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INITIAL IDEAS OF QUANTUM
COMPUTING

“Let the computer itself be built of
quantum mechanical elements which obey
quantum mechanical laws.”

The Computer as a Physical System: A Microscopic
Quantum Mechanical Hamiltonian Model of Computers
< LOS ALAMOS NATIONAL LABORATORY

as Represented by Turing Machines 40th ANNIVERSARY CONFERENCE
NEW DIRECTIONS IN PHYSICS AND CHEMISTRY

April 18-15, 1988
Paul Benioff:2
Wednesday, April 13
6:00-8:00 p.M.—Informal Reception at Fuller Lodge

Received June 11, 1979, revised August 9, 1979

In this paper a microscopic quantum mechanical model of computers as
represented by Turing machines is constructed. It is shown that for each
number N and Turing machine Q there exists 2 Hamiltonian H,? and a class
of appropriate initial states such that if ¥"(0) is such an initial state, then
WM (1) = exp(—iHy®t) Yo (0) correctly describes at times fs, fs,..., fan
model states that correspond to the completion of the first, second,..., Nth
computation step of Q. The model parameters can be adjusted so that for an
arbitrary time interval A around zs, fs,..., ax, the “machine” part of ¥o"(#)
is stationary.

KEY WORDS: Computer as a physical system; microscopic Hamiltonian
models of computers; Schrodinger equation description of Turing machines;
Coleman model approximation; closed conservative system; quantum spin
lattices.

Journal of Statistical Physics, Vol. 22, No. 5, 1980

Thursday, April 14

Main Auditorium, Administration Building
8:45 A.M. Welcome—Donald M. Kerr, Director

Los Alamos National Laboratory

Session —Robert Serber, Chairman

9:00 A.M. Richard Feynman
“Tiny Computers Obeying Quantum-Mechanical
Laws”
10:00 A.M. I. I. Rabi

“How Well We Meant”
11:00-11:15 A.M.—Intermission
Session II—Donald W. Kerst, Chairman
11:15 A.M. Owen Chamberlain
“Tuning Up the Time Projection Chamber””
12:15-1:15 p.M.—Lunch
1:15 P.M. Felix Bloch
“Past, Present and Future of Nuclear Magnetic
Resonance”
2:15-2.80 p.m.—Intermission
Session 11I—Edwin McMillan, Chairman
2:30 P.M. Robert R. Wilson
“Early Los Alamos Accelerators and New
Accelerators’

$:80 P.M. Norman Ramsey
“Experiments on Time-Reversal Symmetry
and Parity”
4:80 p.M. Ernest Titterton

“Physics with Heavy Ion Accelerators”

RICHARD FEYNMAN (1982)
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WHATI IS A QUANTUM
ANNEALER!

magnetic fields 1 quitS
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Quadratic Unconstrained
Binary Optimisation

Kadowaki and Nishimori, PRE58 5355, 998
Glover et al, arXiv: 81 1.11538

source: dwavesys on YouTube S||de Cl"edit |_ Liﬂder



https://www.youtube.com/playlist?list=PLPvKnT7dgEsvVQwGgrlUVXBa2J6PAW8a4
https://www.youtube.com/playlist?list=PLPvKnT7dgEsvVQwGgrlUVXBa2J6PAW8a4
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.58.5355
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.58.5355
https://arxiv.org/abs/1811.11538
https://arxiv.org/abs/1811.11538

CURRENT QUANTUM

EOMPUTE RS

Circuit-based quantum processors [edit]

These QPUs are based on the quantum circuit and quantum logic gate-based model of computing.

Manufacturer ¢ | Name/Codename/Designation ¢ Architecture ¢+ | Layout # Socket < Fidelity ¢+ Qubits ~ Release date A4
S 99% (readout)
X
Google Bristlecone Superconducting \attice N/A 99.9% (1 qubit) 72 qbBI4l | 5 March 2018
7~ 99.4% (2 qubits)
54
. . transmon
Nonlinear superconducting
Google Sycamore N/A N/A N/A gb 2019
resonator
53 qgb
effective
IBM IBM Q 53 Superconducting N/A N/A N/A 53 gb October 2019
IBM IBM Q 50 prototype Superconducting N/A N/A N/A 50 gbl”]
i il (1 2l
Google N/A Superconducting |attice N/A 99.7% 49 gb Q4 2017 (planned)
. 108-pin cross 10
Intel Tangle Lake Superconducting N/A oo N/A 49gb "9 | 9 January 2018
Google N/A Superconducting N/A N/A 99.5%!1] 20 gb 2017
B 99.812% (average
IBM IBM Q 20 Tokyo Superconducting |att N/A gate) 20 qu 10 November 2017
attce

93.21% (readout)

Quantum
SPeedup

Adrian cp,

0%, controyarc;
’ Versial ¢o
Mputer yj
elds no

+ Se,
€ all authors and affifjgy;
ons
3;:’/9;722 20 Jun 2014,
DO 70,1 Ssu/e ascP

Science 444 230-1331

344.6190.7330

fairest compar
to show wha

Manufacturer ¢ | Name/Codename/Designation ¢ | Architecture ¢ | Layout ¢ | Socket ¢ Fidelity ¢  Qubits ¢ Release date ¢
D-Wave D-Wave One (Ranier) Superconducting | N/A N/A N/A 128 gb 11 May 2011
D-Wave D-Wave Two Superconducting | N/A N/A N/A 512 gb 2013

D-Wave D-Wave 2X Superconducting | N/A N/A N/A 1152qgb | 2015

D-Wave D-Wave 2000Q Superconducting | N/A N/A N/A 2048 gb | 2017

D-Wave D-Wave Advantage Superconducting | N/A N/A N/A 5000 gb | 2020

Note: Quantum annealers are intended for use in specific technical applications.

Quantum processors on wikipedia



https://en.wikipedia.org/wiki/List_of_quantum_processors
https://en.wikipedia.org/wiki/List_of_quantum_processors

BT ARE PEOPLE EXCHEEES

Circuit from Shor's Algorithm

QERT.

N

Quantum cryptography 0y = T
* Shor’s algorithm s 3
Quantum simulation 0) 4 H »
].> //n UCL2O e UCLQI Eslyireris Ua2271—1

Quantum search

Quantum zoo

 Grover's algorithm

Quantum Algorithm Zoo T COTEE - ')y

Huge information capacity

This is a comprehensive catalog of quantum algorithms. If you notice any errors or omissions, please

email me at stephen.jordan@microsoft.com. Your help is appreciated and will be acknowledged.

Quantum machine Ieaming Algebraic and Number Theoretic Algorithms

Algorithm: Factoring
Speedup: Superpolynomial

Quantum supremacy

A3
the nenearal niimher field cieve whirh ic halieved tn riin in time ? on™)

Description: Given an n-bit integer, find the prime factorization. The quantum algorithm of Peter Shor
solves this in O (n3) time [82,125]. The fastest known classical algorithm for integer factorization is

The heet rinarniicehs nroven

The Q Rule: Almost everything in quantum needs to have a Q In it


https://quantumalgorithmzoo.org/
https://quantumalgorithmzoo.org/

ASIDE: QUANTUM
SUPREMALTS

In Oct 2019, Google published a paper in Nature claiming
they had achieved quantum supremacy by solving a
problem in 200s on Sycamore that would take Summit | Ok
years

* The problem: sampling numbers from a pseudo-
random quantum circurt

Response from IBM:"“We argue that an ideal simulation of
the same task can be performed on a classical system in 2.5
days and with far greater fidelity. *

* They argue that Google had neglected to account for disk
space

Article

Quantum supremacy using a programmable
superconducting processor
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Frank Arute', Kunal Arya', Ryan Babbush', Dave Bacon', Joseph C. Bardin'?, Rami Barends',
Rupak Biswas®, Sergio Boixo', Fernando G. S. 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', Steve Habegger', Matthew P. Harrigan', Michael J. Hartmann'®, Alan Ho',
Markus Hoffmann', Trent Huang', Travis S. Humble’, Sergei V. Isakov', Evan Jeffrey',

Zhang Jiang', Dvir Kafri', Kostyantyn Kechedzhi', Julian Kelly', Paul V. Klimov', Sergey Knysh',

'8, Fedor itsa', David Landhuis’, Mike Lindmark’, Erik Lucero’,
Dmitry Lyakh?®, Salvatore Mandra®*, Jarrod R. McClean', Matthew McEwen®,
', Xiao Mi', Kristel Michi "2, Masoud i', Josh Mutus',

Ofer Naaman', Matthew Neeley', Charles Neill', Murphy Yuezhen Niu', Eric Ostby',

Andre Petukhov', John C. Platt’, Chris Quintana', Eleanor G. Rieffel®, Pedram Roushan',

Nicholas C. Rubin', Daniel Sank', Kevin J. Satzinger', Vadim Smelyanskiy', Kevin J. Sung'®,
D. Trevithick', Amit Vai ", Benjamin Vi T White',

Z. Jamie Yao', Ping Yeh', Adam Zalcman', Hartmut Neven' & John M. Martinis***

The promise of quantum computers is that certain computational tasks might be
executed exponentially faster on aquantum processor than on a classical processor’. A
fundamental challenge is to build a high-fidelity processor capable of running quantum
algorithms inan exponentially large computational space. Here we report the use of a
processor with programmable superconducting qubits®” to create quantum states on
53 qubits, corresponding to a computational state-space of dimension 2°* (about 10%).
Measurements from repeated experiments sample the resulting probability
distribution, which we verify using classical simulations. Our Sycamore processor takes
about 200 seconds to sample one instance of a quantum circuit a million times—our
benchmarks currently indicate that the equivalent task for a state-of-the-art classical
supercomputer would take approximately 10,000 years. This dramaticincrease in
speed compared to all known classical algorithms is an experimental realization of
quantum supremacy®™ for this specific computational task, heralding amuch-
anticipated computing paradigm.

“the point when quantum
computers can do things that
classical computers can't”

John Preskill, Caltech


https://www.nature.com/articles/s41586-019-1666-5
https://www.ibm.com/blogs/research/2019/10/on-quantum-supremacy/
https://www.nature.com/articles/s41586-019-1666-5
https://www.ibm.com/blogs/research/2019/10/on-quantum-supremacy/

WHAI ARE [HE PROBLEMS!

Quantum error correcting code

« Quantum decoherence
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Coupling to 5-6 qubits
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Not a fully connected graph
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Dyakanov, The Case Against Quantum Computing


https://spectrum.ieee.org/computing/hardware/the-case-against-quantum-computing
https://spectrum.ieee.org/computing/hardware/the-case-against-quantum-computing

BFGRADE ALERT: HE-EISES

1
§ |
y 7 (@ CIVIL ENGINEERING
3 | v 2 new 300-metre service tunnels and

“CRAB" CAVITIES

16 superconducting ,crab*
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

2 shafts near to ATLAS and CMS.

e Peak luminosity =Integrated luminosity

6.0E+34 : — - HL-LHC 3500
el Run 1 Run2 ~Run3 Run4  Run5  Run6
e ' : : TR TR ey —. 3000
5.0E+34 f---i----b---dsmmmmenmt oo dSRdERen oo b JSSSSESSSE oo O e e e -0 e
CMS : L . —
. B L 2500 2
\\: o 4.0E+34 Trigger- | Trigger Trigger |« o L Fo
\A‘ < Rate: - -Rate: -Rate: 2000 &
S ~500 Hz | -~ kHz ~1 kH £
-'\t'_ L. 3.0E+34 AR T LSZ 7 N o0 R Rt e ) I e
FOCUSING MAGNETS &4 Fy P 5 | 1500 =
12 more powerful quadrupole magnets ‘» oo . o]
for each of the ATLAS and CMS Ja o | b : ' ' ()
experiments, designed to increase the /A E 2.0E+34 - : 4‘,-6
concentration of the beams before 7/ E i | 1 : : ° H by
collisions S el O e 1000 OOJD
- i | ) H H | i ' o
> el Trigger- <
P 1.0E+34 - . p---- ' Rate: 500
L ~7.5 kHz
& B — P . -
0.0E+00 e ———T [ [ - - 0

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

SUPERCONDUCTING LINKS
Electrical transmission lines based on a

BENDING MAGNETS

high-temperature superconductor to carry
current to the magnets from the new service
tunnels near ATLAS and CMS.

COLLIMATORS
15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection,

4 pairs of shorter and more
powerful dipole bending magnets
to free up space for the new
collimators

2015

|

CERN Novemty

Year

Great for physics ... but a challenge for computing



HL-LHC COMPUTING
EriALL ENGER

Combinatoric explosion that naively scales as n!



A SECOND PROBLEM:
TECHNOLOGE

42 Years of Microprocessor Trend Data

T | I | Y
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a b PR 1 LAL A | (SpecINT x 10%)
‘ an st 2 og . s LTl ol ;. Frequency (MHz)
103 b A.AAA..G;EA“I .......... m M _
4 ’.‘-' . v % 2y | Typical Power
102 | A ......... A..... 6 ........... -v'vv"v‘; ’vva’v’ ...... — (Watts)
A ..:= V'v’ vv v e : * L 2 ‘
Lt e R OTREY v weet | Number of
10 N = = v.ig ¥ * :‘.“ ¢ Logical Cores
of = ™ v @ 9 77 z snnee”
10 _;’ ............ 0 ..... ’ ........ ‘ ..... QQO“MW” ........... .......................... —
| | | |
1970 1980 1990 2000 2010 2020

Year



https://github.com/karlrupp/microprocessor-trend-data
https://github.com/karlrupp/microprocessor-trend-data

SHIFTING COMPUTING
LANDSCAPE

Shifting landscape for i

end-to-end computing / i \ BT
Computing
/ L2 Cache & &
S,
/ L3 Cache % e T
/ X-point Persistent Memory / On-die DRAM 4
/ Memory \ _— —
/ SSD Cache
Spinning Disk . The Brave
Spinning Disk New World

/ Tape \ / Network (inc. Wide
W‘T DE

The Good Old Days /

Slide Credit: G. Stewart



COULD QUANTUM

COMPUTING BE USEFUL FOR
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SIMULATING CORRELATIONS

Eiiti=Risht the tull picture:
particles are gquantum

mechanical objects

Toy Model

L=Ffid+m1)f1 + f2(id + ma) f2 + ((9qu)2
+ g1 110 + g2 fafod + gra [fifo + fafi] &

+ Not fully iIndependent

The mixing g12 gives several interesting effects

* ldea: exploit entanglement O e marmmes > | ([ qunues dograme g teeto )
between qubrts on a quantum § 8 £
computer to Improve the . LV A N Y i N
description of the parton o S g s o
shower Image credit: C. Bauer

Bauer et al., arXiv:1904.03 196



https://arxiv.org/abs/1904.03196
https://arxiv.org/abs/1904.03196

O MODEL RESULES

p) HR™ —P) ®)— U™ H gt -
|h) Uk é}
o @
ng) + - (ng)—
04 (91,02,€)=(2,1,1073) (a)
|na> // Ucount _@D_ Un ~ | T Analytical (912 = 0) 4 steps
0.3k simulation (g1, = 0) ¢ — ff excluded A i
) @ % simulation (g1 = 1) V
o 0ok ¥ IBMQ (g1 = 0), corrected g |
E ' A IBMQ (912 = 1), corrected y
3 4l \ ]
E I x—‘
i e ——
- 0-0 | 1 1 1 1 1 1
g _,S T T T T T T T
o S 21 1 7]
D T | e e a e e et e e e e e e enre e e enees
9 8 O | | | | | | |
B -7 -6 -5 -4 -3 -2 -1 0

Bauer et al., arXiv:1904.03196



https://arxiv.org/abs/1904.03196
https://arxiv.org/abs/1904.03196
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Reconstruction of 2017 pp data, (s =13 TeV

in Athena release 21.0.37 tuned for (u) = 30 =,
on Intel” Xeon” CPU E5-2630 v3 .
low-1 reference runs 10862 luminosity blocks -

I high-p run 335302 463 luminosity blocks Z

ATLAS Preliminary

v o by by by by vy by vy byy gy by gy 1y

Track reconstruction Is

eEXpECied to MV ERilis

largest CPU burden at
the FiE= s

)
luminosity block count

—_
o

HL-LHC: p= 140-200

O 20 30 40 50 60 70 80 90

100

() ATLAS S&C twiki



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ComputingandSoftwarePublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ComputingandSoftwarePublicResults

SIFFEREN [ ALGORITTHISS
ASSOCIATIVE MEMORY

- ~N

Pixels
& SCT

RODs

100 kHz
Event
Rate

YYYY

Raw Data
ROBs

Cluster
Finding

Core Crate
45°410° in @

8 n-¢ towers

2 PU/tower

Second Stage Fit (4 brds)

Track Data
ROB

FTK ROBs |=HLT

FProcessing

Inspired by ideas for FTK

arXiv:1902.00498

Memory required scales
far more slowly with the
number of tracks

106 . . . . .
. 05n;-1
105 . QuAM: 2t . (LO.SnJ -1)
AM: n

104;
0 1000{
=

100{

10}

1
0 5 10 15 20 25 30

Elementary Memory Units [n]

Slide credit: |. Shapoval


https://arxiv.org/abs/1902.00498
https://arxiv.org/abs/1902.00498

IMPLEMEN TATION

« Developed QuAM circuit generators implementing the Trugenberger’s initialization and generalized Grover's

algorithms.
* use open-source quantum computing platform, Qiskit
» Supported backends

» IBM QE cloud-based quantum chips [5Q Yorktown/Tenerife, [4Q Melbourne, 20Q Tokyo]

* Local/remote noisy simulators

qr(0] l0)

qr{1] o)

Ex.: complete circuit

for retrieving one 2-bit | ...
pattern

O

Ex.: complete circuit
for retrieving one 2-bit o
pattern m mémom i z HEHPPEE - TP T PP —

arxiv:1902.00498 Slide credit: |. Shapoval


https://qiskit.org/
https://qiskit.org/
https://arxiv.org/abs/1902.00498
https://arxiv.org/abs/1902.00498

e DIFFERENT ALGORITHMS:

~

-

v QUANTUM ANNEALING

* Reformulate track reconstruction as an — Solve using
the D-Wave quantum annealer

* Solution time won't scale with number of tracks
* Implement QUBO minimisation on D-Wave and study scaling with track multiplicity

* Inspired from *, but use triplets (3 hits) as the qubits

* Encode the quality of the triplets based on physics properties. Pair-wise
connections b act as constraints (>0) or incentives (<0)

» Minimizing O means selecting the best triplets to form track candidates

*Stimpfl-Abele & Garrido, Fast track
finding with neural networks

arXiv:1902.08324



https://arxiv.org/abs/1902.08324
https://arxiv.org/abs/1902.08324
https://www.sciencedirect.com/science/article/pii/001046559190048P?via%3Dihub
https://www.sciencedirect.com/science/article/pii/001046559190048P?via%3Dihub
https://www.sciencedirect.com/science/article/pii/001046559190048P?via%3Dihub
https://www.sciencedirect.com/science/article/pii/001046559190048P?via%3Dihub
https://www.sciencedirect.com/science/article/pii/001046559190048P?via%3Dihub
https://www.sciencedirect.com/science/article/pii/001046559190048P?via%3Dihub

IMPLEMENTATION

Dataset: simplified HL-LHC-like*
dataset (focus on barrel, | + GeV, 5+
hits)

Toy dataset, but representative of
expected conditions at the HL-LHC

QUBO solvers: gbsolv (D-Wave +
simulation), neal (simulation)

D-Wave 2X (1152 qubits), D-Wave
2000Q (2048 qubits)

*trackml

potential doublets _l

filter doublets
g create triplets

kept triplets

l precision
doublets <
qbsolv : recall

solve QUBO

create gplets :
- DaE\wavek
build QUBO

final doublets
forming track candidates

preprocessing / model building solving

ostprocessin scoring

M

1000

Doublets for a dataset
of 2456 particles and

<00 | 6855 hits
- . —e— fake
° out of acc.
' X ’/7//’ —e— real

/
—e— missing

/Iy
I

AN \
////llllﬂl‘\\ A\

4 m |
TR

—1000

—1000 —500 0 500 1000

Slide credit; L. Linder


https://www.kaggle.com/c/trackml-particle-identification
https://www.kaggle.com/c/trackml-particle-identification

PERFORMANCE

gbsolv+classical

100
90
Physics performance as a o 80
function of occupancy 70 e trackml score
: o recision
using a D-Wave 2X 60
50
(quO|V)' 1000 2000 3000 4000 5000 6000
#particles/event
Timing building: 0-20 min |
solving: 0-12s (sim), 0-56 min gbsolv+D-Wave
100
(D-Wave) 00
D—Wave | Sim. Same phy5|c§, . 80
important time overhead with °
70 e trackml score
D-Wave 60 e precision
o recall
50

1000 2000 3000 4000 5000 6000
#particles/event

arXiv:1902.08324 Slide credit: L. Linder



https://arxiv.org/abs/1902.08324
https://arxiv.org/abs/1902.08324

BIFFEREN | ALGORITEIEES
QUANTUM HOUGH TRANSFORM

cccccccc

) [
B weuoh (1762), RO, Dude, RE. Hart (:1972), DiF. Ballarai@i2e @) \/@_
A

Slide Credit: A.Yadav D



TrackML Parameters

Accumulator
Space for 8
tracks

QHT.QPR

el O e

Quantum Maxima Subroutine
based on GL Algorithm

Encode Accumulator
Matrix [p) = H®"

\/

Classical Sub-routine for
Measurement Result Extraction

Yes

!

Label Mapping to Maxima

l

Local Maxima Detection
using Grover-Long

array([array([13, 19, 22, 28, 35, 48, 52]),
array([ 2, 5, 16, 36, 40, 49]),
array([23, 29, 30, 32, 43, 53, 54]),
array([17, 18, 23, 30, 33, 39, 45, 50]),
array([17, 18, 23, 29, 30, 33, 39, 50]),
array([ 0, 9, 14, 34, 38, 42]), array([ 1, 11, 12, 20, 24, 27]),
array([ 7, 8, 10, 37, 46, 57]), array([17, 23, 29, 30, 32, 54]),
array([17, 29, 32, 43, 53, 54])], dtype=object)

B

1 .
Tracks in 2D-plane = Apply adjustile phase & —»Ei‘;:icgarl\‘igfgggs;hrough i
! Voting in Accumulator Matrix 1 0 D MENEE SEDs 2 Reconstructed Track
: v 2 v
. o
! Add phase to [o)states L. No Yes
i & |
l i Vote count to Integer Mapping v - :
Calculate Polar i MRS !
Coordinates i |
i No i
+ Quantum Hough Transform :
Algorithm
0.087 0.072 gor’
0.067 0.067 0.067066
0.061 061
0 0.06 1 00 0.058 0.059 0.058 0.05% .
g . . 5(;’,053 0.052 0.052 track_index
.-(__:
©
S 0.041
—
o
4 e
0.02 0.015
0 0
0.00-
© ~ ~N QONO~NO NV 2]
ggé)gNN&V”)@Q”)VOO%QO)Qé?O)
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Chen et al, arXiv:1908.0/943

vote counts

Slide Credit; A.Yadav


https://arxiv.org/abs/1908.07943
https://arxiv.org/abs/1908.07943

QUANTUM MACHINE
LEARNING
FINDING
/ THE HIGGS BOSON
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QUANTUM MACHINE
[ EARNING

Finding the Higgs boson

III|III|IIIIIII|III]III|III|I

CMS Preliminary —e— S/B Weighted Data

\s=7TeV,L=5.11fb" ::5 :ii(tComponent
— —_— -1 ''''''
\/§—8TeV,L—53fb [ ]+1o
[ J=+20

CMS, PLB /716, 30-61

Sum of Weights / 2.5 GeV
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Data ATLAS

Continuum Background Vs =13 TeV, 79.8 fb
m,, = 125.09 GeV

All categories

Total Background

Signal + Background

In(1+S/B) weighted sum

+ + + T—E

1 | 1 1 | 1 1 1 1 | 1 1 1 1 ]
110 120 130 140 150 160

m,, [GeV]

ATLAS, PLB784 (2018) 173
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R4 AML CLASSIFIERS

(Quantum Adiabatic Machine Learning)

Abstract—We develop an approach to machine learning and Define w. as binary linear
anomaly detection via quantum adiabatic evolution. In the train- . ] . :
ing phase we identify an optimal set of weak classifiers, to form Define functions |'|i of the combination of hi
a single strong classifier. In the testing phase we adiabatically . iabl . 11
evolve one or more strong classifiers on a superposition of inputs InpUt variables into [' ’ ]
in order to find certain anomalous elements in the classification such that
space. Both the training and testing phases are executed via quan- > i s0) > >
tum adiabatic evolution. We apply and illustrate this approach P(Slgna”h O) P.(bkglh 0)
in detail to the problem of software verification and validation. g P(bkg|h<0) > P(Slgna”h<0)
: : i.e. Most signal on h>0, most
Pudenz and Lidar, arXiv:| 109.0325 bkg on h<0

Define as a “target” function
]. .f —
y(zr) = {1—1, ;f i ;, 5(’10) X Z C’z-jwz-wj —|—Z()\ — 2Cz-y)wz-

Per event error

N Simple convers Implementation
E(z) = y(z) — Y wihi(z) onts o
i=1 M as QUBO
Full error
§(w) o ) Cijwiwi+ Y (A — 2Ciy )w; Ho. h.o? T 007
i i Ising — 10 T ijO4i 0
> C, and C, are summations over the values of h, over the training set 7 17

> A\ is a parameter penalizing the number of non-zero w,

Slide credit: . R.Vlimant
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H — yy ON D-WAVE

doi:10.1038/nature24047

Solving a Higgs optimization problem with quantum
annealing for machine learning

Alex Mott!t#, Joshua Job®3#, Jean-Roch Vlimant', Daniel Lidar?* & Maria Spiropulu
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& VARIATIONAL SVM

e In 2018, a variational Quantum SVM method was introduced by
IBM, published in Nature 567 (2019) 209. The variational
Quantum SVM method can be summarized in four steps:

1. 2. . 4,
Apply the Apply short-depth deasure in the Assign
feature map variational circuit standard basi label

0)

10)
10)
10)
0)

e During the training phase, a set of events are used to train the
circuit W(0) to reproduce correct classification

Slide Credit: S.L..VWu and C. Zhou
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Background rejection

PERFORMANCE

Using the Qiskit Qasm simulator ibmq_boelingen (20 qubits)
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0.24
” Loss: the mean of the squared
3 555 differences between the output
scores from the quantum
0.20 1 algorithm and the ideal scores
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Slide Credit: S.L..VWu and C. Zhou
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SUMMARY

Exciting recent developments in quantum computing

How might they be useful for particle physics?

Simulation Track Reconstruction Machine Learning for Physics
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