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Why go beyond exascale?

Sustained energy, national defense and economic security
US leadership in energy, defense and economic technology

Fed Budget risk:
>28% and growing
Disease: Alzheimer’s,

Cancer, Coronary
Heart & Stroke kills

HH
>1.5M per year
yearly: ~600K cancer
deaths; ~1.7M new
cancers

Healthcare &
Health-Span

Population
displacement

Food shortage
Rising oceans
More sever weather
Global economic

crises

CE
Climate &
Environmental
Science

Energy
Security &
Independence

Cost & manufacturing
Nuclear material
proliferation proof
Meeting climate

integrated
data, analytics)
modeling &

simulation

| ll.‘.\ré‘f‘!’

HPC SystemS

goals
Meeting clean energy
goals

NS s, National
Security
—nuclear &
smart, complex
weapon life-cycle
stewardship—

Manufacturing
Treaties , agreements,
& others’ weapons
Proliferation

Designers & workforce
Life cycle & annual
certification
Acquisition

Budget & deleverage

ES

Aging demographic
Manufacturing jobs
Sustainable growth

Economic Transportation
Security Energy & water
—cities, urban Infrastructure
science, Public safety
manufacturing—

| DS

Discovery
Science

Materials science,
physics, & chemistry
Solid state physics
High energy physics
Nuclear & fusion

National security
Biology & health
Climate &
environmental




ES-mfg. -- The necessary synergy of computing and M&S to
enable USA as “the” advanced manufacturing juggernaut

Sustained U.S.

Creating “Print” Integrated
mfg. focus Mfg. Industry Decision Support l\l;c;;v ?;23;‘:; —>
FuIIy-automated
024 Mission-Specific
yottascale Systems & Devices
* automated shape and
topology optimization
02" Qualified *in s;'tu monitoring and y
. real-time optimization o
zettascale Integrated Devices process parameters based
* hybrid materials on integrated physics and
B * physics-based shape and  mqchine learning
. Born Qualified fopology optimization of «fully hybrid materia(s
1s AL LEEEs Combonents integrated device * Fully robotic & mobile
10 R acaia p « in situ monitoring and mfg. systems
exascale NIRRT \ * full local control of real-time optimization
microstructure for of process par ameter S * “Printing” Systems &
Brediciive desired properties ;’0590{ on machine Devices Industry-Wide
Part-Scale * physics-based shape  'earning « Jobs and Manufacturing
1015 o and topology * introduction & . Automation Juggernaut
« initial local control of  optimization of integration of robotics
petascale microstructure and  components
properties « integration of physics * “Printing” Integrated
* data analytics and and data analytics for Devices Industry-Wide
machine learning for  process optimization ° Widespread Mfg.
process parameters Automation




Beyond Moore Co-Design Framework

10,000x improvement:
20 f) per instruction equivalent
Computer System Architecture Modeling i

Application Performance Modeling
RINInE
* Next generation of Structural Simulation Toolkit L LS L)

* Heterogeneous systems HPC models m " s i

Component Level Models
* Gemb5, McPAT, HiHAT, CACTI,

Component Fabrication
* Processors, ASICs

NVSIM * Photonics R0
* Memory
Circuit/IP Block Design and N
Modeling - 7 Test Circuit Fab and Measurement >
* SPICE/Xyce model L * Sub-circuit measurement

Compact Device Models
* Single device electrical models
* Variability and corner models

Device Measurements
¢ Single device electrical behavior O
* Parametric variability

Device Physics Modeling

. . ; Device Structure Integration and
* Device physics modeling (TCAD)

_ Demonstration 0
* Electron transport, ion transport * Novel device structure
* Magnetic properties demonstration

Process Module Modeling
e Diffusion, etch, implant simulation .
* EUV and novel lithography models

Process Module Demonstrations
* EUV and novel lithography
» Diffusion, etch, implant simulation

Fundamental Materials Science Q
* X-ray and neutron

* Microscopy: TEM, SEM, EELS

* Scanning probe technique

Atomistic and Ab-Initio Modeling

« DFT - VASP, etc. rsion
+ Many-body — QMCPACK sty
* MD - LAMMPS

modeling and characterization
ties within an MSCD framework




DOE User Facilities

CNMS provides capabilities & expertise for materials formation and

function

About CNMS: Research areas:

* Unlike many user facilities, you don’t .
need to have samples to apply for time

Two calls per year for continuous .
access; anytime for short-term projects

Simple 2-page proposal

Free access to laboratories, equipment
and expertise if you agree to publish

Proposal deadlines: early May and mid-
October

Joint proposals with neutron sources
(SNS, HFIR)

Synthesis — 2D, precision synthesis, selective
deuteration

Nanofabrication — direct-write, microfluidics,
cleanroom

Advanced Microscopy — AFM, STM, aberration-
corrected TEM/STEM, atom-probe tomography

Functional Characterization — laser spectroscopy,
transport, magnetism, electromechanics

Theory and Modelling — including gateway to
leadership-class high performance computing

CNMS is a Nanoscale Science Research Center supported by the U.S. Department of Energy,
Office of Science, Scientific User Facilities Division

nsrcportal.sandia.gov

OAK RIDGE
cnms.orn I . g oV - National Laboratory



Synthesis and functional assembly
High purity materials are essential building blocks

Functional Hybrid Nanostructures Chemical Functionality

— Pulsed Laser Deposition — films

— CVD -2D TMCs, graphene, 1D
nanotubes, perovskites

— Electrical characterization Vapor Phase Chemical
Y Synthesis of Synthesis of

Inorganic Inorganic

\EVEHES Materials

— Hydrothermal & chemical
~ — Nanoparticles for catalysis
\ — BET, MS, SEM, TEM, XRD, HIM

Chemical
Synthesis of
Polymers

Macromolecular Materials

— Controlled polymerizations

— Deuteration for neutron
scattering

— NMR, Light scattering, MALDI

#.0AK RIDGE | samst o



Neutrons (SNS/HIFR) offer unique
capabilities

* Qut-of-Equilibrium Behavior
* Kinetics - Time-Dependent Phenomena

High Throughput - in situ
Sample Synthesis

Small Samples - Microspot
Scanning

Parametric Studies

Nano to Mesoscale Phenomena
Slow Dynamics

* Neutron Spin Manipulation
® Beam Focusing

.
e
2%
=y
* Simultaneous Access to Wide
Range of Length and Time

* Orders of Magnitude
Performance Gains

* Integrated Polarized Neutron
Capabilities

Transformative

Science

* Manipulate Sample Nuclei and
Electron Spin in situ

* Beam Line as a Laboratory

¢ Mulitmodal and Flexible
Reconfiguration

5 * Wavelength Dispersive Methods
* Linking Experimental Data

and Theory * Extreme Sample Environments

; . . (limited angular access)
e Combine and Interpret Multi-Technique Data f e
* Limits Heat Deposition in

¢ Real Time Manipulation/Visualization Compact Target
of Massive Data Sets

 Unified Reconstruction of Imaging

and Scattering Data %O AK RIDGE
neutrons ) Om| gOV National Laboratory



Neutrons (SNS/HIFR) offer unique
capabilities

* Qut-of-Equilibrium Behavior
* Kinetics - Time-Dependent Phenomena
* High Throughput - in situ

Sample Synthesis

Small Samples - Microspot
Scanning

Parametric Studies

Nano to Mesoscale Phenomena
Slow Dynamics

* Neutron Spin Manipulation

* Beam Focusing

Orders of Magnitude
Performance Gains

Integrated Polarized Neutron

Beam Line as a Laboratory

Capabilities STS —
* Manipulate Sample Nuclei and Transformative ' % 2
Electron Spin in situ Science -
2%
w4

¢ Mulitmodal and Flexible

Reconfiguration * Simultaneous Access to Wide

Range of Length and Time

™Y ¢ Wavelength Dispersive Methods
* Linking Experimental Data
and Theory

e Combine and Interpret Multi-Technique Data

* Extreme Sample Environments
(limited angular access)

* Limits Heat Deposition in
¢ Real Time Manipulation/Visualization Compact Target

of Massive Data Sets
* Unified Reconstruction of Imaging

and Scattering Data %OAK RIDGE

National Laboratory



DOE’s Office of Science Computation
User Facilities

s ) - DOE is leader in
Argonne , :
Argonne Leadershi OLCF=—- open High-
| Computing Center” S e Performance
' k Ri rshi :
; IS { R R rtros Computing
- AN / ,I L \ y ; \ {-_ - . ,
/ / - o \ = * Provide the world’s

0 | | \ /O computational
S ” ’ \
- L T tools for open

National Energy Research

Scientific Computing Center ~ ° ACCGSS iS free tO
researchers who
publish

SRS . Boost US
competitiveness

science

NERSC ALCF ~ OLCF
Edison is 2.57 PF Mira is 10 PF Titan is 27 PF

OAK RIDGE
(o] I Cf orn I . g ov #\’ National Laboratory



Multi-scale materials theory, modeling

and simulation

Developing a fundamental understanding of physical and chemical properties

to accelerate discovery and design of responsive materials

— Scalable methodologies for theoretical
and computational materials and
chemical science to establish new
capabilities and to enhance links with Density Matrx

experiment Renormalization
Group

— Understanding and rational tuning of
transport (electron, phonon, spin, ion,
molecule), reactivity and electronic
Stl"UCtu re Quantum Cluster

Approximations
— Building the scientific foundation to
study and design strongly correlated
electronic materials (such as

superconductors)

. . . Transport
— Advancing theory and simulation for Theory

understanding multi-scale chemical
and materials properties & processes
to guide design of matter with atomic,
molecular and mesoscale fidelity

Many-body
Quantum

Molecular
Dynamics

Integrated
computational Mean-Field
capabilities Approaches

Chemistry &
DFT

%OAK RIDGE

National Laboratory



Atoms: what they do and how it gives
rise to materials properties

Our scientific paradigm is shifting

Traditional approach Transitioning to include

* Synthesis + Data analysis

* Characterization * Correlative functional imaging

* Theory * Local theory-experiment matching of

+ Computation multi-dimensional, multi-modal spatially
and temporally resolved information

Trustworthy frameworks for multi-scale matter

* Bridge experimental imaging and scattering with theory/simulation via math,
big data and data analytics to design new materials
* Leverage unique strengths in
— Physics and chemistry on the atomic scale
— Mesoscale structure and functional probing

— Big-deep-smart math & data integrated with predictive theories:
Transformative with ultascale computation

%OAK RIDGE

National Laboratory



Concurrent neutron scattering experiments
and first-principles modeling

= B
S

« Study of ferroelectric
| instabilities in SrTiO,

* Measurements on HYSPEC
using live data streaming

‘ (top)

|- Dedicated access to Cray
‘ XC30 EOS cluster at Oak

Ridge Leadership Computing
Facility (11,000 cores)

.+ Full scale ab-inito molecular
- I ‘ dynamics simulations on

experiment timescale
allowing real time decisions

Boatner, G. Shipman

O. Delaire, J. Hong, H. Cao, A. Savici, B. Winn, L. m n nTi

g™ « Environmental chamber(s) for the in-situ study
| of structure and function of materials at
different temperatures, pressures, humidity,
composition of vapors and solvents OAK RIDGE

- National Laboratory




Key science questions link basic and
applied materials research

Materials at extr

Can materials be
designed for
superior
performance at
extremes of
environments and
properties?

e

mes

Interfacial Proce
Can molecular
processes be
predicted and
controlled over
broad length and
time scales to
provide optimized
functionalities for
separations,
transport,
chemical

transportation?

S

ses
Multiscale phen

effects emerge
from the
properties of
individual atoms
and electrons and
how do
macroscopic

- properties of

assemblies and
materials emerge
from these
nanoscale

phenomena?

How do nanoscale

omena

Can we develop a
predictive
understanding of
the structure,
dynamics and
function of soft
matter systems to
enable the design
and synthesis of
new functional soft
materials?

Directing matter

Can we direct and
assemble matter
in 3D with atomic
precision?

s

)

¥ OAK RIDGE

National Laboratory



Directing Matter

Fundamental issues ORNL assets Application Areas

: . . — Materials and
— Atomic-scale control of — Expertise in materials structures for energy

materials a_ssembly synthesis, functional generation, storage,
enable designer imaging (e.g., in-situ use
hierarchical structures monitoring of synthesis/ .. ,
— As predictive materials siemsimlally), el ~ somputing, including
sciences advance modeling quantum and
’ - : neuromorphic
approaches to create  — Capabilities to direct matter complti
. : puting
(desired) structures are = at multiple length scales: Multifunctional
: - nctiona
often lacking — Manipulation of individual  nateriale: sraart
— Approaches at multiple atoms by electron beams materials combining
length scales must and scanning probes mechanical and
work in synergy — Precision synthesis of electronic properties for
— Fabrication and macromolecules actuators; combined

energy harvesting and
storage, “beyond
Moore” electronics

manipulation are

intrinsically intertwined FElolilEal ol €1 €0~ Yl

scales and above

— Additive manufacturing of
macroscopic structures




Nanoscale Additive Manufacturing

* Focused electron beam deposition
has long been used to create

comparatively simple structures

* The implementation of predictive
calculations based on Monte Carlo
and continuum simulations guides
the formation of free-standing

nanostructures
* He-ion beams offer the promise of
further reducing the achievable Actual (left) and predicted (right)
feature sizes 3D PtC structures created by
focused electron beam
He ion-beam-induced single cobalt line deposition

J. D. Fowlkes, et al. ACS Nano (2016).
DOI: 10.1021/acsnano.6b02108

H. Wu et al., J. Mater. Sci.: Mater. Electron (2014) #‘(\),,1.&1?‘}2“(:5



Nanosculpting and atomistic repair

a Fgc.rté;:d b Step1.Pattern
Probe Imported into
To STEM Control System Rossia
Scan Coils Scan s o STEM
o O o Coils Probe ) )
Step 2. Direct-Write
STEM
Scanning Electron w=——m Liquid Cell Nanolithography
Nano-positioning within Liquid Cell
Control System
ADF STEM Sy
| __— | — ]
Signals From I
STEM Detectors = BF STEM Step 3. Radiolytic Deposition
' Detector from Precursor Solution
Beam directed Ce"atam diffusthgyn AIN

transformation - grgtal & oW

Nanopores milled into
single layer graphene -

Jacob Swett, Lockheed Martin
g,OAK RIDGE

- National Laboratory



Control beyond intrinsic vacancy levels
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“Nano-sandblasting” of layered
ferroelectrlc semiconductors

Effect of 8 x 10 ions/cm? He ion beam dose on
mechanical and electrical properties of CulnP,S,
painted over 3D topo image (a) Piezoresponce
Force Microscopy. (b) Blue Drive contact Band
Excitation measurement of resonant frequency. (c)
Scanning Microwave Microscopy image.

Work was performed at the Center for Nanophase
Materials Sciences, ORNL.

- Layered materials are broadly perceived as
enabling component for the ultimate scaling
down in electronics. However, critical is the
structuring and functional tuning of these
materials
- Developed a pathway to direct-write circuitry in

copper indium thiophosphate (CITP), a
ferroelectric semiconductor; controlled
conductivity, altered built-in potential, and
modifying chemical composition

Research Details

— He-ion microscopy was used on CITP to develop
nanostructures, control the built-in material potential, and
enhance conductivity.

— The size and functionality of the grown structures could
be controlled by tuning He-ion exposure.

A. Belianinov, et al. ACS Appl. Mater. Interfaces (2016). DOI: 10.1021/acsami.5b12056

nUNIVERSITYor 3 OAK RIDGE
TENNESSEE -



Other nanofab capabilities
CNMS Nanofab Research Lab (NRL)

'The NRLi1s housed in over 10,000 sq.ft. of
clean room space and bio-affiliate [abs'to

Advanced Lithography and Direct Write Nano

Electron Beam Lithography, Mask Writing, Electron and lon ; 2

Beam Processing, Two Photon Lithography support the integration of nanoscale
matenals into multi-scale systems.

Thin Film Deposition and Characterization
High Temp Growth, LPCVD, PECVD, Atomic Layer

Deposition, Rapid Thermal Processing, Profilometry, Stress
Measurement, Atomic Force Microscopy

Material Etching
Fluorine and Chlorine chemistry RIE, Wet Chemical
Processing, Beam Assisted Etching

: Soft Material Interfaces and Imaging
A Bio-affilliate Labs, Microfluidics, Embossing, Stamping, and
4 et Soft Lithography

Nanostructure Synthesis

iy ' A High aspect ratio silicon nanostructures, Carbon
The NRL jSisupporied by technlcal Nanofibers, Asymmetric Nanotextures, Nanoparticles
from Dewetting

operations, and scientific staff that drive
process development, training; and
maintenance to support in-house and user ¥OAK RIDGE |cznrer For

NANQPHASE

science National Laborstory | MATERIALS SCIENCES




Other unique capabilities for materials
Scanning tunneling microscopy(spectroscopy)

* Development of new STM(S) and
4-probe STM(S) based imaging
and spectroscopy modes reveal
local electronic, magnetic, and
transport properties

— tunneling thermopower
microscopy

— scanning tunneling potentiometry

— spin-polarized STM, for spatial
mapping of local crystallographic,
electronic, magnetic, and
transport properties

STM image and spectroscopy revealing confined
electronic states at Gr/h-BN heterojunctions

Scanning Probel  Probe3 Probe2

tunneling
potentiometry to
map conductivity
across grain
boundaries

K.W. Clark et al, Nano Lett. (2013); PRX (2014)

SP-STM reveals spin polarization of Co/Cu

[ Minority spin [1 Majority spin



Force-based scanning probe
microscopies

G-STEM: 2015
Fast Scans, Ptychography, In-Situ

G-mode - fast acquisition of full signal: 2014
Fast Switching, Decoupled MFM, KPFM

LT
(S B Vg o

User Requests to captur

higher hirmonics

2011: Liquid and
open-loop KPFM
2010: BE enabled

Electrochemical Straip
Microscopy

Developed on-resonance
method with test for non-
linear tip-surface effects.

A

2008: User requests capability
to measure Rayleigh behavior
on the nanoscale

SYLUM

| _g.
2008: User collaboration on
heated probe+resonance.

EASTNVMAN

2007: First BE Paper
2006: BE Patent Submission

ESEARCH

Mapping Ferrolectric
Non-linearities:2013

2012:
Time BE

Real-

mm:mggﬂh

Commercialization
of BE

L2JO13:PWFO’t Liquid resonant
>Sr FTOIEC force distance

P&G curves

2010: In collaboration, Asylum Research
uses BE to explore polymer blends with

Ex¢onMobil

2010: ESM Licensed

SYLUM

ESEARCH
2009: BE Licensed,WFO

2“"’":"] 2010: ZTherm

2009: Team with Asylum Research to
further develop thermal-resonance

Resonance Changes during Melting/Freezing.
Measure local phase transitions.



Imaging Capabilities
Former ShaRE facility (how CNMS)

— Operated as Electron Beam Microcharacterization Center since 1977
and was merged with CNMS in 2014

— Focus on Scanning Transmission Electron Microscopy and Atom Probe
Tomography

— Moving toward aberrated electron probes

Example: developing high-fidelity interfaces through application of aberration-
corrected Z-contrast STEM imaging, electron energy loss spectroscopy, and atom
probe tomography to provide the single-atom-level understanding of defects,
interfacial steps/terraces, chemistry, composition, and structural thermal stability

FEI Titan

OAK RIDGE | s r
< | NANOPHASE
-National Laboratory | MATERIALS SCIENCES

UltraSTEM



Aberration-corrected Scanning
Transmission Electron Microscopy (AC-
STEM) and Electron Energy Loss

Spectroscopy (EELS)

Z-contrast STEM and image analysis

provides an atomic-scale map of
individual dopants

Y. Gong et al., :'f:,:
Nano Letters sl
(2014)

*] S2 ‘Mo *Se+S #Se2

ORNL’s new MAC-STEM (monochromated AC-
STEM) will enable quantitative imaging of optical
excitations and phonons at the nanoscale

With ~1A probe and <10meV energy resolution,
the MAC-STEM becomes the nanoscale/real-
space counterpart to neutron scattering

Quantitative EELS measurements are

possible in a liquid cell

& Cover Plate

Electrochemical
«—Microchip

lld ry ”

Spacer

LiMn,0,

Mn-Lu

.«Mucrochlp

Electrical
Contacts

O-K

N "\J\L&_‘

Intensity (a.u.)

R. Unocic et al., in solvent

ChemComm (2015)

300 400 500 600 700 800

Energy Loss (eV)

Example: Imaging optical excitations in bilayer graphene

Non-Monochromated Monochromated
(350 meV) (60 meV)

N—

790
5.2°
3.3
22.1°

Normalized EELS Intensity

2 B 6 8 2 4 6 8 o
Energy Loss (eV) Energy Loss (eV) e




Capabilities in chemical imaging

A mass spectrometry upgrad%

to the HIM will provide
chemical information
at nanometer

resolution
Courtesy
Tom Wirtz, LIST

<

The combination of scanning probes and
optical spectroscopies provides a broad

range of information

' » AFM-Raman (NT-MDT Integra)
* AFM-Fluorescence (Asylum Bioscope)
« AFM-NanolIR (Anasys, FY2016)

Topography Microwave

A. Tselev, Fuel (2014)

Fluorescence

| Ah \
pm S arb. u

ORNL’s new AFM/TOF-SIMS combines
focused-ion-beam TOF-SIMS with scanning
probe microscopy for co-registered chemical
and physical analysis of materials

CNMS will lead the
development of |
novel approaches, ..
including data
analytics.

See Overview Document p. 229

AFM oo

CH;NH;PDbl, (perovskite PV material

b Chlorine

~

B. Yang, JACS (2016) *° . o
g,OAK RIDGE

- National Laboratory



ORNL Capabilities and Interests
Summary Slide for Materials

Primary Expertise & Interest Areas Most Differentiating Factor

. : Broad experience and knowledge base for
» Controlled/precision synthesis (molecules, materials, including synthesis (both structural

crystals, thin films, bulk) and functional; basic to applied)
«  Center for Nanophase Material Sciences and

Spallation Neutron Source/High Flux Isotope
Reactor — from materials to devices

 Directing Matter: from atoms to function

» Multi-modal in-situ/operando experiments

co-theory *  Aberrated probes, MAC-STEM, APT, direct-
write nano (electrons and ions) + sculpting,
 Quantum condensed matter AFM/TOF-SIMS, 4-Probe STM(S), He-ion, in-
situ characterization
* Hybrid assemblies (low-D materials; soft « Integrated modeling and simulation capability
matter composites) for materials

Main Contribution/Role

« Develop new materials and processing enabling specific properties/
performance for next generation HPC

« Provide gateway to innovation and enabling capabilities (CNMS, SNS/
HFIR, LCF)

‘ OAK A /\“’ fngtlma?ﬂ
Argonne RIDGE *LosAamOS ot W0

AAAAAAAAAAAAAAAAA



There have been a variety of proposed

compute architectures
Communication throughout hardware interface levels, including ultracold and
superconducting layers

« Different potential I
technology choices have Processing
dictated different Units

artitionin
P 9 4K Memory/

» A general case would Interface/
have three distinct Data Aggregation
temperature regions v Units

— Actual processing, Local
Memory/Data transmission, g Memory/
aggregation/serialization Interface
occurs at 4K 80K Units
— Memory/Interface at 50-80K L S VSN AU KA S—
— System interface at 25C
« Technologies 25 System/User
— Niobium Processing — 4K Interface and
— CMOS memory — 4K-273K Control

— RF data — SiGe — 50K-273K

— Josephson Junctions &8&{&5})&3&%
(Red denotes ORNL expertise) - National Laborator



Photonic communication - from next
generation architecture to macroscale

Coupling information from next gen computing unit to the rest of the

world

From Angstroms...

Ag plasmon waveguide
w ~ 400 nm, h ~ 50 nm

ey e
bbbttt Ag nanowire

atom = nanowire

d~ 100 nm
Nanowire 2 strip plasmon

—>

=5 v

Y — |

ﬁ ... to kilometers

Ag plasmon waveguide

SiN photonic waveguidg

w~400nm, h~50 nm W~ 2ZHm A~1um SMF28e optical fiber
Core diameter ~9 um
Strip plasmon > photon % OAK RIDGE

- National Laboratory



Nanofabrication for nanophotonic circuits
and ultralow energy interconnects

Advanced photonic circuits for
communications interconnects

DARPA InPho: new
interconnects, modulation
formats, ultra low energy
interconnects

Si photonic circuits, photonic
metamaterials, ultra efficient
metamaterial optical antennae

28



Very Low Power Analog Signal
Processing (ASP)

« Continuous or periodic
signal monitoring ———

« Utilizes commercial W I’ Fﬁl ,—h % lﬁ!ﬁl

CMOS process ¢ I P v roe S S 2 2 2
3 ,” % S| nems Decision Matrix/Comparator
(130nm, 1.2V) < o : -
 Tunable hlgh order Signal Signature Analysis
analog filters (8t-16t" Fxample
Order) ASP —based Sensing Platform
» Building block for very U ————
IOW power SenSing ¥ IOt . - ff§
platforms —=

« Sample Application:
Signal signature
analysis

UUUULECUCLLL L)

A
-
| — i
oot T
T
[ 17
— a2 ‘J A vl ¢

J
i
i

JALLLI TSIt

ASP Tunable Analog Filter Measured Spectral

Filters _Cﬁgnsm’ 1.2V OAK
¥RIDGE

National Laboratory




DARPA UPSIDE: Low Power Machine

Learning Hardware

Goal: Implement very low power
machine learning circuits

— 1000 times reduction in energy

consumption

Analog computations using
standard CMOS processes

— Low precision, fewer components

Graphene Field Effect Transistors

Deep learning architectures

OAK
RIDGE

National Laboratory

IS
<> CMOS based analog
DeSTIN: computation

Deep Learning

T A s
) 3
X Bt
>
A A

w Ot 1
Sgrel A = inLem

% Stanford

Contact: Dr. David Bolme, bolmeds@ornl.gov, 865-576-0300

Graphene integrated

on CMOS chip.
¥ OAK RIDGE

- National Laboratory



Charge recycling and adiabatic approaches
to both analog and digital circuitry

« Charge recycling allows charge to be
scavenged from the leakage and

dynamic switching of CMOS logic

* A potential of ~ 25% can be saved in D plctu:je&layc;ut °fghoe CR
. . ray-code counter in nm
total power required for operation o

process

 Adiabatic techniques (low-power,
reduced speed) can also be applied
to both analog and digital functions

130-nm power-scavenging
charge pump

C. Ulaganathan, B. J. Blalock, J. Holleman and C. L. Britton, 2012 IEEE 55th International Midwest
Symposium on Circuits and Systems (MWSCAS), Boise, ID, 2012, pp. 206-209.

C. Ulaganathan, C. L. Britton, J. Holleman and B. J. Blalock, " Mixed Design of Integrated Circuits and

Systems (MIXDES), 2012 Proceedings of the 19th International Conference, Warsaw, 2012, pp.
208-213.

g,OAK RIDGE

National Laboratory



ORNL Capabilities and Interests
Summary Slide for Comms. & Logic

Primary Expertise & Interest Areas | | Most Differentiating Factor

«  Broad experience in all stages of integrated

* Low power electronics .
device development

 RF electronics Embedded RF electronics, machine vision,
photonics, and quantum optics groups all
* Integrated optics / photonics specializing in communications layers

* Rapid characterization of new logic devices
«  Highly developed modeling and simulation

- Superconductors and electronics at very capability for both full devices and higher
low power and temperature level logic

* Analog / digital hybrid signal processing

Main Contribution/Role
« Develop new materials into true logic devices
* Provide interconnect designs and implementation
- Validate designs via modeling and simulation of low level devices and

logic

\ OAK /\ﬂ Sandia
....... ; - 7 - National
pefis ;] Arggnr')ngg OOOOOOO RIDGE '-°$A'am°$ Pacific Northwest Laboratories



ORNL Capabilities and Interests Summary
Slide for Hardware & Circuits Architectures

Primary Expertise & Interest Areas Most Differentiating Factor
« HPC hardware architectural optimization «  Tools for software-hardware co-design
— Nonvolatile memory organization and hardware organization

—  Novel memory modeling tools (e.g., Destiny) —  Focus on NVM, Heterogeneous processing
« Power efficient memory architectures . Extensive simulation capability for

* Low power mixed signal processing multi-memory technologies

electronics & architectures . :
Embedded svst « Broad experience in all stages of
mbedded systems _ _ architectures and circuits
» Superconducting computing (cryogenic
memory design based on Josephson
Junctions)

Main Contribution/Role
« HPC architecture and organization with focus on novel memory systems

« Design of cryogenic memory with small footprint, very low energy dissipation, and ultra-
fast access time.

» Low power analog processing circuits design and simulation
* Mixed signal circuits and architectures design, testing and characterization
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Quantum & Neuromorphic

O

Exascale

Pre-exascale
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ORNL Cross-cutting initiative: Quantum
computing materials and interfaces

Opportunity |

* Integrate core
competencies in
materials, modeling,
and isotopes to establish
a broad R&D effort
in quantum computing

» Create S&T base
to drive computing
beyond exascale

ORNL assets

« Expertise in quantum
information science and
quantum computing

* Unique resources

for materials characterization

» Strengths in first principles
theory, modeling, and
simulation for quantum
materials

« CNMS, SNS/HFIR

Strategy

Develop tools necessary
to characterize and design
high-fidelity physical qubits

Explore methods
to interface qubits
to traditional computers

Develop a multi-qubit
research test bed

Research methods
to program multi-qubit
systems

Foster multiagency ties
to secure long-term funding

% OAK RIDGE |55t
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Neuromorphic Computing (“Top-down?”)

Models and Simulation

High-level Models:
« Spiking Neural

Networks
 Event-driven
7 simulation
ok
_iﬂ,T ‘,-
AN o2 Low-level Models:
AT - Hardware-
fotoziodetoro accurate
<)

simulations

» Digital (FPGA,
VLSI)

« Memristor

Algorithms

Evolutionary

Scalable Algorithm Trainin
~ forHPC = 0 °
Bio-Inspired
Learning

Supporting Software

“Compilers” Visualization

Application Development
Environment
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Fundamental relation of reversibility to
energy consumption for computing

* Initial Question * Follow-on Question
What is the minimum energy ~ What is the minimum number
needed/dissipated to of bit erasures needed to
“compute?” “compute?”
— Initial thesis — Initial hypothesis
Every bit operation dissipates a There would be a non-zero,
unit of energy (k7In2) computation-specific number
— Next development — Bennett’s surprising solution:
Not every bit operation, but Zero bit erasures! Bennett's
every bit erasure dissipates a “‘compute-copy-uncompute”
unit of energy (kTIn2). algorithm avoids all bit erasures
Other bit operations can be for any arbitrary (Turing) program
implemented without energy _ Further refinements
dissipation Algorithmic complexity, tradeoffs
Partial reversibility

¥ OAK RIDGE | GG %
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Software for emerging computing
systems

- Software is needed to address
multiple aspects of emerging
computing systems Applications

— Applications and programming
— Execution and run-time Program
— Device and architecture design

* Modeling and simulation provides
a useful proxy for hardware,
predicting performance Architecture

— Separation of concerns isolates
functional requirements, manages
complexity

— Simulation granularity offers varying
scope, device to system scale

% OAK RIDGE | s ot
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Performance Modeling and Simulation

X MOd_e|S of hybrid HPC Problem/ Performance
architectures help stakeholders Program Goals
ion lannin
set ex.pe.ctat ons, pla g e TR—
— Priority is performance models at the Model Constraints
node-level |
— This works for classical parallelism, st :
domain decomposition methods Synthesized
Execution Model

— Novel technologies may challenge |

node parallelism, more complicated N
scaling
 Two problems need to be solved @
— Forward problem: What is the N oy
performance of a fixed system L System } Performance J
design? Time-to-solution? Design Predictions

— Inverse problem: What system
meets given performance
requirements?

CENTER FOR
NANOPHASE
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OpenARC: Open Accelerator Research
Compiler

« Open-Sourced, High-Level Intermediate
Representation (HIR)-Based, Extensible
Compiler Framework.

— Perform source-to-source translation from OpenARC Complier OSSN
OpenACC C to target accelerator models.

« Support full features of OpenACC V1.0 ( + array
reductions and function calls)

*  Support both CUDA and OpenCL as target
accelerator models

—  Provide common runtime APIs for various
back-ends

— Can be used as a research framework for
various study on directive-based accelerator
computing.

| NVM Uibrary

» Built on top of Cetus compiler framework,
equipped with various advanced analysis/
transformation passes and built-in tuning tools.

*  OpenARC’s IR provides an AST-like syntactic
view of the source program, easy to
understand, access, and transform the input
program.

ACM Symposium on High-Performance Parallel and Distributed Computing (HPDC). Vancouver; ACM, 2014
OAK RIDGE | G532
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OpenACC to FPGA: A Framework for Directive-
Based High-Performance Reconfigurable Computing

*  Problem

Reconfigurable computers, such as FPGAs,
offer more performance and energy efficiency
for specific workloads than other
heterogeneous systems, but their programming
complexities and low portability have limited
their deployment in large scale HPC systems.

» Solution

Proposed an OpenACC-to-FPGA translation
framework, which performs source-to-source
translation of the input OpenACC program into
an output OpenCL code, which is further
compiled to an FPGA program by the
underlying backend Altera OpenCL compiler.

* Recent Results

S. Lee, J. Kim, and J.S. Vetter, “OpenACC to FPGA: A Framework for Directive-based High-Performance
Reconfigurable Computing,” Proc. IEEE International Parallel & Distributed Processing Symposium (IPDPS), 2016.

Proposed several FPGA-specific OpenACC
compiler optimizations and pragma extensions

to achieve higher throughput.

Evaluated the framework using eight OpenACC
benchmarks, and measured performance
variations on diverse architectures (Altera
FPGA, NVIDIA/AMD GPUs, and Intel Xeon

Phi).

Impact

Proposed translation framework is the first work
to use a standard and portable, directive-based,
high-level programming system for FPGAs.

Preliminary evaluation of eight OpenACC
benchmarks on an FPGA and comparison
study on other accelerators identified that the
unique capabilities of an FPGA offer new
performance tuning opportunities different from
other accelerators.

| External DDR Memory I | External DDR Memory I
T L 3

+ +
F
5| | FPGA
- External Memory External Memory
g PCle Controller and PHY Controller and PHY
o
i i i
- Global Memory Interconnect I
Memory
Memaory
Kernel Memory
' Pipeline —
Memory
L & 4 L & 4 Memory
Local Memory Local Memory Local Memory —1
Interconnect = Interconnect = Interconnect Memory
Figure 2: FPGA OpenCL Architecture
B CENTER FOR
4
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ORNL Capabilities and Interests
Summary Slide for Algs & Software

Primary Expertise & Interest Areas

- Software for emerging computers

— Quantum, neuromorphic, optical, reversible
computing

Predicting system performance
— Modeling and Simulation
— ASPEN, xSIM, Colloquium

Migrating apps to new platforms
— Compilers, libraries, run-time systems,

Software Ecosystems
— ReveR-SES, reversible compiler
— Annie Rose, quantum simulator

Experimental Computing Laboratory
— User access to new technology
platforms, tools
Career Awards in Emerging
Technologies
— Kalyan Perumalla, reversible, (ASCR)
— Travis Humble, quantum, (ASCR)
— Katie Schuman, neuromorphic, (ORNL)

Main Contribution/Role
« Develop algorithms to exploit emerging computing paradigms
« Develop predictive performance models for systems at scale
« Refine user applications/codes to leverage new libraries

« Develop software ecosystems to validate
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Materials Innovation at ORNL
Integration of experiments, data and simulations across scales

High
Performance
Computing &

Data

Neutron Science

Materials

Chemistry, o
Physics & Characterization

Engineering

Revolutionary structural and functional materials
for energy generation, storage, & use

% OAK RIDGE | 6iss 02

. National Laboratory | MATERIALS SCIENCES




