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Need (at least) exascale computing resources 
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ASCI Red Road Runner K Computer Sequoia Exascale 

Year 2000 2008 2011 2012 2023 

Peak 
(Flops) 1.3e12 1.7e15 11.3e15 20.1e15 1.2e18 

Linpack 
(Flops) 1.0e12 1.0e15 10.5e15 16.3e15 1.0e18 

Total Cores 9,298 130,464 705,024 1,572,864 1e9 

Processors 9,298 12,960(6,912) 88,128 98,304 1e6 

Cores/Proc 1 9(2) 8 16 1e3 

Power (MW) 0.85 2.35 9.89 7.9 ~20 

Adapted from B. Harrod, “DOE Exascale Computing Initiative Update,” Aug 15, 2012  
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Based on current technology, scaling today’s systems to 
an exaflop level would consume more than a gigawatt of 
power, roughly the output of Hoover Dam  
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Using commodity hardware: 
Exascale Machine:   $100B 
Annual Power Bill:   $1B 
Phenomenal science: Priceless 

Using commodity hardware: 
Exascale Machine:  $100B 
Annual Power Bill:  $1B 
Phenomenal science: Priceless 

Hoover Dam at Night, Tex Roy Bean, CC BY-SA 3.0  
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Transistors 
(thousands) 

Single-thread 
Performance 
(SpecINT) 

1975 1980 1985 1990 1995 2000 2005 2010 2015 
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102 

103 

104 
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107 

Frequency 
(MHz) 

Typical Power 
(Watts) 
Number of 
Cores 

35 YEARS OF MICROPROCESSOR TREND DATA  

I*1"2#.8#%$8*#42.>./0#%2&).("&(-2"#&)%/0"8#

10

35 YEARS OF MICROPROCESSOR TREND DATA  

105 5 

106 6 

107 7 

35 YEARS OF MICROPROCESSOR TREND DATA  •! Power densities limit clock speeds 
•! More cores and specialized accelerators 
•! Data motion costs on-chip and off-chip 
•! Volatile memory (DRAM) is power-hungry  

Original data collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond and C. Batten.    
Dotted line extrapolations by C. Moore.  From C. Moore, “Data Processing in Exascale-Class Computer Systems,” Salishan, 2014 
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O(Np))
Model and algorithm 
improvements can 
improve exponent 

Machine improvements 
tend to improve base or 

coefficient 

p))O(N(
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Mick Tsikas, Reuters 
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# Identify:  

•! gaps in thinking about exascale 
•! new algorithmic approaches 
•! new scientific questions  
•! a more holistic approach 
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Jack Dongarra* 
John Bell 
Luis Chacon 
Rob Falgout 
Mike Heroux 

Jeff Hittinger* 
Paul Hovland 
Esmond Ng 
Clayton Webster 
Stefan Wild 
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•! Community Workshop (Aug 2013) 
•! Fact-finding teleconferences 
•! Grand Challenge reports 

*co-chairs 
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Areas outside of this conceptual organization: 
#! Optimization and optimal control for system management 
#! Discrete mathematics and graph analysis 
#! Finite state machines and discrete event simulation 

Problem Formulation 

Mathematical Modeling 

Model Discretization 

Numerical Solvers 

Data Analysis 

Robustness and Correctness 

Mathematical Modeling 

Model Discretization 

•!Questions to be answered? 
•!Relevant processes & 
scales? 

•!Single forward simulation? 
•!Inverse problem?  
•!Optimization? UQ? Model Discretization 

•!Expressing the problem 
mathematically 

•!Appropriate multiscale and 
multiphysics models? 

•!Coupling between models? 
•!UQ formulation? 
•!Optimization formulation? 

•!Expressing mathematical 
model discretely 

•!Discretization in space / time 
•!Splitting between operators 
and spatial domains 

•!Solving the discrete system 
•!Eigensolvers 
•!Linear and nonlinear solvers 
•!ODE integrators 

•!Understanding the results 
•!Data and dimension 
reduction 

•!Automated analysis 
•!Integration of models, 
experiments, observations & 
simulations 

Robustness and Correctness 

Data Analysis 

Optimization formulation? Optimization formulation? Optimization formulation? Optimization formulation? Optimization formulation? 

•!Trusting the results 
•!Robustness to errors 
•!Faults 
•!Round-off error 
•!Discretization error 
•!Iteration error 

Robustness to errors 
Faults 
Round-off error 
Discretization error 

Robustness to errors 

Discretization error 

Decisions in any one 
can significantly 
impact the others 
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Phipps, Edwards, Hu, Webster, Equinox project, ASCR XUQ 

Performance Increase 3D FEM 
Nonlinear Diffusion 
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We must be clever in combating the 
curse of dimensionality  



QG)
LLNL-PRES-675882 

@%()"+%(.&%$#@*4"$./0A#E=%8&%$"#1.$$#"/%7$"#
()"#8*$-(.*/#*B#/"1#*,(.+.M%(.*/#,2*7$"+8#

#! ;+'6"##&'(O9+.'()/&(2+:5)

#!V.4&:O.'(&<&#?)5./"%01+'O$05&:?)0':)<%+$0%)+91/.Y01+')

#!V"%1OD:&%.(Z)2.&#0#62.&5)

#! [+$"5()+91/.Y01+')0':)+91/.Y01+')"':&#)WX)

#! 891/0%):&5.<')0':)6+"9%.'<)+B)&49&#./&'(5)

•! MIPDECOs generate 
huge search trees 

•! Each node is PDE-
constrained 
optimization 

Branch and Bound Tree for MIPDECO 

[Leyffer & Mahajan] 
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Extended 
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Navier-Stokes 

Euler We must respect the physics! 
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J. Schroder et al., XBRAID project 
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Solved in concurrently 
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Solved in concurrently Solved in concurrently Solved in concurrently Solved in concurrently 

Tf 0 

Heat equation, 2572x16,384 space-time grid  
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Example: Timing comparison on 100x100x100 7-point 
Laplacian stencil [E. Chow and A. Patel]  
Example: Timing comparison on 100x100x100 7-point 
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Data from M. Heroux, M. Hoemmen, K. Teranishi Data from M. Heroux, M. Hoemmen, K. Teranishi
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GMRES Convergence 
Deterministic Faulty SpMV’s in Inner Solves 

GMRES(500) 
GMRES(50), 10 restart cycles 
FT-GMRES(50,10)2 
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What is the right approach for stochastic or 
chaotic models? 
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History of LLNL ASC Computers 
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Transitions may be rapid, but continuity with the past is maintained 

History of LLNL ASC Computers 
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Punctuated Equilibrium:  
Long periods of slow 
change disrupted by short 
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We will not discard the 400+ year legacy of the scientific 
revolution and begin anew in only a decade  
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http://science.energy.gov/ascr/news-and-resources/program-documents 

http://science.energy.gov/ascr/news-and-resources/workshops-and-conferences/grand-challenges 
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•! White Papers 
•! Workshop presentations 
•! Background information 
https://collab.mcs.anl.gov/display/examath/Exascale+Mathematics+Home 




