Z - @zapatacomputing

LAPATA COMPUTING
Challenges and opportunities in practical near-
term quantum computers
June 5, 2019
ITU Workshop on Quantum Information Technology

Christopher Savoie, PhD, JD
Founder and CEO

- @cjsavoie



Abacus

Ball-and-disk integrator
Special-purpose computer

e.g. areas and volumes
\—

Mechanical

computers
2700 BC

Thermodynamics 1837

Analytical engine
Application: polynomial
function evaluation

Failed due to limited funding

Ada Lovel
and Babbage’s own longevity da Lovelace

for industrial measurements Theory of
computation

Electromagnetism

Application: Data tabulation
Special-purpose computer that
demonstrated clear advantage over
manual process for 1890 US census

Moore’s Law

Ivy Brid
Gulftown Core 6 vy cee

Sandy Bridge

AMD K10 @

AMD K8 ore2 Quad
AMD Athlon Peccterc iy
AMD Ke Pen;ﬁjnéul‘llll-n 4
Pentium II
Pentium Pro
486 . Pentium
' MC68020 860
R 80386

General-purpose computer that significantly 80286 2 mcesaoo
_ 8086

accelerated Monte Carlo calculation over 8o
8008

manual computation for Manhattan project 103 [ 4008

_ -/ 1970 1980 1990 2000 2010 2020
Year of introduction
1945

N =

=

John von Neumann

o
-
o
=
<
Q
.
o
=
E
=
=
-
S
=
¥
n
c
©
l_

Electronic
computers |
(vaccum tube)

Electro-
Mechanical
computers

Electronic
computers Il
(transistors)

Quantum physics 1957

I Quantum

IBM 608 computers

First commercial
computer which is
fully based on
transistors

Tabulation machine . _
“...50 percent reduction in physical

size and a 90 percent reduction in
power requirements over
comparable vacuum tube models...”



A quantum computer is a collection of qubits that can be
coherently controlled to process quantum information
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Measurement

Quantum computer

> 8 states for 3 qubits

16 states for 4 qubits
32 states for 5 qubits

2390 states for 300 qubits

Number of Hydrogen atoms
in the Universe: 228>



Integer factorization Unstructured search Quantum simulation
Shor’s algorithm (1997) Grover’s algorithm (1996) Aspuru-Guzik et al. (2005)
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Information security Database Chemistry
Potential threat to encryption Brute-force search among a Accurate calculation of molecular
protocols such as RSA, ECC large number of items properties of drugs and materials

Shor, Peter W. "Polynomial-Time Algorithms for Prime Factorization and Discrete Logarithms on a Quantum Computer”, SIAM J. Comput., 26 (5): 1484-1509, 1997
Grover, L.K. “A fast quantum mechanical algorithm for database search”, Proceedings, 28th Annual ACM Symposium on the Theory of Computing, p. 212, 1996
Aspuru-Guzik, A., A. Dutoi, P. J. Love, M. Head-Gordon. “Simulated quantum computation of molecular energies”, Science, Vol. 309, Issue 5741, pp. 1704-1707, 2005
Cao, Y., J. Romero, J. Olson, M. Degroot, P. Johnson, et al. “Quantum chemistry in the age of quantum computing”, Chemical Review. 2018. To appear.



Superconducting quantum computer Trapped ion quantum computer
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Source: © IQOQI / M. R. Knabl
‘... The quantum computer uses
trapped calcium ions as qubits
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Quantum Error Correction (QEC)
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Decoherence

The physics of QC
becomes classical
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Measurement

State-of-the-art QEC
techniques require ~10000
physical qubits for each
logical qubit

If the physical qubits are
not too noisy, QEC canin
principle allow for qguantum
computation of arbitrary
duration, a regime known
as fault tolerance

Each logical qubit is encoded into
multiple physical qubits

Resource estimate for quantum simulation problems of practical interest:
~1 million physical qubits, hours of QC

Current hardware: <100 qubits, ~0.001s
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What useful applications can be found before scalable, fault-tolerant quantum computers are built?

Babbush, R, C. Gidney, D. W. Berry, N. Wiebe, J. McClean et al. "lEncoding Electronic Spectra in Quantum Circuits with Linear T Complexity", Phys. Rev. X 8, 041015 (2018)



NISQ era

* Noisy Intermediate Scale Quantum (NISQ) devices
 Limited quantum computational resource

* Qubit fidelity \
* Gate flde“ty Builds on decades of quantum
* Qubit connectivity system and electrical engineering
« SPAM error D <%
* Need to optimize all layers of abstraction (Useful near-term
+ Quantum algorithm N quantum applications)
) Quant.um_ Circuit > Builds on decades of computer ‘
« Compilation science and engineering

 Hardware instruction D

Preskill, J. ” Quantum Computing in the NISQ era and beyond", Quantum 2, 79 (2018)
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Solving a 10 x 10 assignment problem with  “\y Ph.D. thesis on computational quantum mechanics was

the simplex method on the SEAC, done on the IBM 650, a 2000-word drum memory machine. |
consisted of 256 Williamson cathode ray believe that the need to be very economical on this
tubes, took 20 minutes. “In 1953, there computer may have led to my early interest in optimal
was no machine in the world that had algorithms and computational complexity.” —J. F. Traub

been programmed to solve a linear

, 7 MPUTERS
program this large!” — H. W. Kuhn JjIRNDENCOVH
1953 | 1959 1974 Fault-tolerant computer systems

Theory of 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
computation 5 5 5 f f i i s s

Electro- Electronic Electronic
Mechanical computers | computers Il
computers (vaccum tube) (transistors)

Formal models of Programming languages Computational complexity Networking Machine learning
computation Language translators Algorithm & data structure Parallel Computing
Compilers

Operating systems
Computer architecture



Accelerated progress in quantum algorithm developments vs. classical computation

Theory of 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
computation ’ 5 5 5 5 | |

Electro- Electronic Electronic

Mechanical computers | Computers Il

computers (vaccum tube) dtransistensin Q. circuits Variational Q. Algs
and quantum o glgorithms Q. Optimization

Information Q. error correction Q. Machine Learning

Formal models of Programming languages Computational complexity Networking Machine learning
computation Language translators Algorithm & data structure Parallel Computing
Compilers

Operating systems
Computer architecture
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QC capability and performance metrics

It's not just about qubit counts. | Depth
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» Qubit fidelity, gate fidelity ——
« Quantum volumel

* Qubit connectivity Qubits

* Ansatz expressive power in qguantum
chemistry? and supervised learning?® —r—

« Embedding overhead in quantum annealing?®

&
®
» Cost to reproduce classically \/ \o”\
¢ ¢ ¢ e

* "Quantum supremacy” comparison®

[1] Andrew W. Cross, Lev S. Bishop, Sarah Sheldon, Paul D. Nation, Jay M. Gambetta. 2018. arXiv:1811.12926 [quant-ph]

[2] A. Kandala, A. Mezzacapo, K. Temme, M. Takita, M. Brink, J. M. Chow, J. M. Gambetta. Nature 549, 242. 2017. arXiv:1704.05018 [quant-ph]
[3] D. Zhu, N. M. Linke, M. Benedetti, K. A. Landsman, N. H. Nguyen, C. H. Alderete, A. Perdomo-Ortiz, N. Korda, A. Garfoot, C. Brecque, L.
Egan, O. Perdomo, C. Monroe. 2018. arXiv:1812.08862 [quant-ph]

[4] Z. Li, N. S. Dattani, X. Chen, X. Liu, H. Wang, R. Tanburn, H. Chen, X. Peng, and J. Du, (2017), arXiv:1706.08061 [quant-ph]

[5] Igor L. Markov, Aneeqa Fatima, Sergei V. Isakov, Sergio Boixo. 2018. arXiv:1807.10749 [quant-ph]
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Quantum simulation

Variational quantum eigensolver
Hybrid quantum-classical simulator

Adiabatic quantum computing

Combinatorial optimization

Q. Approx. Optimization Algorithm
Q. Alternating Operator Ansatz

Q. Annealing / Optical Ising machines

Machine learning

Variational circuit classifier
Kernel PCA

Quantum Boltzmann machine
Quantum autoencoder

Quantum GAN



Supervised

Unsupervised

NISQ Variational quantum circuit classifier [122]-[128] Quantum autoencoder [129]—[131]
Kernel-based quantum-classical classifier [124], [125] Hybrid quantum-classical variational autoencoder [132]
Quantum Boltzmann machine [133], [134] Hybrid quantum-classical Helmholtz machine [135]
Quantum training of classical Boltzmann machine [136] Quantum circuit-based generative modeling [137]
Learning probabilistic graphical models [138]
Quantum generative adversarial networks [117]
Hybrid quantum-classical clustering [139]
Quantum Boltzmann machine [133], [134]
Quantum training of classical Boltzmann machine [136]
FTQC Quantum-enhanced classical Boltzmann machine [140] Quantum k-means clustering [141]

Quantum nearest-neighbor classification [141]
Quantum least-squares regression [143]
Quantum support vector machine [145]
Quantum perceptron models [147], [148]

Quantum Bayesian inference [149]
Quantum-enhanced Bayesian deep learning [150]

Quantum principal component analysis [142]
Quantum generative adversarial networks [144]
Quantum Hopfield network [146]
Quantum-enhanced classical Boltzmann machine [140]

Y. Cao, J. Romero, A. Aspuru-Guzik. Potential of quantum computing for drug discovery. IBM Journal of Research and Development. Vol. 62,
Issue 6. 2018
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Drug discovery pipeline
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Near-term QC paradigm

Hybrid model that maximizes the use of both quantum and classical processors
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What can you do with existing devices?

Some examples of demo experiments run on hardware

\Y|Na \/ariational circuit classifier 2 Partner app - Rigetti / Zapata?
\VIWROLISII Quantum autoencoder Partner app - Rigetti / Zapata?!
LIl \/QE for H, ground state SC qubits (Google?, IBM3), trapped ion*
elvilnlrL e l) M Factorization IBM Hackathon - VQF® (Zapata)
o]l Mermin inequality violation IBM Q Experience®
o]l Quantum info. scrambling Trapped ion QC’
VIWEel Ml Clustering Rigetti 19Q°
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C milestones
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Large, fault-tolerant

modular QC G4

MILESTONES FOR
QUANTUM COMPUTING

. QUANTUM ANNEALING

>1000 logical qubit
QC, single module

. GATE-BASED QUANTUM COMPUTING

Y COMMERCIALLY USEFUL QC

Gate-based QC with 100’s
of qubits running QEC

Gate-based QC
demonstrating

practical utility
G3

Gate-based QC
with 100’s of
qubits
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Gate-based QC demonstrating
quantum supremacy
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Scale to 50+ qubits while
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Small (10s of qubits)
gate-based QC G1

Experimental quantum
annealer Al
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National Academies of
Sciences, Engineering, and
Medicine. 2018. Quantum
Computing: Progress and
Prospects. Washington, DC:
The National Academies Press.
https://doi.org/10.17226/25196.



Before general-purpose fault-tolerant devices mature, special-purpose noisy
devices are already commercially relevant

Hardware and algorithm / theory co-evolve in moving the goal posts closer to
each other

Government funding is crucial for sustaining the field in the early stage
towards more commercial maturity

For quantum computing, we are building on decades of accumulation in
science, technology and enterprise know-hows in classical computation.
Timeline of progress will likely be accelerated significantly as a result.

More algorithmic innovation is needed to maximize the use of NISQ devices



