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Beyond exascale computing

Enabling technologies for beyond exascale
computing

- H kk
We are not referring to 10**21 flops Paul Messina

= “Beyond exascale” systems as we are defining them will be Director of Science
based on new technologies that will finally result in the Praonne teadership Computing Facilty
much anticipated (but unknown) phase change to truly new
paradigms/methodologies.
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Develop and deploy a scalable, commercial
quantum system to solve today’s unsolvable
problems
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Developing guantum applications

1. Find guantum algorithm with quantum speedup

3. Optimize code until runtime is short enough

4. Embed into specific hardware estimate runtime

quantum software engineers



A quantum machine to solve hard optimization problems
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IT PROMISES TO SOLYE SOME OF HIJMANITY'S

MOST COMPLEX PROBLEMS. IT"S BACKED
BY JEFF BEZOS, NASA AND THE CIA
EACH ONE COSTS $1C,000,000 AND OPERATES

AT 459° BELOW ZERD. AND NOBODY KNOWS

HOW IT ACTUALLY WORKS
-
THE INFINITY MACHINE
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he D-Wave quantum annealer

An analog quantum device to solve
quadratic binary optimization problems

C(x, X, )= Eaijxixj + Ebixi Qunim
Ij i

with X = 0,1

Confguration

Can be built with imperfect qubits
Significant engineering achievement to scale it to two thousand qubits
So far no (scaling) advantage has been observed

Quantum tunneling can be simulated classically!



Farly value: guantum inspired optimization

Mimic quantum tunneling
on classical computers today!

Research into often uncovers
new

Better optimization methods
Better training algorithms
Better models for machine learning
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Yoshihisa Yamamoto, Monday 10:15am

Hidetoshi Nishimori, Tuesday 4:00pm




Developing guantum applications

1. Find quantum algorithm with quantum speedup

Stephen Jordan (Microsoft)
http://math.nist.gov/quantum/zoo/

rathonsl gov
Vioorss DEA~ Plysikay  Tiawe +

nont am Algow thee Tres

Guanium Algerithm Zoo 10 CATEERR " ) CDiion Maiono @0 ™

This is a comorehensive cataleq of quantum alaoWhms. f you notoe any Broms or orssions. dease
enal me at stephan. jordani@nist gov. Your hep is appraciatad mad will be acsnaaledosd.

Algebraic and Number Theoretic Algorithms

Algsrithm Faciodng

Speocun: Supcrpolymamia

Ducdp:lng-m an it inleger, fnc the arime faciorzation. The guamum algodthm of Peter Sher
sxves isin (07 ) e [£2.125]) Tre fastest known dlsvwl@omv inleger faconzeton s
tho gonera namber fold dove, which ks belleved o run s time 277 ) The beet rigorcusty groven
uaper bound an the dmsicl compkeity o facorng Is (27444 252). Shor's taczoring algordtrm
DEAKS KSA fULIC-KEy GNCHnio) and [N Closaly relaied (uantem agarinms 10Of 0SCele 0EarinTs
break the DSA and ECDSAdigital signaue schemes and the Diffia-Helran key-exchange crolocol
There am prcpcsed clessical public-key cryplosystems rol believed 10 be baokan by quantum
apeaiyms o1 [J48] Al tha cous of Star's acinnng sigerths | ardar inding whieh esn he sdiesd o
tre Abalar hdcer subgrowp prodlem, which 1S sohad using he guastum Feusar tranafeem. A number
©' other >roblomo are kncwn to raduoe 10 Nleger lostonzatan including tho memaochp protiom ‘or
matix groupes over fislds of odd erder [23), and cardan dicptartre problams relovant L the
wdlmuis of cuailm drusits [254)

Navigation

Algsbraic & Numer Theartic
Cracidar

AvsrcHmasen ard Simuation
AcKnowioagTents
Raferecas

Other Surveys

For ovenviaws of Juarum sigedthrs
rocommend

Nabwn and Chusng
CuMs
Presiul
Aosia
Sandy sred sur Dan
Yan 2amand Sasok)




Impact on Cryptography

Quantum computers break widely used public key encryption

RSA-2048 with 4100 qubits e
ECC: Bitcoin with 2330 qubits @®bitcoin

New gquantum-safe cryptography

Quantum key distribution
"Post-quantum” classical cryptography



Developing guantum applications

1. Find guantum algorithm with quantum speedup




Grover search

Search an unsorted database of N entries with VN queries

However, the query needs to be implemented!

A single quantum query needs at least O(N) time since all entries must be
read! While reading the data once we can already find the desired entry!

Only useful if the query result can be efficiently calculated on the fly!
What are the important applications satistying this criterion?




Developing guantum applications

1. Find guantum algorithm with quantum speedup

3. Optimize code until runtime is short enough




Solving linear systems of equations  Harow. Hassidim, Lioyd, PRL (2009)

Solve linear system Ax=b in log(N) time

Time evolution using the matrix A e
needs to be implemented efficiently

Exponential speedup for wave scattering problem
(Clader et al, PRL, 2013)!

Fstimated to use 1029 gate operations for a problem that is still tractable on a classical
supercomputer (arXiv:1505.06552).



First applications that reached a petatlop on Jaguar @ ORNL
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he Theory of Everything

The N-body Schrodinger equation

OW(r  ,unly t)
ot

i =HWY(r ,..r,,t)

Describes (almost) everything we encounter in daily lite with a very simple Hamilton

qaq.
-2 fr-7

't is a simple linear partial differential equation (PDE)
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Density functional theory and quantum chemistry

Approximates the N-body Schrédinger by a tractable 1-body problem

E =min(F[p]+fd3FV(F)p(F)) Band structure of silicon

O o)
Successful in calculating properties
many metals, insulators, semiconductors
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Walter Kohn John A. Pople

1998 Nobel prize in chemistry

A UK r
J.R.Chelikowsky anﬁj M.L.Cohen, PRB (1974)




Cuprate high temperature superconductors

HgTIZaCuO 1985
HORCACuD 198 3

Undoped materials: hewet "

»
parate
T

i
BECCWO 1988 son8C3

half-filled band and metal according to DFT o Jroagag, o

but antiferromagnetic insulator in experiment! o
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Doped materials:
high-temperature superconductors

What causes superconductivity?

Are there room temperature superconductors?




International Journal of Theoretical Physics, Vol. 21, Nos. 6/7, 1982

Simulating Physics with Computers

Richard P. Feynman
Department of Physics, California Institute of Technology, Pasadena, California 91107

Received May 7, 1981

Feynman proposed to use guantum
computers to simulate quantum physics




Simulating guantum materials on a guantum computer

Can we use quantum computers to design new quantum materials?

A room-temperature superconductor? ;
Non-toxic designer pigments? .

A catalyst for carbon fixation?

Better catalysts for nitrogen fixation (fertilizer)?

Solving materials challenges with strong correlations has

polynomial complexity on quantum hardware!



Garnet Chan, Monday 11:30am

Markus Reiher, Tuesday 9:00am
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Threshold

SCHOELKOPF'S LAW for error-corr.
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Significant progress in qubit quality is to a large extent due to progress in materials quality




Topological qubits will be another step forward



Yasuyuki Kawahigashi, Wednesday 10:15am

Zhenghan Wang, Wednesday 2:00pm




Majorana Fermions

Predicted by Ettore
Majorana in 1937







Majorana qubits: split the information

Store a qubit in a superpositionof 0 or 1 electrons
Split 0 or 1 electrons into two “Majorana” particles




Bela Bauer, Tuesday 10:15am

Roman Lutchyn, Tuesday 11:30am




Qubit modeling and design optimization

2D Design Parametric 3D CAD Batch Simulations

="

Automatic rendering of - %
3D CAD from 2D %

designs and images. ‘s

Automatic cross-
sectional slices

!

Advanced physics




Edwin Barnes, Monday 4:00pm

Susan Coppersmith, Tuesday 2:30pm

Rick Muller, Wednesday 9:00am




Materials Simulations and Characterization

ARPES experiments

Band structure calculations



First principles simulations of nano devices?

Journal of Physics: Conference Series 46 (2006) 292-298
SciDAC 2006

Predicting the electronic properties of 3D, million-atom

. . Uncorrelated
semiconductor nanostructure architectures

T
o E% .
A. Zunger, A. Franceschetti, G. Bester, rr e *.ﬁ.f._‘.r::fff =5 e
Materials Science Center, NREL.
W.B. Jones, Kwiseon Kim and P. A. Graf,
Scientific Computing Center, NREL.
L-W. Wang, A. Canning, O. Marques, C. Voemel
Computational Research Division, LBNL.
J. Dongarra, J. Langou and S. Tomov
Dept. of Computer Science, University of Tennessee.




Eric Cances, Monday 2:30pm

Sophia Economou , Wednesday 11:30




First-principles calculations of InSb band structure

Simple functionals fail in most of the zincblende semiconductors
InSb is gapless using LDA and GGA due to wrong band ordering




Using hybrid functionals

Admix some Hartree-Fock exchange energy for the short range part of the interaction




Strategy for numerical simulations
Atomistic ab-initio simulations <«

Tight binding models for bulk and interfaces

| Atomistc ab-iniio smulations ___
}

 Tight binding models for buk and interfaces

*

k.p model fit

A\ i electric field

. : magnetic field
Material and device models < sl

pairing




Constructing tight-binding models

Choose an energy window and build a tight binding model

Souza, Marzari, Vanderbilt, PRB’01



Accurate tight-binding models respecting symmetries

14x14 model

In : s, px, Py, Pz

compared to DFT




Bela Bauer, Tuesday 10:15am

Roman Lutchyn, Tuesday 11:30am




Better materials will be important for better qubits
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