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What are classical computers made of¢
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Intel 4040 chip in
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Image of Transistor: https://clinfonwhitehouse4.archives.gov/Initiatives/Millennium/capsule/mayo.html NAND Gate: Dgarte - Own work, CC BY-SA 3.0
No copywrite infringement intended. All graphics belong to their respective owners and sources are indicated where known. This document is for infernal educational purpose only and is not monetized.



Moore's Law (Is It ending?)

OurWorld

Moore's law descr arity ransistors on integrated ci in Data

This advancement is important as nllu r aspects of tec hnl)l(ngl(..i] O — such as proces:
strongly linked to Moore's law.
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h on this topic C nder CC-BY-SA by the author Max R

https://commons.wikimedia.org/wiki/File:Moore%27s Law_Transistor Count 1971-2016.png
No copywrite infringement intended. All graphics belong to their respective owners and sources are indicated where known. This document is for infernal educational purpose only and is not monetized.
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High Performance Computing (HPC)

42 Years of Microprocessor Trend Data

Single-Thread
Performance _
(SpecINT x 10°)

Frequency (MHz)

Typical Power
(Watts)

Number of
Logical Cores

S0 8 A SR RPN 4

1970 1980 1990 2000 2020
Year

Ongral data up 10 the year 2010 collected and plotted by M. Horewitz, F. Labonte, O. Shacham, K. Oukotun, L Haunmond, and C. Baten

New plot and data colected for 2010-2017 by . Rupp Average Gate height:

Average Fin width: 18 nm (at bottom) :
Average Fin height: 35 nm
Average Fin pitch: 60 nm

Average Tri-Gate length: ~ 30 nm
Average Tri-Gate width: ~ 80 nm

https://www.infog.com/news/2020/04/Moores-law-55/ https://www.itworldcanada.com/article/big-cat-swims-intel-details-tiger-lake-and-superfin-transistors /434460



https://www.infoq.com/news/2020/04/Moores-law-55/
https://www.itworldcanada.com/article/big-cat-swims-intel-details-tiger-lake-and-superfin-transistors/434460

Quantum Computing

“Nature isn’t classical, dammit, and if you
want to make a simulation of nature, you'd
better make it gquantum mechanical, and
by golly it's a wonderful problem, because
it doesn’t look so easy.” — Richard Feynman

Photo of Richard Feynman, taken in 1984 in the woods of the Robert Treat Paine Estate in Waltham,
MA, while he and the photographer worked at Thinking Machines Corporation on the design of the
Connection Machine CM-1/CM-2 supercomputer.

By Copyright Tamiko Thiel 1984 - OTRS communication from photographer, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php2curid=44950603



Current Quantum Computers

IBM Quantum Computer Rigetfti Quantum Computer  lonQ Quantum Computer
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Xanadu Quantum Computing Google Quantum Al D-Wave Quantum Computer

Google Image Credit: Stephen Shankland/CNET Note: Images belong to their respective corporations



Inside Current Quantum Computers

IBM Quantum Computer Rigetti Quantum Computer lonQ Quantum Computer

Google Images Credit: Stephen Shankland/CNET Note: Images below to their respective corporations



Quantum Advantage

complexity

Polynomial and Exponential speedup

Theoretically can solve some NP
problems, and other harder problems.

D-Wave and Google Quantum
Supremacy examples

Superposition, Parallelism, Entanglement, y ¥ Hard for

Hilbert space ay @\ ordinary
Hard for | /  hard ' quantum
classical | . computer

computer

Non-deterministic
Turing Machine

Quantum
computer

Deterministic || Easy for classical
Turing Machine computer

https://www.groundai.com/project/quantum-information-processing-with-superconducting-circuits-a-review/2



The Qubit (Information in Superposition)

Somewhere from 0 fo 1

100% O ~75% 0 I]Qgétﬂaqoefsmeosuring
100
75
50
25
. B

100% 1

| ) is a way of representing a quantum state.
States on the sphere are pure states, while
inside are mixed states or decohered states.



Information Storage (Classical vs Quantum)

Register
size (n)

Classical register of n bits.

Can only store one value at a time.

1 (eg, Oorl)

1 (00,01, 100r 11)
1 (000, 001, 010, ...... or111)

1 out of possible 65,536 values
1..
1...

Quantum register of n high quality qubits in
superposition.

Can store the individual probability amplitudes
of all possible values at any given time.

2 (00 and p1) ( biased coin)

4 (000, P01, p10 and p11) (4 sided biased dice)
8 (p000, p0O0T1, pOI0, ...and p111) (8 sided dice)
All 65,536 probability values

4,294,967,296 (> base pairs in human genome)

3.5x1013 (> number of cells in a human body)

1.8x10° (> number of grains of sand on Earth)

1.2x103° (number of bacteria on Earth)

1.8x10°° (> the number atoms on Earth)

p is the probability of that number




Ditferent Kinds of Quantum Computers

Electron Spins
0

|

Molecule Energy Levels

0

Superconducting Circuits

Photons

Type

Superconducting

Superconducting

Trapped lons (Electron energy levels)

Photonics

Simulators (Emulators)

Si Si/Ge (undoped quantum Dots)

Doped Si

Nitrogen Vacancy center in Diamond
(Energy Levels)

Neutral Afom

Nuclear Magnetic Resonance

Silicon Semiconductor Electron Spin

Companies/Universities Gate/
Annealing

Google
IBM Q
Rigetti Systems

D-Wave (Canada) Annealing

lonQ (U of Maryland/Duke) Gate
Honeywell (Microsoft/Honeywell)

Xanadu Gate

Many including IBM, Google, Microsoft, ATOS, ...

Johannes Kepler University

U of Melbourne and Keio U.

QuTech/TUDelft (Netherlands)

Anderson Group/University of Colorado

Stanford and other labs

Intel (Intel/QuTech/TuDelft)




Superconducting vs lon Traps

SQUID circuit, Interconnected
Current goes both

| U per_co nd UC‘I‘ing ways. Clackwise 0, qubits in a Chimera

Anticlockwise 1

Josephson Junction

D-Wave Annealing chip

Aluminum Oxide
in between
layers of Al

IBM Gate based
universal chip

compensation ) )
blades - radial electrodes eleclrodu Side YACW
- (cut through diagonally

‘ Front view ;
opposite blades)

12 ions squeezed IBM Quantum Computer
300 mm into an lon Trap

tips - axial electrodes

A quantum information processor with trapped ions, New J. Phys. 15 123012 (2013). DOI:
https://doi.org/10.1088/1367-2630/15/12/123012 Figure 5 National Institute of Standards and Technology - Planar lon Trap; Magnesium lons IBM Zurich Lab Quantum Computer
Photograph of a chip constructed by D-Wave Systems Inc., designed to operate as a 128-qubit superconducting adiabatic quantum optimization processor, mounted in a sample holder. D-Wave Systems, Inc. - D-Wave System:s, Inc.



Annealing vs Gate Quantum Computing

Energy Landscape, minimization Universal/Gate computers
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Solution Solution

Quantum Tunnelling Adiabatic evolution

g

Credit: Martin J. A. Schuetz

https://medium.com/@guantum_wa/guantum-annealing-cdb1292e926601



https://medium.com/@quantum_wa/quantum-annealing-cdb129e96601

Comparative History of Classical
and Quantum Computers

HHistory of Classical Computers

1906 Vacuum
Tube invented
by Lee de
Forest

Early 40s First Vacuum
based computer
ENIAC at Penn
Engineering

1947 Transistor created

at Bell Labs by Breeden,

Brattain and Shockley

Mid 50s. First
transistor based
computer TX-0 at MIT
Lincoln Labs

1958: First integrated
circuit by Jack Kilby at
Texas Instruments

1971: First
Commercial

Integrated Circuit
Central Processing

Unit Intel

4004. 4Bit

processor with 2100
Transistors

1989 Intel 486
1M transistors

2000 Intel
Pentium Il 50M
transistors

2010 8-64 Core
Xeon 1-8 B
transistors

2018 64 Core
AMD Epyc 5B
transistors

, -
| 1906] 1909] 1912[ 1915] 1918] 1921] 1924] 1927] 1930] 1933] 1936] 1939 1942] 1945] 1948[ 1951] 1954] 1957] 1960[ 1963 1966] 1969] 1972] 1975 1978] 1981] 1984] 1987 1990] 1993[ 1996[ 1999 2002] 2005] 2008] 2011 2014] 2017] 2020] 2023]

1954] 1957] 1960| 1963| 1966/ 1969| 1972] 1975 1978 1981| 1984] 1987/ 1990| 1993| 1995| 1999] 2002| 2005| 2008 2011 2014| 2017| 2020| 2023| 2026/ 2029] 2032| 2035] 2038] 2041 2044] 2047] 2050 2053 2056] 2059] 2062 2065 2068] 2071

SN

1962 Brian David

1981 Richard

1989 Wolfgang

1994 Peter Shor

1996 Lov Grover

1999 D-Wave

2007 D-Wave

2013 Rigetti

2015 lonQ.is co-

.
2017 1BM 20

e
2017 1BM 53

2018 Google

2019 64 Core
AMD Ryzen
Threadripper
20B transistors

2019 D-Wave

Systems 4 Qubit Computing founded by Chris | Qubits Qubits 72 Qubit 5000 Qubits

Josephson produces
mathematics of

Feynman delivers his
seminal lecture on

Paul invents the

publishes paper on

discovers the
Quantum

founded

(Annealing)

Founded

Monroe and

(Universal)

Pegasus

order finding using
qubits to
efficiently factorize
large numbers

3D quadrupole
Josephson Effect simulating physics Search Algorithm (Annealing) Jungsang Kim (Annealing)

with a quantum
2019 Intel 49

Qubits
(Universal)

2019 Google
53 Qubits
(Universal)

2017 D-Wave
2000 Qubits
(Annealing)

computer
2015 D-Wave
1000 Qubits

HHistory of History of Quantum Computers ‘ (Annealing)

by Alex Khan




Roadmaps of Quantum Computing Companies

Google Al Quantum hardware roadmap Qlona
1024
Y arie p 1000
wysics der 2029 Year .
I I N NS N N g o0
SN . E==2 H=] =i e g
54 10? 10° 104 10° 10°%  Physical qubits £ 600
Beyond Logical qubit 1 Iogic’al qubit Tileable module Engineering Error-corrected £ e
classical prototype (Logical gate) scale up quantum computer § 400 256
<
200
Error correction 22 25 29 35 64
0
2021 2022 2023 2024 2025 2026 2027 2028

Credit: lonQ

https://iong.com/posts/december-09-2020-scaling-guantum-computer-roadma

Development Roadmap IBM Quantum
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Credit: Google https://www.ibm.com/blogs/research/2021/02/quantum-development-roadmap/


https://ionq.com/posts/december-09-2020-scaling-quantum-computer-roadmap
https://www.ibm.com/blogs/research/2021/02/quantum-development-roadmap/

Possible Future of Quantum Computers

Possible growth of Universal Quantum Computers. Assuming Moore law like scaling. (1000 qubits to 1

If universal quantum Possible functional

computer qubits grow at quantum computers
50,000,000,000 . 50,000,000
the current rate . solving real world

problems.

Actunl Qubits Lagical Qubits

Annealing quantum
computers by D-Wave
using superconducting
qubits are doubling
qubits every year

If universal quantum computers
scale with Moore's Law similar to
classical computers

Superconducting qubit universal
e : _ : quantum computers are growing
Quantum - _ exponentially but face potential
Computer 4 ) scaling and error correction
1 hurdles, which could slow growth

ot e as far as logical qubits

] .
Moisy Intermediate
Scale Quantum

Computers (NISQ)
era

Future universal quantum
computer modalities like lon traps,
quantum dots use real atoms with
less error could achieve more

e
logical qubits faster

® .
¥y -~
a.*

# Universal

® COuantum
Computers

By Adex Khan




Funding for Quantum Computing

Quantum computing companies ranked by total equity funding as of December

2018 (in million U.S. dollars)*

statista %

Aggregate Revenues for Quantum Computers: By Type of

Revenues ($Millions)

3,000

2,500

2,000

1,500

1,000

YRR R

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

© 2019 Inside Quantum Technology

B Cloud services
| Software

Hardware




Quantum Computing Use-Cases

Optimization using annealing or universal
quantum computers

Financial stock portfolio, fixed asset
optimization, traffic, medical, etc.

Quantum cryptography, quantum
Network and communication

Quantum Machine Learning (and using
ML to aid in error correction)

Sensors and quantum devices (atomic
clocks)

Quantum chemistry and molecule
simulation (hew medicines)

Quantum Random Number Generation
(QRNG)

More being discovered each day

Quantum Computing
Use Cases

Quan?u m Light Harvesting
Chemistry Transport

Climate Communication
Energy

Quantum
Simulation
CO,

i Room Temperature S/C
LNG Materials pe

Chemistry Physics ) )
Differential

Biomolecules Equations

Science

Biology Encryption
Math

Linear Algebra Quantum
Pattern Computing Communication
Bioformatics Matching Code-Breaking
Machine Singularity
Learning Optimization Quantum
Algorithms

Personalized

Medicine Search

Hsaae Robotics

Protein Folding Route

Planning

Constraint Scheduling

Satisfaction
Quantum

Machine Learning Autonomous Vehicles

gartner.com/SmarterWithGartner

Gartner.




Quantum Algorithms and their Applications

Grover's Search and has quantum advantage

Shor's Period finding with quantum speedup (this is
used to find factors and thus breaks RSA
encryption)

Quantum Annealing Find solutions (minimum, maximum) of
optimization problems. Quantum Speedup
not proven, though demonstrated.

Harrow, Hassidim and Lloyd (HHL) Find solutions to a linear set of equations

Quantum Approximate Optimization To help speedup finding solution to
Algorithm (QAOA) combinatorial problems

Variational Quantum Eigensolver (VQE) Speed up the process of finding the minimum
energy states of molecules

Quadratic Unconstrained Binary Optimization  Finding energy minimum of optimization
(QUBO) problems.




Security and Post Quantum Cryptography

Shor’s — Period finding — gate QC

Impact of QC on Common Crypto Algorithms.
From NISTIR 8105: Report on Post-Quantum
Cryptography, 2016.

Cryptographic Algorithm Purpose Impact from large-scale
quantum computer

AES : Larger key sizes needed

SHA-2. SHA-3 Hash functions | Larger output needed

Public key Signatures. key | No longer secure
D D . establishment
1
3 @ D D ‘DS C. Public key Signatures. key | No longer secure
o
exchange
0 D D :
D 1
D 21 / No longe

Post Quantum Cryptography

Grover Search, Siev and others sEla i i chibiio = cUale

Quantum leaps
China's Micius satellite, launched in August 2016, has now validated across a record 1200 kilometers the
“spooky action” that Albert Einstein abhorred (1). The team is planning other quantum tricks (2-4).

1. Spooky action
Entangled photons were sent to
Micius separate stations. Measuring
(500 km altitude) one photon’s quantum state
instantly determines the other’s,
no matter how far away.

8

Light-altering crystal
creates entangled
photon pairs

o Pair
g ]
4 Global network 2. Quantum key distribution
Future satellites and ° Micius will send strings of entan-
ground stations could gled photons to the stations,
enable a quantum e creating a key for eavesdrop-
internet.

proof communications.

& —-0—6
e W -89
v Pair string

3. Quantum teleportation
Micius will send one entangled
photon to Earth while keeping its
mate on board. When a third
photon with anunknown state is
S ‘entangled with the one on Earth,
~and their states jointly mea-
: ¢ & sured, the properties of the last
‘‘‘‘‘ ¢/  photon are instantly teleported
~ ; 7 s : - up'to Micius.

CREDITS: (GRAPHIC) C. BICKEL/SCIENCE; (DATA) JIAN-WEI PAN

https://nvipubs.nist.gov/nistpubs/ir/2016/NIST.IR.8105.pdf https://www.sciencemag.org/news/2017/06/china-s-quantum-satellite-achieves-spooky-action-record-distance

No copywrite infringement intended. All graphics belong to their respective owners and sources are indicated where known. This document is for infernal educational purpose only and is not monetized.



Molecule Simulation — Gate (VQE)

~
N ~J
st

~
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nerqy (Hartree)

Energy (Hartree)
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Interatomic distance (Angstrom Interatomic distance (Angstrom Interatomic distance (Angstrom

H,: 2 qubits LiH: 4 qubits BeH,: 6 qubits
5 pauli term Hamiltonian 100 pauli term Hamiltonian 165 pauli term Hamiltonian

https://arxiv.org/albs/1704.05018



https://arxiv.org/abs/1704.05018

Molecule Simulatfion - Annealing

We are here!

Where Are We Today 10,000 qubits

Started to test industrial problems

Current state-of-the-art

guantum simulations
(IBM, Nature 549, 242-246)

Industrial relevant
size materials

500 qubits

70 qubits

1?“5 ,&
7 uts

A (phenyl)
(H20)
(B

We have demonstrated industrial relevant size simulations on quantum hardware

OTI Lumionics Inc. © 2019 - Confidentia
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# of electrons

https://www.dwavesys.com/sites/default/files/34 Thurs AM OTl.pdf



https://www.dwavesys.com/sites/default/files/34_Thurs_AM_OTI.pdf

Portfolio Optimization - Annealing

Quantum vs Classic Efficient Frontier - Sharpe Ratio
Quantum n=2588, Classic n=221660

Classic
Quantum
Genetic

Liicient rrontier

- L o]
Tangency Portfoli

Individual Assets
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risk free rate
Best possible CAL
Standard Deviation

004 005 006 007
Standard Deviation

https://www.researchgate.net/publication/343786420 Portfolio Opti
mization of 60 Stocks Using Classical and Quantum_Algorithms



https://www.researchgate.net/publication/343786420_Portfolio_Optimization_of_60_Stocks_Using_Classical_and_Quantum_Algorithms

Some of the challenges

Low number of qubits

Isolating qubits and reducing noise from the environment

Errors in maintaining quantum state and controlling qubit rotations
No-cloning

Low number of gates before decoherence

Data loading problem

Scaling the systems and adding RAM

Measurement destroys the quantum state

Requires multiple shots (measurements) to get probabilistic answer
Most do not have fully connected qubits (lon Traps are exception)
Considerable technical, engineering, and scientific research needed
Software and use-cases still need to be developed

Information cannot go faster than light (limitation on entanglement)






