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I Where i1t all started

Simulating Physics with Computers

Richard P. Feynman

Depariment of Physics, California Institute of Technology, Pasadena, California 91107

Recetved May 7, 1981

1. INTRODUCTION

On the program it says this is a keynote speech—and I don’t know
what a keynote speech is. I do not intend in any way to suggest what should
be in this meeting as a keynote of the subjects or anything like that. I have
my own things to say and to talk about and there’s no implication that
anybody needs to talk about the same thing or anything like it. So what I
want to talk about is what Mike Dertouzos suggested that nocbody would
talk about. I want to talk about the problem of simulating physics with
computers and [ mean that in a specific way which I am going to explain.
The reason for doing this is something that I learned about from Ed
Fredkin, and my entire interest in the subject has been inspired by him. It
has to do with learning something about the possibilities of computers, and
also something about possibilities in physics. If we suppose that we know all
the physical laws perfectly, of course we don’t have to pay any attention to

computers. It’s interesting anyway to entertain oneself with the idea that . . . . Be -
we’'ve got something to learn about physical laws; and if I take a relaxed bE undﬂrstﬂﬂ-d very weu lﬂ‘ EHE?‘-]}'Z]“E lhE Slt:uatlﬂﬂ. And I'm not hﬂpp}r ‘_'I"'?lth
view here (after all I'm here and not at home) I'll admit that we don’t all the analyses that go with just the classical theory, because nature isn’t
understand everything. . . . . . -
The first question is, What kind of computer are we going to use to classical, dammit, and if you want to make a simulation of nature, you'd
simulate physics? Computer theory has been developed to a point where it " £ Y] ' !
realizes that it doesn’t make any difference; when you get to a universal bE”EI mﬂ.kﬂ it qUﬂntum mﬂﬂhﬂﬂlc_al, ﬂ'ﬂd b}F gﬂﬂy 1It's a W'DﬂdﬂrfU]. Prﬂblﬂm,
computer, it doesn’t matter how it’s manufactured, how it’s actually made. bEEaUSE i[ d{}ﬂsn’t lﬂﬂk SO easy. Thank yOu.

Therefore my question is, Can physics be simulated by a universal com-
puter? I would like to have the elements of this computer locally intercon-
nected, and therefore sort of think about cellular automata as an example
(but I don’t want to force it). But I do want something involved with the

467
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nature.com/articles/s41586-019-1666-5
journals.aps.org/pra/abstract/10.1103/PhysRevA.106.032428
writings.stephenwolfram.com/2018/04/buzzword -convergence-making-sense-of-quantum-neural-blockchain-ai/

L ots of activities

Article | Published: 23 October 2019

Quantum supremacy using a programmable
superconducting processor

Frank Arute, Kunal Arya, Ryan Babbush, Dave Bacon, Joseph C. Bardin, Rami Barends, Rupak Biswas, Sergio

Boixo, Fernando G. . L. Brandao, David A. Buell, Brian Burkett, Yu Chen, Zijun Chen, Ben Chiaro, Roberto

Collins, William Courtney, Andrew Dunsworth, Edward Farhi, Brooks Foxen, Austin Fowler, Craig Gidney,

Marissa Giustina, Rob Graff, Keith Guerin, ... John M. Martinis B+ show authors

Mature 574, 505-510 (2019) | Cite this article

Simulating key properties of lithium-ion batteries with a fault-
tolerant quantum computer

Alain Delgado, Pablo A. M. Casares, Roberto dos Reis, Modjtaba Shokrian Zini, Roberto Campos, Norge Cruz-
Hernandez, Arne-Christian Voigt, Angus Lowe, Soran Jahangiri, M. A. Martin-Delgado, Jonathan E. Mueller, and

Juan Miguel Arrazola
Fhys. Rev. A 106, 032428 — Published 26 September 2022

Buzzword Convergence: Making Sense of
Quantum Neural Blockchain Al

April 1, 2018



forbes.com/sites/chuckbrooks/2021/03/21/the -emerging-paths-of-quantum-computing/?sh=66cac7936613

Lots of (potential) use cases

Quantum Computing
Use Cases

Quantum Light Harvesting
Chemistry Transport

. Quantum

Cimate . Commurscation Simulation

CO.
J = T
N, NG Matenals Room Temperature S/C
Pharma Chemistry Physics _ _
D#fferentaal
Biomolecules Equations
sens,  OCience don
Pmun_liz-d Search Math
Medicine _ Linear Algebra Quantum
Pattern Computing Communication
Bolormatcs Matchng Codo-Breaking
Machine
Learning Optimization Quantum
Praiics = _ Algorithms
Protein Folding Route
Planning
Lt Scheduiing
Quantum Autonomous Vehicles

Machine Learning

gartner.com/SmarterWithGartner

g Gartner. s



de.wikipedia.org/wiki/Trommelspeicher#/media/Datei:Pamiec_bebnowa_1.jpg
flaticon.com/de/kostenloses-icon/algorithmus_1119005
forbes.com/sites/tiriasresearch/2023/11/28/quantum -computing-is-coming-faster-than-you-think/

Menu for today

Entering the era of qguantum computing,
what Is the future of data management?
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Contents and Instructors

Structure

wintroduction wYp V6
wFundamentals of quantum computing WwYH N W6
wData management using guantum computers w49 o p W6
wData management via quantum internet w90 n1 W6

Rihan Hal Shih-Han Hung Feld
TU Delft, NL AcademicaSinica, TW TU Delft, NL
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I Fundamentals of guantum computing

cOoverview
cQuantum Gate Model
cQuantum Annealing

oConclusion
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twitter.com/IBMDACH/status/1189194971925975041
em-press.nl/image/l0000k6zUoyh5gdA
foreignpolicy.com/2023/07/31/us -quantum-technology-china-competition-security/

What exactly Is a guantum computer?

wGolden chandelier plus VIP
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I What exactly is a guantum computer?

wJokes aside: what is included and what is not?

{1 Quantum Inspire

12



ikipedia.org/wiki/Quant

I What exactly is a quantum comput

wOften hidden behind a service

er?
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I What exactly is a guantum computer?

wkullstack quantum computation

—
User [ Programming Language J
Decomposer 1

Optimizer

Compiler

Scheduler

Mapper
o
Instruction Set [ Decomposer J
Architecture Optimizer ]
Microarchitecture [ Operator ]
—
QPU | Qubits ]




I What exactly is a guantum computer?

wdwa yv2G | YIF3IAOFE 62YVyRSNI YI
wQuantum computing Is turinrgomplete
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cs.virginia.edu/~robins/The_Limits_of Quantum_Computers.pdf

Know your limits

w dzl yidzyYy O2YLMzuAYy3 Aa LI26SNFdAz
boundaries

EXAMPLE PROBLEMS

n X n chess
PSPACE n % nGo

Box packing A
Map coloring
Traveling salesman
n X n Sudoku

NP-
complete

Efficiently solved _ NP . Graph isomorphism
by quantum
computer BQP

-l—'—'-—-'-—'-

Factoring

\ Discrete logarithm

Graph connectivity
Testing if a number

/ is a prime
Matchmaking

Harder

Efficiently solved by
classical computer

16




I The holy grall

wAt least three things need to come together

’\

No efficient ¢KIIdQa GKS
classical
solution

Efficient
guantum
solution

Valuable
Problem

17



I Two different flavors

Quantum Gate Model Quantum Annealing

The Quantum Computing Company™

5
TUDelft = Diwave




nature.com/articles/s42254-023-00558-3
link.springer.com/chapter/10.1007/978 -3-030-42664-4_2

And what else?

Quantum Sensing Quantum Internet

Molecular structure Thermal measurements In vivo magnetic satellite
determination with nanodiamonds activity in animals
. | R Magnetometer
apin X 7
, probe
labels ! < / (diamond/OPM)
S Guantum-
Diﬂmnd GI.EES- ElidE 5 “__- - "{\: Computer
QKD
Subcellular organelle Electrical activity studies Clinical diagnostics
metabolic studies in cellular cultures in humans
' Cell F 1."‘--5\_!},-@[;3 OPM probe array
¢'0 Qe g, /Q Reae
S gt ag el & quantum-
S goel e computer
NV ensemble - Dense NV ensemble .
Molecular scale Cellular scale Organism scale | \\
endnode
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I Fundamentals of guantum computing

cOoverview
cQuantum Gate Model
cQuantum Annealing

oConclusion



epj-conferences.org/articles/epjconf/pdf/2019/19/epjconf_chep2018_09010.pdf

Many different qubit technologies

wQuantum bit (qubit), the main building block

lon trap

loe lager

red laser
Uinear Paul trap

NMR

NV center

Sci. China Phys. Mech, Astron,
Scientific Reports 4, 3589 (2014) 59_-530};*:12 (2016) Phys- ey Biog, 120204)2012) ma ny
Quantum dot Linear optical more

4 Mature Manotechnology
9, 981-985 (2014)

J. Opt. Soc. Am. B, 24, 2,
209-213 (2007)

Superconducting

Yy .
| S | e
. — > |
(] | R

Ann. Phys. (Berlin)
525, 6, 395412 (2013)
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en.wikipedia.org/wiki/Bloch_sphere

I What Is a qubit (for us)?
wA qubit Is a linear combination of basis states

ry 11m 1lp)

R Newth| | F| p
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I Measurement gives classical information

7 R are called probability amplitudes

en.wikipedia.org/wiki/Bloch_sphere

wWhen measuringl| | is probability of finding qubit in statgm

ry |[1m T |p)
3 B A NEWth| ] [ p
ry 1w T s A = i @
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en.wikipedia.org/wiki/Bloch_sphere

Gates

wQuantum gates operate on a quantum state
wRotations around an axis, but also controlled operations

Superposition

1)

1) 24



Gates

wQuantum gates operate on a quantum state
wRotations around an axis, but also controlled operations
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Circults

wBack to assembly programmidg Quantum Assembly (QASM)
wHighlevel programming languages available, though

prepare entangle measurement
f ¥ ¥ 1 .prepare

qle] —|0) —

.entangle

il - ale], ql1]

.measurement
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en.wikipedia.org/wiki/Grover's_algorithm
learn.microsoft.com/en-us/azure/quantum/concepts-grovers
PV a N PV a N AV 4 P aN v d Vo N

wManipulate the amplitudes, such that the probabillity of our
solution state Is maximized

Grover diffusion operator

0 —{@H @ - A
|[]"}{ o U | e (2100 — L, |-
0} — H | H | H— - — A
Repeat == %\a’T times
|good ) |good )

Applying O ¢ Applying —H®" O H®"
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I General idea of QAOA (and VQE)

wMinimize a problerrspecific guantum operaton by

parametrizing andf

/

MBRIMIBIR

Compute

New {4, v} |

Classical Optimizer

guantumai.google/cirg/experiments/gaoa/example_problems




research.googleblog/suppressing-quantum-errors-by-scaling-a-surface-code-logical-qubit/

Main problems

wHIgh noise levels make extensive error correction protocols
necessary

Phase-flip error Bit-flip error

I:IData qubit nMeasure qubit .Data qubit with error Jnusec

29



shafi-syed.medium.com/quantum-data-and-its-embeddings-1-3b022b2f1245
en.wikipedia.org/wiki/Quantum_machine_learning
science.org/doi/10.1126/science.abn7293

Main problems

wData loading, as we basically perforrmm@mory computing
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I Main problems

wFind the right solution AND the right problem

No efficient
classical
solution

Efficient
gquantum
solution

Valuable
Problem
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science.org/doi/10.1126/science.abn7293

Some highlights
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I Some highlights
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