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Message from the Department of Energy, Director, 
Office of Science and the National Nuclear Security 
Administration (NNSA) Deputy Administrator for 
Defense Programs 

The Joint Explanatory Statement of Managers that accompanied Public law 112-74, 
Consolidated Appropriations Act, 2012, reques'ts that the Department submit to the House and 
Senate Appropriations Committees a joint, integrated strategy and program plan for exascale 
computing: . 

The Department is directed to submit to the House and Senate Committees on 
Appropriations, not later than February 10,2012, ajoint, integrated strategy and 
program plan for the crosscutting effort to develop exascale computing that includes: 
-a target date for developing an operational exascale platform; 
-interim milestones toward reaching that target; 
-minimum requirements for an exascale system, including power consumption 
efficiency goals; 
-multi-year budget estimates for the exascale initiative and costs of meeting each 
interim milestone; 
-clear roles and responsibilities for each office involved in exascale research and 
development; and 
-a complete listing of exascale activities included in the fiscal year 2013 budget request 
broken out by program, project and activity with comparisons to the current year 's funding 
levels. 

In response to the request in the Joint Explanatory Statement of Managers this report is being 
provided to the following Members of Congress: 

• The Honorable Dianne Feinstein 
Chairman, Senate Subcommittee on Energy & Water Development, 
Committee on Appropriations 

• The Honorable Lamar Alexander 
Ranking Member, Senate Subcommittee on Energy & Water Development, 
Committee on Appropriations 

• The Honorable Rodney P. Frelinghuysen 
Chairman, House Subcommittee on Energy & Water Development, and Related Agencies, 
Committee on Appropriations 

• The Honorable Marcy Kaptur 
Ranking Member, House Subcommittee on Energy & Water Development and Related 
Agencies, Committee on Appropriations 
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If YOll have any questions or need additional infonnation, please contact Mr. Brad Crowell, DOE 
Otlice of Congressional and lntergovernmental Affairs, at (202) 586-5450, or 
Mr. Clarence Bishop, NNSA Office of External Affairs, at (202)586-8343. 

Sincer;'>,.."..; ""'--jr / 
,,' l/ // /7' 

j;;'V~ C.rf-.4L. __ .. _" ...... ~_.,_ . __ :::;:"" ~ 
Donald L. Cook 
Deputy Adn1inistrator 

for Defense Programs 
National Nuclear Security Administration 

Patricia M. Dehmer 
Acting Director, Office of Science 
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Executive Summary 
In response to the request in the Joint Explanatory Statement of Managers that accompanied 
Public Law 112-74, Consolidated Appropriations Act, 2012, the Department of Energy (DOE) is 
submitting this report to the appropriate Committees of the Senate and the House of 
Representative outlining the Department's plan for developing exascale computing capabilities. 
To address critical missions in Energy, the Environment, and Nuclear Security, the Department 
of Energy (DOE) in its 2011 Strategic Plan has set a goal to maintain "leadership in 
computational sciences and high-performance computing" with a targeted outcome to continue 
to develop and deploy high-performance computing hardware and software systems through 
exascale platforms. To accomplish these goals, DOE will draw upon the programmatic and 
technical strategies that have helped established the U.S. as the leader in innovative HPC systems 
over the past half-century. These strategies include: Research, Development, and Engineering 
(RD&E) to expedite the timely development of hardware, software, and mathematical 
technologies; the transition or redesign oftoday's science and engineering simulations and large
scale data analysis tools to take advantage of exascale technology; and the acquisition, 
deployment, and operation of the advanced computing systems on regular timetables and with 
predictable budgets. 

As noted in the Advanced Scientific Computing Research Advisory Committee (ASCAC)l 
report entitled "Synergistic Challenges in Data-Intensive Science and Exascale Computing" 
presented in March 2013, data-intensive science and advanced computing, both capacity and 
capability computing, are inextricably linked in both the scientific and security domains, 
requiring similar technical advances. Large scale simulations in areas such as combustion, 
climate, or astrophysics generate massive data sets that require significant computing capacity to 
analyze, and, at the same time, the data output of distributed sensors and experimental facilities 
can only be interpreted with large scale simulations and powerful data analysis tools. Thus, there 
is significant leverage in addressing the challenges of large scale simulations and large scale data 
analysis together. 

The focus of this plan is will be on the RD&E effort to deploy exascale computers that: 

• provide computational capabilities that are 50 to 100 times greater than today's systems 
at DOE's Leadership Computing Facilities; 

• have power requirements that are a factor of 10 below the 2010 industry projections for 
such systems which assumed incremental efficiency improvements; 

• execute simulations and data analysis applications that require advanced computing 
capabilities such as performing accurate full reactor core calculations, validating and 
improving combustion models for mixed combustion regimes with strong turbulence
chemistry interactions, designing enzymes for conversion of biomass, and incorporating 
more realistic decisions based on available energy sources into the energy grid; 

• provide the capacity and capability needed to analyze ever-growing data streams; and 

1 The Advanced Scientific Computing Advisory Committee operates under the provisions of the Federal Advisory 
Committee Act and provides advice to DOE's Office if Advanced Scientific Computing Research. 
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• advance the state-of -art hardware and software information security capabilities. 

This plan will be executed through the National Nuclear Security Administration (NNSA) and 
the Office of Science (SC). Responsibilities will be shared, taking advantage of the core 
capabilities of the partners. SC will focus on long lead-time research and development in 
enabling technology advances and advanced architectures and system software, and NNSA will 
have the primary responsibility for systems engineering. Collaborative teams comprised of a 
mix of DOE laboratories, small and large business, andlor universities, selected through peer 
review processes, will conduct research, development and engineering. Within the Federal 
government, DOE wi11 coordinate with other organizations who have historically made major 
investments in the development and deploYment ofHPC, such as the National Science 
Foundation, Department of Defense, the Defense Advanced Research Projects Agency 
(DARPA), and the Office of the Director of National Intelligence. 

The plan presented in this report covers the research and development required to achieve 
exascale computing early in the next decade, approximately 2022. 

Acquisition of systems beyond present-day petascale systems would be funded outside this 
RD&E effort, using the current approach, which invests approximately $180M to $200M 
annually to acquire and operate HPC systems within the NNSA Advanced Simulation and 
Computing (ASC) and Office of Science Advanced Scientific Computing Research (ASCR) 
programs. The NNSA contribution in this total is its outsourced corporate R&D for HPC, which 
is about $25 million annually. 

The U.S. is not alone in recognizing the importance or leadership in HPC and computational 
science. According to an International Data Corporation report titled "How Nations are 
Applying High-End Petascale Supercomputers for Innovation and Economic Advancement in 
2012", countries in Europe and Asia have significantly increased their investments in HPC 
because they recognize the link between HPC and future economic competitiveness. For 
example, in February 2012, the European Commission announced that it was doubling its 
investment in exasca1e computing from €630M to €1.2B (or the equivalent of from $820 million 
to $1.57 billion) with a target date of2020 for deployment. China invested $290M in the 
development of the recently announced 54 petaflop Tianhe-2 which is primarily composed of 
U.S. designed processors and co-processors plus a small number of Chinese developed 
processors. China has also announced plans, as has Japan, to develop an exascale resource by 
2020. 
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I. Legislative Language 
This report responds to the request in the Joint Explanatory Statement of Managers that 
accompanied Public law 112-74, Consolidated Appropriations Act, 2012, which provides: 

II The Department is directed 10 submit to the House and Senate Committees on Appropriations, 
not later than February 10, 2012, a joint, integrated strategy and program plan for the 
crosscutting effort to develop exascale computing that includes: 

• a target date for developing an operational exascale platform (Section II); 

• interim milestones toward reaching that target (Section VII) " 

• minimum requirements for an exascale system, including power consumption efficiency 
goals (Section IV),' 

• multi-year budget estimates for the exascale initiative and costs of meeting each interim 
milestone (Section VII),' 

• clear roles and responsibilities for each office involved in exascale research and 
development (Section VIII) " and 

• a complete listing of exascale activities included in the fiscal year 2013 budget request 
broken out by program, project and activity with comparisons to the current year's 
funding levels (Section XI). " 

II. Introduction 
The 2011 report of the National Research Council entitled; The Future of Computing 
Performance, Game Over or Next Level? presents a powerful message in support of HPC: 
"Virtually every sector of society-manufacturing, financial services, education, science, 
government, the military, entertainment, and so on-has become dependent on continued growth 
in computing perfonnance to drive industrial productivity, increase efficiency, and enable 
innovation." The report found that "[t]he growth in the performance of computing systems will 
become limited by power consumption within a decade." And the report concluded, "[t]here are 
opportunities for major changes in system architectures, and extensive investment in whole
system research is needed to lay the foundation of the computing environment for the next 
generation." The goal of DOE's Exascale Research, Development and Engineering (RD&E) 
activities is to develop balanced exascale computers that are 50 to 100 times more 
computationally powerful than today's computers, such as those found in DOE's Leadership 
Computing facilities, with a power envelope that is a factor of 10 below the 2010 industry 
projections for such systems. 

Why Pursue Exascale? 
High-performance computing is a critical technology for the U.S. and is used by all branches of 
science, engineering, and national defense. Its availability is a pacing item for much of science, 
national defense, and for technological developments on the horizon. The nation that succeeds in 
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leading in bigh-perfonnance computing and large-scale data analysis for the long tenn will have 
a competitive advantage in a wide array of sectors, including basic science, national defense, 
advanced manufacturing, energy, health care, space, transportation, education, and infonnation 
technology. Exascale (i.e., order of 10 18 operations per second and order of 1018 bytes of 
storage) is the next stage of development in supercomputing, extending capability beyond 
today's petascale computers, to address the next generation of scientific, engineering, and large
data problems. This will include increases in computational capacity, memory capacity, and data 
storage. Measured against today's most advance multi-petascale computers, which deliver 10-20 
PetaFlops (PF), exascale represents a 50- to 1 DO-fold increase in computational power. 

The plan presented in this report covers the research and development required to achieve 
exascale computing by early in the next decade, approximately 2022. This includes support for 
design activities in support of technologies needed for exascale computing, as well as 
engineering associated for integration of those technologies in exascale computers. Acquisition 
of computers beyond present-day petascale systems leading to exascale would be funded 
separately from what is presented in this plan, using the current planning and budgeting approach 
of acquiring systems at intennediate stages of performance to meet increasing demands 
culminating in exascale (e.g., 100 PF, 250 PF, 500 PF intermediate stages). The plan also calls 
for some investment in state-of-the-art next-generation technologies for which the payoff would 
be high but the risk is too great to be borne by industry. 

The Relationship between Exascale and Large Data 
As noted in the Advanced Scientific Computing Research Advisory Committee (ASCAC) report 
entitled "Synergistic Challenges in Data-Intensive Science and Exascale Computing" presented 
in March 2013, large data and exascale computing are inextricably linked. Exascale processing 
is expected to be essential for handling datasets envisioned in the future. DOE scientific 
experiments, for example the particle-physics experiments DOE conducts at the Large Hadron 
Collider, produce some of the largest datasets in use today. Similarly, large-scale climate and 
engineering simulations produce many petabytes of output today and are projected to grow to 
exabyte scale as computational resolution is increased in the future. Manipulation of these 
datasets will require exascale processing capacity. As currently planned, DOE exascale 
computers will be designed to process the very large datasets derived from anticipated 
computational, experimental, and observational sources. Although DOE research focuses on 
numerical simulations and analyses based on floating-point numbers, DOE is aware of and works 
with other u.S. Government organizations whose computational foci are based on non-floating
point computations. 

The Role of DOE 
The DOE National Laboratories are recognized worldwide as leaders in the development and use 
of advanced computational tools. Since the 1950s DOE and its predecessor-agency, the national 
laboratories have been at the forefront of advanced computing, including development of the 
most advanced systems software and math libraries, as well as using these tools to address basic 
science, national defense, and engineering challenges. Examples include development of 
computational fluid dynamics. particularly in the area of computational hydrodynamics and shock 
physics, development of the Message Passing Interface (MPI) standard that is used by over 90 
percent of the computers on the Top 500 lists, nuclear weapons development, first-principles and 
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semi-empirical calculations of the properties of materials, simulation of complex nuclear energy 
systems, and climate simulation. 

Historically, the National Science Foundation (NSF) and the Defense Advanced Research 
Projects Agency (DARPA) have been major players in HPC, and DOE has collaborated 
effectively with them. In fact, the Edison machine recently introduced at Lawrence Berkeley 
National Laboratory incorporates technology resulting from DARPA investment in high 
productivity computing systems. DOE will continue to partner with NSF and DARPA in 
developing exascale systems. DOE is aware of and is engaged with the other major national
security users of HPC. 

Motivation for Exascale Investments 
Today the U. S. is the undisputed leader in the development of high-performance computing 
technologies, both hardware and software. In November 2012, the Department's Titan 
supercomputer at Oak Ridge National Laboratory topped the list of the world's most powerful 
supercomputers, with positions two and four occupied by the Sequoia computer at Lawrence 
Livermore National Laboratory and the Mira computer at Argonne National Laboratory, 
respectively. But other countries are also investing in high performance computing. In May 
2013, China announced that it had deployed Milkyway-2, a 54 PF system based on Intel 
processors and co-processors connected with a proprietary Chinese interconnect. As in the case 
of China, other nations are increasingly aware of the strategic importance ofHPC and are 
making substantial, sustained investment in high-performance computing research programs and 
systems deployments. In addition to China, Japan and Europe have announced plans to reach 
exascale capability by the end of the current decade. China is embarking on a plan to build more 
than a dozen supercomputing centers; Japan is planning a next-generation supercomputing 
project with an estimated budget of 110 trillion yen (-$IB); and Europe has established the 
Partnership for Advanced Computing in Europe to advance high-performance computing and to 
reestablish an HPC industry in Europe. Presently, our international competitors rely primarily on 
American software and hardware technology to create these machines. But increasingly, other 
nations are developing the expertise and technology to build supercomputers. 

How DOE Developed this Plan 
To better understand HPC needs for the future, DOE held ten discipline-oriented workshops [1]
[10] during the past few years to determine the scientific and engineering opportunities and 
priorities for HPC for this decade and beyond. These workshops brought together more than 
1,250 scientists and engineers from the U.S. and abroad to discuss the computational challenges 
in their respective fields, to identify important questions that might be addressed through 
advances in computation, and to determine the performance requirements needed for those 
advancements. The workshops led to identification of pressing questions and important 
problems that will require exascale computing capability to solve. Examples include: 

• using of first-principles and advanced semi-empirical methods to design new materials; 
• improving understanding and prediction of materials defects, aging, and complex 

interface morphology by conducting calculations that include the details of excited state 
phenomena, exciton relaxation, recombination and transport, with application to energy 
technologies and advanced manufacturing; 
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• developing the fundamental understanding needed to design new multifunctional 
catalysts with unprecedented control over the transformation of complex feedstocks into 
useful, clean energy sources and high-value products, by perfonning simulations with 
large-scale, high-throughput methods that include statistical-mechanical sampling and 
calculation of free energies; 

• building high-resolution cosmological simulations to advance the understanding of dark 
matter and dark energy complementing plans for building next-generation observational 
tools; 

• improving simulations of combustion systems to increase fuel efficiency by 25-50 
percent and lower emissions, using advanced fuels and new, low-temperature combustion 
concepts; 

• developing end-to-end simulations of advanced nuclear-fission reactors that are modular, 
safe and affordable; 

• developing predictive understanding of plasma properties, dynamics, and interactions 
with surrounding materials, to effectively model and control the flow of plasma and 
energy in fusion reactors; 

• extending climate models to include more-complete atmospheric chemistry and microbial 
processes; 

• increasing the resolution of climate models to provide detailed regional impacts; and 
• modeling controls for an electric grid that has 30 percent renewable generation. 

All of these challenges will require exascale computational capability [1]-[10], [14]. 

Achieving Exascale Is a Difficult Challenge 
Achieving exascale within a decade is a difficult challenge that will require focused effort by the 
U.S. Government, its National Laboratories, and U.S. industries. The challenges include the 
need for significant changes both in the underlying hardware architecture of these computers and 
the many layers of software required to use them. To address these challenges, researchers must 
work together to design and develop the needed architectures, storage, operating systems, 
languages, libraries, and application software. Through the recent workshops, advisory 
committee studies, and earlier studies by other federal agencies, the following major hurdles 
have been documented that must be overcome to achieve the goal of reaching exascale 
performance by the end of the decade: 

• Reducing power requirements. Science and engineering applications require relatively 
large amounts of memory per core, and data movement will soon dominate the energy 
budget. Based on current technology, scaling today's systems to an exaflop level would 
consume more than a gigawatt of power, roughly half the output of Hoover Dam. 
Reducing the power requirement by a factor of at least 10 below the 2010 industry 
projections for such machines is a challenge for future hardware and software 
technologies. 

• Maintaining balanced systems. Memory density is doubling every three years compared 
to processor logic which doubles every two years. It takes about ten times more energy 
to bring two numbers from memory into the processor than it does to perform the 
subsequent arithmetic operation. By 2020 this ratio is expected to reach 50 times, 
making calculations inexpensive compared to data movement. 
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• Coping with run-time errors. Today's systems have approximately 500,000 processing 
elements. By 2020, due to design and power constraints, the clock frequency is unlikely 
to change, which means that an exascale system will have approximately one billion 
processing elements. An immediate consequence is that the frequency of errors will 
increase (possibly by a factor of 1,000), while timely identification and correction of 
errors will become much more difficult. 

• Exploiting massive parallelism. Mathematical models, numerical methods, and software 
implementations will all need new conceptual and programming paradigms to make 
effective use of the unprecedented levels of concurrency that will be present in exascale 
systems. 

Overcoming these hurdles will also beneficially impact petascale computing. For ,example, 
improved energy efficiency and better software solutions for resilience, developed as part of 
research toward exascale, will improve the affordability and adoption of petascale computers and 
tools, which are expected to have significant impact on the broader research community, as well 
as u.s. industry, by enabling petascale access at the research group or departmental level. 

Approach for Achieving Exascale 
Historically, the u.s. HPC industry has been capable of delivering new frontier-level systems 
every four to five years. Exascale capabilities will require more than incremental improvements 
to current technologies. DOE's approach will be to use the focused efforts of a complex and 
interwoven "ecosystem" that brings together industry, national laboratories, and universities. 
Already, with a goal of delivering new algorithms that will be "exascale ready," DOE and its 
Laboratories are collaborating with universities and computer vendors in "co-design" teams that 
bring together computer scientists, mathematicians, and science-domain experts. Early 
experience shows that exascale development will require increasing communication and 
continued refinement of ideas among a larger group of stakeholders than in the past. In addition, 
DOE is working with existing applications communities to guide their near-term decisions about 
rewriting codes so that their work can transition smoothly to exascale systems. 

In summary, exascale computing represents a technological goal for the United States. 
Currently, however, industry is seeing the slowing of the rate of increase in clock speeds and 
reliance on increased number of processors per chip in the HPC industry. This offers a unique 
opportunity to simultaneously advance both the design of next-generation systems and the 
software necessary to use the systems. The development and use of these powerful, world-class 
computational tools will help solve today's scientific problems listed above and will lead to 
critical and unanticipated discoveries in science, energy assurance, and national and cyber 
security. In addition, this next generation of computing resources will help enable a spectrum of 
new capabilities ranging from terascale desktop systems and petascale departmental servers to 
exascale supercomputers - powerful tools for science and engineering discovery on a wide scale. 
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III. Background 

DOE's pctascale computing c(1pability over the 
past dccade was achleved by bllildiug large 
clusters of computing nodes from commodity 
crus and memory parts and tying these nodes 
together wit.h specialized, high-pcdonnance 
interconnect networks. Computing system 
vendors (bilowed different architectural paths 
but most ofthese were evolutionary and heavilv 

'" " dependeDt on pertomlmlce improvements duc to 

lVlatel'iais 

.increuses in tnmsistor densil.y tlnd higher clock 
rates. Many software advances were required t.o 
achieve the syst.cm scalability needed to snpporl 
ilpplication rcqnirements but these \.vcre 
developed over more than a decade ofstabk 
hardware trends. 

.... :.: ::':: ~«.~~::::::<:::.>::::- .. : ::,.:.:::::: 

Clem~ ~l1e.t<>y tec-hn:olooies ..• : .:>: •.•.. 

Exascale computing will be fundnmclltally 
different due lo technology limitations . 
Althollgh trunsistor sizcs continue to deCretlSC, 
power issue$ have eliminated meaningful 
lncreases in clock rates, and vendors havc turned 
to -increasing on-chip parallel ism to increase 
performance, going from dll~lI-core central 
processing units, to as many as 24-coreli. In 
<lddition, the powcr requirements of current. 
architectlll'cs, when extrapolated to exascale 
systems, would be unacceptabJy high .. .. ·-in the 
range of I OOs of m.egawatts pCI' system. Because 
science and engineering applications require 
relatively large amounts ofmetnory per core and 
because data movement soon will dominate the 
energy budget, moving to exascale will require 
addressing the memory and data movement 
issues. To tiwilitate this, DOE is pursuing 
partnership with the research community, 
including U.S. industries. .In so doing, the DOE 
Research, Development and Engineering 
(RD&E) creates a feedback loop whereby 
industry is int(),mlCd of the application needs and 
the applications are made aware of proposed 

~.. . _ .... ':..1~ '. :', " '::-.::--::,:.:':',': 
from U{~'W matc.dals,-,~pnbj~ ')/ 
produc.hlg and : .. tur.ingluuth ' .. 
~t'nl(mnts of (~ll{~rgy perullit . t·, 
.dlo\yillg n~pid tharging a:ndtdc,ftsc : . 
uf enc:~"t\' ~uifl that can he ~,. . 

dlm'4)ed/dischM~1cd tHmdn~ds of h . ~ . .... . 

.. : fl~!}l~~fl:lH.h tiru(?:!.;. 

iil<'iteriais 
.. fikc!~; teqldrc 

. • .... :: o(iightly-coupJe.d 
:{:~:?::,·r> :.: ,c·L ··.:\dil¢s nmlw~!n-

architectures and operating changes. This effort ellsur~s that critical DOE applicati.ons \\'ill meet 
the needed pert(mnance levels on commercial exascalc hurdv.'urc. 

- --_._._ .. ............... -------------------------- -----
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IV . . Exascale System Target 
From 2008-20 I 0, DOE hosted ten workshops, attended by nhWC than 1,250 technical experts. ttl 
identify critical scientific, national security, cyber security, datu-intensive and energy-related 
grand challengcs and to assess the need for multi-pelat1op up to exascale modeling and 
sinrulation over the next decade. As a result of these workshops and vendor technology surveys, 
DOE developed and refined system characterist.ics, presented in Tab le 1, that' define targets t()r a 
successfu l outcomc [9]. These system characteristics recognize that, as we progress toward 
exascalc, moving data will require more energy thnn the calculations performed. They also 
recognize the characteristics and requirements of data analylics and mining appjications [18]. 

~ [" . ' --_· __ ·_-·· .. ·-r-.... ··········,···· ...... ········· ········· ......... . 

I
~~~ys. I:CIll ·.p~~·;i~· ········ · r · ···· ······ ·· ·i{·i·~·2;1·i;{:: ··· ··· · ······ 'r·· · ·,'·,';:;·ijii ·j;f"CL1N'i;;\'EK)·,;,w 

performallce 1 : 
··· .. s·;:~~~·;~~·· ~~;~~;~;:······ ·r · ···· ··· -········.~·~9·~,i·\\:: · · ·· ············T·· '·····--·· -----~-2o";~·1\\::·· ·w ''''''.''' ... 
.... '''.-.......... ~~-........ '''~.;------,,----. 

Systcm memory I 0.7 ··· 1.6PB . ::: 64 PH 
S to ,'age ---·~r-'· · · ····· ·· .. i· o·~· ·i ·5··i;·ii ··· · ······· · .. ·j··········· .. 5(;·;)··~···ii·i(i·;)·'i~'i~············ 

······:~~·~·!~~~~·;~ ~~· ···· ···I · ·············" 'O : 3·· :1:B·,:;~···"'·"' .. ,w· .. ·T·'-""'-' .... 6'o 'rB~""~ 
·~ .. -··-"::·~· ·: · · ····· ········· ·· ··· .. ·I········· .. ····················· ···········.··· .. ···1·················· ········ ·· ····· .. ··········· .... ·.w 

l Tim~To ! 
Ml [I (i\lca/l I > I wCl:'k ! ·- 1 day 

! ...... ~.~l.~~.~~:.t.~.I.~~.~~~,I.? ........ .................................................. ..1. ............................................. .. ... " .. 
Tallie l. Exasc.alc TargNs compared (0 DOE's Current lIPC systems 

The historical trend il1 raw perl<.mnam:e il11prove111ent~ suggests that an cxascalc system could be 
built by 2020. Ho,\,cver. vendor technology surveys indicate that, 011 the current technology 
trajectory, the resul ting system would require more than 200 megawatts of power at an estimated 
cost ofS200-JOOM per year, would have an extremely high J:~ilurc rate und limited memory per 
processor, and wou1d be difficult t.o program. Conseqm~Jltly, DOE has detcnnincd that off-thc
shelf HPC solutions available for DOE applications identified in the workshop rep<.lrts [1-lOJ are 
not expected to exist by the 2022 t.inwframe without fedcral investment. 

2 The UNPACK Ikn.<:.hmark is a measure or a computcr's Jlo(l[ing-poim rate of c.xcc lilion , II is delcfmined by 
running a compl1ter progrmn that solve:> a dense system or lim~m- ~ql!ati()ns. 
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v. Technical Challenges 
The DOE workshop series and studies by other federal research agencies have identified 
significant technical challenges associated with the development of exascale systems. Key 
challenges are summarized below and additional details may be found in the References. 

• Energy Challenge: Achieve energy efficiencies so that, when run at the desired 
computational rates, the entire system will operate within acceptable power budgets. 
Achieving the required energy efficiency results in crosscutting challenges for DOE exascale 
systems because most of the hardware and software components need to be changed 
dramatically. 

• Parallelism Challenge: Provide the application developers with programming models that 
allow the development of optimally performing, energy efficient applications and isolates the 
developer from the "burden" of unprecedented parallelism. The system must be designed to 
provide efficient exploitation ofthis extreme level of concurrency, particularly in terms of 
applications programs, 

• Resilience Challenge: Achieve system-level resilience to both permanent and transient faults 
and failures so that an application can "work through" these problems. 

• Memory and Storage Challenge: Develop memory and storage architectures that are 
energy efficient and provide high capacity, and access information at high rates, that support 
DOE applications at the desired computational rate, and still be within an acceptable power 
envelope. 

In addition, DOE recognizes the need for cyber security, including addressing supply-chain 
issues with critical components such as memory, as a design consideration in future 
architectures. Investments in maintaining U.S. scientific leadership can be compromised when 
innovations are stolen. Architectures designed to protect the information being simulated can 
offer a level of protection not previously afforded to scientific calculations. 
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VI. Approach and Strategy 
To address the exascale challenge, DOE began an RD&E effort consisting of the following three 
activities: 

• Hardware and software technology research and development, 

• System integration research, development and engineering 

• Exascale co-design 

• "Blue skies" research to de-risk technologies for incorporation in future systems 

Although achieving exascale computing will be more difficult to achieve than petascale, the 
barriers can be overcome by adapting and augmenting the strategies used in the past to develop 
previous generations of supercomputers. The historical approaches have included 
vendorllaboratory partnerships, development of prototype systems, testbeds, and intermediate 
acquisitions. However, due to the complexity of exascale, these past proven approaches will 
need to be augmented with new efforts like co-design and R&D investments that harness the 
broad research communities to focus on "blue sky" technologies in order to systematically de
risk exascale development and deployment. This approach is expected to enable. the iterative 
refinement of architecture and application designs needed to develop exascale systems. 

We will collaborate with other federal agencies, as needed, to reduce costs/ risks or increase 
. capabilities. In addition, the RD&E effort will be closely coordinated with SC and NNSA 

system acquisitions and on-going and future application development efforts that are part of each 
partner's core programs and are not included in ~his plan. 

Hardware and Software Technology Research and Development 

Hardware PathForward: This activity will support crosscutting critical technology research 
projects in industry, laboratories, and academia aimed at early stage technology development to 
reduce the technical risks associated with exascale technologies that will meet DOE mission 
application needs. These technologies include the processor, its memory subsystem, network 
interfaces, and the interconnection network. Software components specific to these hardware 
technologies, such as compilers or operating systems for the specific processors, will also be 
developed. The hardware research teams will work closely with the exascale System Iritegration, 
Co-Design and Software Technology projects as appropriate. 

Software Technology: To achieve the full potential of exascale computing, a software stack must 
be developed that includes new programming models and metrics for evaluating system status 
with a focus on new and revised implementations of applications. The scope of the software 
effort will span the spectrum of operating systems, runtimes for scheduling, memory 
management, file systems, and performance monitoring. Also included are power management, 
resilience, computational libraries, compilers, programming models and application frameworks. 
The software technology program will not focus solely on exascale systems. Scalability, 
programmability, resilience, and code portability must be enabled to have the greatest impact on 
HPC systems at any scale. 
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System Integration Research, Development and Engineering 

Processor vendors make substantial investments in well-defined technology paths. For HPC, 
they rely on partnerships and collaborations with system integrators and application developers 
to achieve the full potential of their technologies. As a result, HPC system integrators have 
significant experience in managing multiple partners on complex projects. The strength and 
depth of these partnerships will be critical to meeting exascale challenges. DOE will work with 
experienced processor vendors and the broader research community to develop system designs 
and ultimately prototypes suitable for an exascale class platform. 

In this research and development effort, there will be two phases: System Design Phase followed 
by a Prototype Build Phase. NNSA and SC will select teams using a competitive, merit
reviewed process, to develop system designs suitable for an exascale-class platform. The System 
Design Phase will incorporate risk reduction technologies and strategies that are defined in the 
"Blue Sky" R&D activities. In the Prototype Build Phase, teams will complete the system 
development and engineering effort required to deliver an exascale computer. Deliverables for 
this phase include testbeds, prototype components, and software subsystems suitable for test and 
evaluation. Annual progress reviews will determine suitability for continued investments and 
additional teams may be added, if needed, to mitigate risk. At the conclusion of the system
design phase, an experimental node environment will be delivered. The experimental node 
environment will be a combination of simulators, emulators, interconnects, and hardware in a 
framework that allows the evaluation of the exascale design and that permits evaluation of 
application and software development efforts. At the end of the prototype build phase, 
prototypes of exascale systems will be delivered to DOE for further evaluation. 

Exascale Co-Design 

Given the well-understood challenges of achieving exascale computing, it is imperative that the 
application code developers recognize the trends and opportunities of emerging architectures, 
and, at the same time, platform providers gain deeper understanding of the intended uses of the 
computers. Consequently, DOE has committed early investments in the co-design of exascale 
computing technologies to ensure that future architectures are well suited for DOE's target 
applications and that key DOE scientific codes can take advantage of the emerging computer 
architectures. Through DOE investments, major computational science R&D centers are 
conducting exploratory research to co-design hardware and architecture, software stacks, 
numerical methods and algorithms for a set of DOE mission-relevant applications, to determine 
technical tradeoffs in the design of exascale hardware, system software, and application codes. 
The Exascale Co-Design Centers will provide exascale technology developers with a small 
number of application benchmarks that can be used to drive and refine their efforts. 

Funded co-design activities will include research in advanced computational methods for 
scientific applications and integrated application-hardware-software co-design. These activities 
are intended to enable the transition of applications to future systems and to inform and influence 
platform technologies and software environments during development. 
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DOE and NNSA have extensive experience in managing and supporting the HPC R&D 
programs needed for mission-relevant computing activities and for fielding the most powerful 
HPC systems. Mission requirements in these two organizations have dictated that they pursue 
HPC at scales beyond petaflops. Consequently, both DOE and NNSA have, in the last few 
years, included in their core research programs activities relevant to exascale. Work 
accomplished to date will allow the Department to more quickly begin the RD&E plan described 
in this report. 

Early Activities 
There are open and continual discussions on program management between the SC Advanced 
Scientific Computing Research (ASCR) program and the NNSA Advanced Computing and 
Simulation program. Researchers supported by the two programs are convened annually in a 
joint principal investigators meeting to discuss technical results and to plan and coordinate future 
joint R&D activities. The following describes existing efforts within ASCR and ASC, including 
the jointly funded Fast Forward and Design Forward activities. 

ASCR Activities 
In addition to the three co-design centers that ASCR began funding in 20 I 0, ASCR also 
began funding research to address the demands of computing beyond petascale with the 
launch of three major Computer Science solicitations - Advanced Architectures and 
Critical Technologies for Exascale Computing, X-Stack Software Research, and 
Scientific Data Management and Analysis at Extreme Scale. 

During FY 2013, ASCR released solicitations to perform design space exploration for 
exascale systems. ASCR has funded additional projects in the areas of X-Stack Software. 
Programming models, languages, and related technologies that have sustained. HPC 
application software development for the past decade are inadequate for exascale era 
computers. The significant increase in complexity of exascale platforms due to energy
constrained, increased parallelism, with major changes to processor and memory 
architecture, requires new energy-efficient and resilient programming techniques that are 
portable across multiple future machine generations. Also during FY 2013, ASCR 
funded two projects in the area of Extreme Scale Operating Systems to perform 
fundamental research that will result in radically new operating systems and runtime 
software that can coordinate dynamically adaptive services distributed across mUltiple 
layers of software components. 

ASC Activities 
In March 2011, ASC, with participation from ASCR program's key principal 
investigators, initiated a dialogue with the external community on comprehensive 
research and development challenges as both programs move beyond petascale to new 
exascale models of computing. Technical areas discussed included applications, solvers, 
algorithms, libraries, programming models, hardware architecture, system software, tools, 
VO, networking, storage, visualization and data analysis. 

Early in FY 2012, ASC in collaboration with ASCR concluded negotiations with the only 
remaining U.S. memory manufacturer, Micron Technology, to begin work on 
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technologies in preparation for driving down power consumption and increasing the 
functionality needed for future HPC systems. 

During FY 2012, ASC initiated a classified National Security Applications Exascale Co
Design Project (NSApp CDP) to focus on the most-effective use of exascale platfonns 
for Ases integrated multi-physics nuclear weapons simulation codes. The ASC Co
Design Project will partner closely with the ASCR Co-Design Centers to ensure that 
crosscutting algorithms and technologies are explored collaboratively to avoid potential 
duplication of effort and to ensure the needs of mission-specific applications are met. 

ASC will also reach out to U.S. universities and the next-generation of computational and 
computer scientists via its follow-on Predictive Science Academic Alliance Program. 
The program will require the funded universities to develop and demonstrate predictive 
science technologies and methodologies, to be enabled by exascale computing, in the 
context of science or engineering applications that are of interest to NNSA. 

Fast Forward 
The objective of the Fast Forward activity is to initiate partnerships with mUltiple U.S. 
companies and the research community to accelerate the R&D of critical component 
technologies needed for extreme-scale computing. This public-private partnership 
between industry and the DOE Office of Science and NNSA supports the development of 
technology that address exascale challenges - power, memory, concurrency and 
resiliency - to constructing exascale systems. The selected technologies have the 
potential to impact low-power embedded, cloud/datacenter, and mid-range HPC 
applications, thus ensuring that DOE/NNSA investment furthers a sustainable 
softwarelhardware ecosystem across the HPC market and the broader U.S. IT industry. 

Design Forward 
ASCR and ASC have identified two areas of strategic R&D investment that are important 
to future extreme-scale applications: 

• System Integration 

• Interconnect technology 

These R&D activities have been pursued through a program called Design Forward. The 
objective of the Design Forward program is to initiate partnerships with multiple U.S. 
companies to accelerate the R&D of critical technologies needed for extreme-scale 
computing. SC and NNSA recognize that the commercial computing market will likely 
drive innovation in directions that may not meet DOE's mission needs. Many DOE 
applications place extreme requirements on computations, data movement, and reliability. 
Design Forward seeks to fund innovative new and/or accelerated R&D of exascale
relevant technologies targeted for productization in the 5-10 year timeframe. 

In summary, ASCR is investing $54.9 million in exascale in FY 2013 broken out as follows: 
Applied Mathematics, $5 million; Computer Science, $12.58 million; Computational 
Partnerships (co-design), $16 million; and through Research and Evaluation Partnerships: Fast 
Forward, $20 million; Design Forward, $4 million. 
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In FY 2013, ASC is spending approximately $6.5 millon on some activities that are relevant to 
advancing HPC toward exascale, and these are co-design at $2.5 million and Design Forward for 
$4 million. 
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VII. Major Deliverables, Milestones and Budget 

The RD&E effort must address significant technological uncertainties and a continual need to 
incorporate research results into the design process. Many concepts from project management 
provide useful tools for understanding and tracking efforts in this research and development 
project. 

In July 2011, at the request of DOE, Argonne National Laboratory issued a Request for 
Infonnation (RFI) for input from the computing industry on hardware and software technologies 
needed to produce exascale computer systems by 2022 The RFI covered crosscutting 
technologies with potential application to multiple exascale systems and also technologies aimed 
at specific exascale computer designs. RFI respondents consistently estimated that the R&D 
needed to produce an exascale system would fall in the range of $1 ,000 million to $1,400 million 
per system, as cost to DOE and with considerable cost-share contribution from the vendors. 
These estimates reflect the extensive technological, design, and production experience of the RFI 
respondents, but in every case leave some software components to the supporting software eco
system to resolve. 

Due to current and likely ongoing budget constraints and an evolving understanding of industry 
status and agency needs, DOE is continuil)g the process of identifying the technical milestones 
and associated costs for achieving exascale. 

Risks 
As in all programs of this scope and scale, some technical risk is inevitable. The general 
approach to managing technical risk is 

• to identify areas where research is needed and support multiple approaches in those areas, 
• to maintain deep technical understanding of the coupling between the exascale system 

targets and the integrated perfonnance of scientific and engineering codes on the system, 
and 

• to exercise active program management, including frequent milestone reviews of 
tradeoffs being made, to select alternate pathways when appropriate. 

VIII. Program Management 
The DOE Exascale activity will be managed under the Memorandum of Understanding (MOU) 
established in Apri12011 between the Office of Science and the NNSA Office of Defense 
Programs for coordination of Exascale activities. Under this MOU, the responsibility for the 
overall program is shared by the DOE Under Secretary for Science and the Administrator of the 
NNSA. 

To achieve the goals of the MOU, a DOE Exascale Coordination Board (ECB) will be 
established. This board will be led by the Director ofNNSNASC and the Associate Director of 
SCI ASCR to ensure accountability of the federal funds used, to clarify lines of authority and 
reporting, and to leverage existing infrastructure. 
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Budget authority lor the Exasc<lle RD&E effortS will wntinue to reside in the respective ASCR 
und ASC program 

Within DOE, responsibilities for cxnscale 
activities will be parsed to take advantage ofthe 
core capabilities of the partners (Fib'Ure I). 
NNSAfASC will have the primary responsibility 
for system$ engineering while SCI ASCR will 
focus on long lead-time researc.h and development 
in advanced arc11itectl.lres and system software. In 
addition, SC will "lead the un<.:lassi tied co~design 

activities and NNSA \vill lcad classified activities. 
With this tightly integrated approach, project 
success builds upon the strengths of the partners. 

Additio.nallya Memorandum of Understanding 
was previously established to ddine the 
atu-eemcnt among the Department of Defense., 
Defense Advanced Research Proj eds Agency F:~Wl' 1: ASUI ,::,,; AS( ;1 ;: S I")$I~.~"Ii!I;: " 

(DARPA), DOE 0f11c(;: ofS(;ience and the DOE National Nuclear Security Administration 
regarding the coordination of high pcrtbn nanc(;: compuiing ac.tivitles in the two organizations. 
'111C MOU, si.gned in July 2003, built upon existing cooperation among the four organizations to 
hlcilitate maximum impact 011 each Department's investments ill this area. Currently, this MOU 
is being updated to indude a broader spectrum of aClivities cmd extreme scale compuling 
challenges. 

-------_ ....... ......................... _---_. -----_ ..................................... _ .. __ ......... . 
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IX. External Dependencies - Systems Acquisitions and 
Mission Applications Development 
Successful execution of the exascale RD&E plan described in the previous sections will be 
dependent on continued progress in system acquisitions, file system efforts and mission 
application development, which will continue to be funded outside this RD&E effort in the 
NNSAI ASC and SCI ASCR core programs. 

System Acquisitions 

Platform acquisitions and operations will be funded through the NNSAI ASC and SCI ASCR 
platform and facility budgets. Based on historic trends, the total annual expenditures for high 
performance computing systems acquisitions across the NNSAIASC and SC/ASCR programs are 
between $180 million and $200 million per year. 

Mission Application Development 

NNSAIASC and SC/ASCR co-design efforts have been selected to broadly impact DOE mission 
applications. However, each mission area will continue to have its own unique challenges that 
must be addressed to fully utilize the exascale resources. The development of new algorithms 
and scientific simulations applications will continue to be funded through ASCR's Scientific 
Discovery through Advanced Computing (SciDAC) and the ASC Integrated Codes programs. 
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XI. Conclusion 
Increased performance of exascale computers will have profound impacts across DOE missions 
in energy, the environment, and nuclear security as identified in the Introduction. Access to 
exascale computers will provide researchers and engineers a greater understanding of 
interactions between components in complex systems, such as the electrical power grid; the 
multi-physics of complicated systems, such as materials under extreme conditions; massive 
amounts of data generated either through simulations, observations, or experiments; extremely 
large- or small-scale interactions, and extremely fast- or slowly evolving phenomena; and the 
degree of uncertainty in models used in predicative simulations. 

Large data and advanced computing are inextricably linked in both the scientific and security 
domains, requiring similar technical advances. Thus, there is significant leverage in addressing 
the challenges of large-scale simulations and large-scale data analysis together. However, 
achieving exascale computing will require a fundamental rethinking ofthe way applications use 
processors and memory, whether to produce simulations or process large data sets. Both 
application types are dependent on similar underlying technologies, will require new 
programming methods to succeed, and, therefore, are ripe for leverage in addressing the 
challenges of large-scale simulations and data analysis. 

The challenges inherent in, and opportunities afforded by, the technology transitions to exascale 
motivate much of the RD&E proposed in this plan, and will lead the community to develop and 
adopt new programming and analytical methods, because current state-of-the-art practices will 
not adapt to exascale. Advances from these DOE-driven innovations extend beyond the extreme 
simulations performed at our National Laboratories and security complexes and are expected to 
benefit applications running on systems ranging from laptops to the largest server farms with the 
potential to dramatically lower the power consumption of data centers across the U.S. 
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