Processors 512 64

Radius (wavelengths) Shial | 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) 19.6 279

Cost/ Sq.Wavelength $10,000 (approx)  $50




Are we done yet!
Verification & Validation

Verification
Module tests
Comparison to theory

Solution convergence
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CSE as Systems Engineering

® Science is a closed loop process between theory
and experiment

® Significant resources devoted to experiment

® C ompute = ' 2 | |
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Structural Complexity in CSE
Examples from CACR

* Weapons certification
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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%!?
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Motivation for Systems View:
sy Validated Simulations

l‘ Coupled fracture simulation with
' detailed chemistry

* i

—* 13 ()

y ,u;:f-;; L'u w 114 ()
| Essence of CSE: Fast feedback between

models, simulation and experiment




Caltech-|PL Small Particle
Hypervelocity Impact Range

|

Particle velocity: |-10+ km/s

N A )

Source: Michael Ortii and Arés Rosakis, Caltech




SPHR Firing

Photron FASTCAM SAT.Tmo..

12000 1ps [/72000 sec 384 %176
Center frame : -31 -00:00:00.000431




Uncertainty Quantification by
Concentration of Measures

Y = F(X) is the simulation F' result with known inputs X
Y = G(X;Z) is the system G response with known inputs X
and unknown unknowns Z (the so-called Rumsfeld variables)

The verification diameteris D% = . max |F(X\A4;) — F(X\Bi)|2

The validation diameter is

D} _p =Y, max|(G — F)(X\A; Z) — (G — F)(X\B;; Z)|°
The diameters are computed by global optimization for the A;, B;
Theorem: if ) ng_F > \/ % In %

where M is the design margin, then Prgiure < €

(assuming optimizations find the maxima)
I hope you have a big computer.

(See Lucas, Owhadi, and Ortiz, Rigorous verification, validation, uncertainty quantification

and certification through Concentration-of-Measure inequalities, . Comp. Methods in
Applied Mechanics and Engineering, 197:4591-4609, 2008)




Verification Sub-diameters

Individual normalized diameters (D/D?)
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Speed Obliquity PlateYield MeshValue PlateThickness TimeStep
Variable

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



VVeapons Uncertainty

Quantification

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

Source: Joseph Sefcik, LLNL, 2006




Synaptic Uncertainty Quantification

DG-F

“bad actors”

~
R
S
H

experlments f 51mulat10ns




Stochastic Simulation for
Biochemical Systems

Reaction

 Propensity factor

Gene + P2 — P2Gene

1

P2Gene — Gene + P2
Gene — Gene + Rna

10
0.01

' Rna — Rna + P

10

2P = P2

1

P2-—+2P

1

Rna — ()

0.1

P—0

0.01

Table 1: Reactions for the auto-regulatory network.

Species

o0

500

5,000

50,000

Reactions

80

800

8,000

80,000

Method

Algorithm

Complexity

Direct
Direct

Linear S.
25

O(M)

O(VM)

107
122

197
146

976
226

7 443
359

922,862
1,312

Direct
Direct

Binary S.
Rejection

O(logy(M))
O(1)

232
325

328
370

433
438

002
482

1,314
1,209

' Next R.

Linear S.

O(M)

120

228

1,116

9,557

94,156

~Next R.
Next R.

| Partition
Binary H.

| O(VM)
O(log, (M)

124

154

196

192 |

303

272 |

537

374 |

1,828
1,304

Next R.

Hashing

O(1)

151

187

307

320

964

Table 2: Auto-Regulatory timing results. Average time per reaction in nanoseconds using the direct
method and next reaction method with various selection algorithms.




Use of Algorithms

Species 12 16 28

Reactions 11 23 61
Method | Algorithm
Direct Linear S. | 91 180 246
Direct 2-D S. 78 106 102 17l 202
Direct | BinaryS. | 95| 176 | 212 | 429 | 558
Direct Rejection ; 281 428 888 746
Next R. | Linear S. o8 100 91 190 302
Next R. | Partition 62 108 101 126 283
Next R. | Binary 64 133 L1y 237 366
Next R. | Hashing 80 | 131 132 209 302
Dizzy Linear S. 794 | 3,107 | 1,309 | 2,745 | 6,221
Dizzy | Binary H. | 854 | 3,995 | 1,743 | 3,019 | 3,851
COPASI | Binary H. 354 | 13,844 908 | 1,747 | 2,056

Table 3: Execution time in nanoseconds for various models and solution methods. Note the per-
formance compared to other available implementations.

(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
e Spatial explicitness

e Capture of biological models

* “Trajectory trees”

e Cloud computing




Real-Time Astronomy

Phew! Asteroid's passing was a COSIMIC AP rsuwsrr
near-miss

PASADENA, Calif. — An asteroid about the size of one that blasted Siberia a century ago just buzzed by
Earth.

NASA's Jet Propulsion Laboratory reported that the asteroid zoomed past Monday morning.

The asteroid named 2009 DD45 was about 48,800 miles from Earth. That is just twice the height of some
telecommunications satellites and about a fifth of the distance to the Moon.

The space ball measured between 69 feet and 154 feet in diameter. The Planetary Society said that made
it the same size as an asteroid that exploded over Siberia in 1908 and leveled more than 800 square
miles of forest.

Most people probably didn't notice the cosmic close call. The asteroid was only spotted two days ago and
at its closest point passed over the Pacific Ocean near Tahiti.




Real-Time Astronomy
Architecture

VOEventNet: global 2
Skyalert.org: Caltech+NOAO

O .
OO skyalert.org
AaNE0 GOUN D NASH GSRC
Formi ° Errem pal Talescops
niegral LaPama
a
} Faulke=
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0 Stream Author
! Publisher

O Repository

O Relay

O Followup Subscribar

ource: Roy Williams, Caltech




Add Content

Current Sky Events
Current Sky Eve. ..

£ Earth & Sky Pod..

Hubblecast

StarDate

VOEventNet Intr..
VOEventNet |...
VOEventNet F

Camma Ray ..
Gamma Ra..
GCN Feed

10 UrS

ou
GRBlog Feed
Microlensing
Microlensi..
OCLE Feed

p ] 19
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Google Earth (Sky)
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Google Sky Usage
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st ntont,

F 8 91011121314151617 151920 71 ¢

Daily usage for January 2889
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Top 10 of 5928 Total URLs By KBytes
5 | e |
1 [6045037[17.20%[ 2573022072958 |
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» Nearly | TB/month (827 GB) to support user interaction
» Data feeds (in this case) are insignificant
» We found out by over-run system logs!



Earth Tomogra

Focus of

£.21311° 7 A - SUW 62, 5668°

, core
N

-

AUJE 63.4037°

y
_Outer core

e -

FII J|
4 :".'_ _."II
Lower mantle .~ 7~Upper mantle
e . k J - - r '

1.,___ ___.-'" ﬂ‘“ Crust

DSB 59 6684° |

10,00

CART 75781 5°

Earthquake
recorded globally
and stored.

MTE 71 61847,

3D Earth model and
sources used to compute
synthetic seismogrames.
These are compared with
recorded data and used to
refine the Earth model.

280.138°
295.368°

310 134°

500
Time (s} {aligned on s)

® Co-located sensor Gravimeter A GPS A Barograph
A GSN sensor A Magnetometer . Meteorological




blem |

|8 hrs compute for | “ ,“l S) het|c sels_,
Earth Simulator (p= 4( .‘::‘.. =7"km; mlnf__—_ﬁ 5]

7
n-Iineariﬁ;ﬁverse pro

o Petaflops for | Hz resolution

e 20,000 5 5+ earthquaks in GSN dataBa: e,
about 500-1000 well selected ones for jiliefss
solution

e |5,000-60,000 simulations neede node-
hrs each) for “good” 3D Earth md%l Large I/O
issues as well.

Source: Jeroen Tromp and Santiago Lombeyda, Caltech



LHC/CMS Data Analysis

Tier| | Tier2_|
Tierl 2 Tier2 2
: Tier2_3

Tier2 4




'8 February 2007 16:33
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. . iy
® 2008 Sensor Calibration: 2B simulat
yr at about 10 min/event avg = 333




“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.”
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Some Implications

* This was all planned...
e Commonalities

. Maklng computlng costs epr|C|t

L - ¥ he ) 'k - ) . & o ¢ o 3 ] ., - i b

k ! B e ok ! e e T . e g i o o Rl - ey ks B L i e i g S
E ’ B .._.- 2} % 4_ i inT ‘: [ 4 WL L -\., ¥ 7k et ""_u_-’." e S o 1 ;?:::5_ LT . .._} R ::._,:‘:__r_.‘ g e e ‘1:.-\1"'1--' - G LT ik .'-\..'\-C'.f""."i'; Lo o Ny Sl
: 'y H‘ st "t ‘? i S ) Sl S I AR e e = e panart WRER PR b L L v IR W Gk s T =y g [} - L b - k
S ,‘.al.-"-""- '._-.'.1'-'-..','* .-a-_ T o =-2-.. "::- : ::.:"‘:_ ” P R SR 4 e ¥ Y e U R e et o S e e 2 L - o e v oo P S A e

.......




This was all planned...

T o

e

must -~ Mmust

A Walk through ASC Evolutlon ( ¢ validate..§ certlfy
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Commonalities

* Science driven; engineering enabled
e Complex social (virtual) organizations
* Integrated experiments & computation - near real-time

* Large simulations as “inner loops” & sensor calibrators
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Making Costs Explicit
(Amazon EC2)
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National LambdaRail

Instances

United States

Standard Instances Linux/UNIX Windows

Small (Default) $0.10 per hour $0.125 per hour
Large $0.40 per hour $0.50 per hour
Extra Large $0.80 per hour $1.00 per hour

High CPU Instances Linux/UNIX Windows

Medium $0.20 per hour $0.30 per hour
Extra Large s0.80 per hour $1.20 per hour




Applications Costs for EC2

FastScat sphere: $200 (assuming adequate MPI performance)
Certification: $5.4B (3 months at |00Pflops; weapons labs ~$6B/yr)

Single reaction: $2.7x10"!" (I ms/r; how much to simulate a human?)
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A Very Simple Design Trade

Optimize resolving power of a digital detector.
Minimize R = a/D > 0 s.t. C <= $IM (let a = 4.56; R arcseconds; D inches)

Cases:

C = D”*2 (no computing, free of science) => R = 0.00456
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Partial Question Answers

» How best to deploy resources to certify a given design to 99.99%!?

» Have theorem, need to compute Dg.r & 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).
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Final Thoughts

» CSE as Systems Engineering
» Holistic and interdisciplinary (sociology challenging)
» Design trades by potential science & engineering outcomes

» Convergence as bounded unpredictability (complexity)
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CSE Systems Engineering
Philosophy

" Algorithms

Experiment

Q. Computers



Web Links

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

Stochastic simulation - cain.sourceforge.net
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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

