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HHL algorithm &
ML relevance

Harrow, Hassadim & Lloyd 2008

Use of HHL in training of deep neural networks offers exponential speedup over classical training



quantum computing

history

1980s

Invention of first
quantum algorithms

Invention of quantum
error correction

2000s

Significant progress
in quantum hardware
& implementation of
algorithms.

“NISQ” (2016)

Google claims

“‘quantum supremacy”

(2019)

2020s

o

Foundations laid by
Paul Benioff,
Richard Feynman,
and Yuri Manin

:

1990s

Development of

basic quantum gates
and first small-scale
“quantum processors”

2

;

10s

o

Ongoing research
focuses on
scaling, QEC,
NISQ-based apps
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INPUT OUTPUT




computer

INPUT
011010100..101101010

OUTPUT
0101010110...1001




computer

INPUT
011010100..101101010

Y

OUTPUT
91 01010110...1 001}

.
m binary digits

n binary digits




computer

INPUT
011010100..101101010

r e B”

Notation
B={0,1}, n,méeN

OUTPUT
0101010110...1001

yeB™



computer

INPUT
=

OUTPUT
y € B™

Notation
B={0,1}, n,méeN



computer

INPUT >
=

»  OUTPUT
y € B™

Notation
B={0,1}, n,méeN

() sample space
for random variable(s)




computer

a black box* implementing map f

Examples

*a “device” obeying the laws of physics
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a black box* implementing map f

Examples

*a “device” obeying the laws of physics



computer

a black box® implementing map f

Examples
NAND gate
a4 -
in, in, out
0 0 1
0 1 0
1 0 0
1 1 0

*a “device” obeying the laws of physics

in, -

in2 >

out

\/ovb




computer

a black box® implementing map f

Examples

*a “device” obeying the laws of physics



programmable
computer

a black box” that can implement™

*k*

any™ given f

*a “device” obeying the laws of physics
*with input & output sizes n,m < Ny
**output is provided in finite time

NAND: B? — B!

random: Q) — B!

bubble sort: B+ 100 _ Ro4-100

PFD: B1024 N B1024-2

prime factor decomposition




classical vs. quantum
computer

NAND: B? — B!
random: Q) — B!

bubble sort : B4 100 — Bo4100

PFD: B1024 N B1024~2

nrime fartar dernmnncitinn




classical

“uses purely classical physics
paradigms for computing”

NAND: B? — B

random : ) —55

bubble sort: B+ 100 — Bo4100

PFD: BlOZ 1024-2

nrime fartar dernmnnceitinn

quantum

“uses concepts specific to
quantum physics”



Jozsa & Linden
(2003)

For any quantum algorithm operating on pure states,

we prove that the presence of multi-partite entanglement,
with a number of parties that increases unboundedly with
input size, is necessary if the quantum algorithm is to offer
an exponential speed-up over classical computation.



entanglement



quantum |
com putl ng E- ------ ilil)\r}scenters
hardware ’

_______ G ) spins
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> photons
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. i K superconducting
: circuits and cavities
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Executed by IBM . IBM Quantum

On target )

Development Roadmap

2019 @ 2020 @ 2021 @ 2022 @ 2023 2024 2025 2026+

Run quantum circuits Demonstrate and Run quantum Bring dynamic circuits to Enhancing applications Improve accuracy of Scale quantum applica- Increase accuracy and

on the IBM cloud prototype quantum programs 100x faster Qiskit Runtime to unlock with elastic computing Qiskit Runtime with tions with circuit knitting speed of quantum
algorithms and with Qiskit Runtime more computations and parallelization of scalable error mitigation toolbox controlling workflows with integration
applications Qiskit Runtime Qiskit Runtime of error correction into

Qiskit Runtime

Model Prototype quantum software applications @ —> Quantum software applications

Developers
Machine learning | Natural science | Optimization

Algorithm Quantum algorithm and application modules . Quantum Serverless @
Developers
MaChine learning I Natural SCience | optimization _
Kernel
Developers
Dynamic circuits : Threaded primitives @ Error suppression and mitigation Error correction
System Falcon Hummingbird , Eagle Osprey Condor @ Flamingo Kookaburra Scaling to ;
Modularity 27 qubits 65 qubits 127 qubits 433 qubits 1,121 qubits 1,386+ qubits 4,158+ qubits 10K-100K qubits

with classical
and quantum
communication

Heron ) [ Crossbill
133 qubits x p 408 qubits




THE
QUANTUM

INSIDER

Users Applications

Not mapped to verticals

Select examples

Quantum Computing Market Map

Software offerings QPUs?

Includes control software

Non exhaustive and in no particular
order. Excludes details on control
systems, assembly languages, circuit
design, etc.

Hardware / components

Select examples only — not
representative of entire ecosystem

Material Science

Not strictly categorized given diversity of operations'’

Superconducting

Cryogenics (includes testing)

MERRUK H H QFORMFACTOR'“
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Finance ! = C QUANTUM ZAPATA Ready-to-run - ) See C R"W?VPE ﬂ/ Globsl trade starts hera, FO Rs
\§ii SIMULATIONS 2 Qc Quantum Software Q Maybell
oldman 1N i
S BAKOEAMARICA ¥ ‘E' [glﬁé @mﬁ lon T Neutral Atom Lights and laser
I QuantFi > . on Trap eutral Atoms ights and lasers
Luant -~
WELLS ( GQ L Qona LQ f gg?nnsuting@ ColdQuanta Wescent ™ #< }Photonics
¢ S~ “ Universal Aics
J.P. Morgan FARGO QunoSys h\ <b| m .k @AQT Quantum "'\I/ % CUHERENT SQUARED
ProteinQure uqnrum € KEYSIGHT ¢ E fonics b ToPTICA W
Life Sciences %E TEGHNOLIG)ES PASQAL ! QANT OG——>> I®LIGENTEC

nics

Other componentry (examples)

¢ ODYSSEY ™\ Boehringer H pgar!:alcgi!a,ts @ Q-CTRL .?C L A S S l Q Silicon Photo
e il ingetheim Quaiiim-Sovth O
AstraZeneca & AW menten Al s D ?‘K‘I;x‘“‘“ 8 ) Q
omputing C.\UA‘N‘LL:;V(
Cloud access to QPUs Simulators / g-inspired / etc (lnte! " -
Other Q equal | photonié};

S

()XANADU

A
Qm‘u

B PsiQuantum 12

ii Delft [IFCUIfS AN KEYSIGHT M
g Hardware for quantum engineers

QUANTUM MACHINES

ZNF

Ie! Quantum Design

CryoCoax

|& JOHNSON
& ELECTRIC

DENSO

@

NVIDIA.

3 A Azure  AtOS FUﬁTSU

‘g"é HUAWEI CLOUD

HUAWE!

Google Cloud

Other

\\Jz~”
~\ -

QUANTUM

‘ EeroQ Electrons on helium BRILLIANCE

NV Diamond

1 Software offerings can be further classified into SDKs, firmware / enablers, algorithms / applications, simulators etc. but many companies are offering a mixture across the stack

2 Many QPU providers are offering full stack services (e.g. Pasqal acquired Qu&Co, Quantinuum was originally CQC prior to merger with HQS, etc.
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Building quantum bits from circuits

Ohmic losses
energy dissipation, V = RI

dramatically reduces
quantum effects

interaction with the environment



Building quantum bits from
superconducting circuits




Q2

20
charging inductive
energy energy

= hw (aTa + %)

[(I)a Q] = 1h






Quantum
LC oscillator
as a qubit?

=l—

a good qubit...
need



From LC oscillator to transmon

Brian Josephson
Nobel Prize 1973

Josephson effect

current-phase relation: I = IO sin ¥
. . dp _\/ . 2w
phase evolution equation: dt vV o



josephson junction V1=141.4 nm

H1=121.0 nm



—FEjcos(2nd/Pg)



X

—FEjcos(2n® /D)









gquantum computing:

use quantum parallelism
and entanglement

to beat classical
computers



Shor’s algorithm

N=pg (pgprime)
period-finding of modular functions

Grover's algorithm

search unsorted
database

Harrow-Hassidim-Lloyd (HHL)
algorithm

matrix inversion* 7 = A1}

quantum
adiabatic algorithm

W/ optimization

digital
quantum simulation
i W(t)) = H[U(t))

quantumalgorithmzoo.org



quantum
parallelism



quantum
parallelism



What makes a

quantum computer
tick?

01010010100}
)

\

101010010100}



quantum
parallelism

00000 .. 0) 4 [00000. .. 1) + -+ [11111...1]
-

\

U|00000. ..0) + U[00000...1) 4+ --- + U|11111...1]



storing quantum states

20 - OO0

‘\]:1> — QO‘OO : OOO> « 2N complex amplitudes
+ g 00- - OO]_> « storage: 2N x 128 bits
+ Qg 00- - - O]_O> N= 65 qubits > ?Qeomb?lﬁ?légiék;pace:
- (X3 00--- 01].>

« but: output only N classical bits

+ agn|1---111) ) —{ A= eg., 01---101




quantum parallelism

« can process all possible inputs
at once

 not sufficient for quantum speedup

- measurement onIy aCCesses
one output state



Circuit elements

Building blocks for superconducting qubits

Capacitance Inductance Josephson junction



transmon
qubit

EJ C replace inductor with
Josephson junction
2
Q2 s & N
H = 50 Ejcos(2n®/dy)

Introduce nonlinearity:




transmon Houck lab
qubit




single-qubit gates

Microwave generator
(AWG or FPGA / DAC)
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arbitrary single-qubit gates

Vary pulse
- Amplitude

- Duration, and
- Timing

o




s

\
\

1/f charge noise

1/f flux noise

critical current noise
dielectric loss

photon shot noise

Purcell decay

nonequilibrium quasiparticles

QUBIT
[¥) = al0) + B[1)

DECOHERENCE / ERRORS

Your qubit ran into a problem that it couldn’t
handle, and now it needs to restart.

You can search for the error online: HBAR_DIED_A_HORRIBLE_DEATH




noise ‘ZZ

-3 QUBIT

X O

LA_/

/— DECOHERENCE

depolarization
(T1)

rate: (Fermi's golden rule)

1/Ty ~ [{0]A [1)]2S (wg)

\

transition noise
matrix spectral
element density




)

depolarization
(T1)

rate: (Fermi's golden rule)

1/Ty ~ [{0]A [1)]*S (w,)

DECOHERENCE

Ll

P = |w><¢’ — (a*ﬁeiwqt

aﬁ*e—iwqt

8]

\

o]

0

(

N

0
Il

)

pure dephasing

(Ty)
Ow, :
~ () s

s

linear sensitivity
of qubit freq. to noise

1/T,

)



error mitigation

strategies

‘,)) ‘ %

)

reduce noise

(materials science, fabrication,
microwave engineering, ...)

intrinsic noise protection
(develop circuits that are insensitive to noise)

active quantum error correction
(monitor for errors, apply correction steps
when required in feedback loop)



1/f noise

charge hoise Cooper pair box
flux noise rf SQUID qubit, 3-junction flux qubit



Cooper pair box

Coherent control of
macroscopic quantum states
in a single-Cooper-pair box

Y. Nakamura*, Yu. A. Pashkint & J. S. Tsai*

* NEC Fundamental Research Laboratories, Tsukuba, Ibaraki 305-8051, Japan
T CREST, Japan Science and Technology Corporation (JST), Kawaguchi,
Saitama 332-0012, Japan

NATURE | VOL 398 | 29 APRIL 1999 |www.nature.com

Physica Scripta. Vol. T76, 165-170, 1998

Quantum Coherence with a Single Cooper Pair

V. Bouchiat,* D. Vion, P. Joyez, D. Esteve and M. H. Devoret

Quantronics group, Service de Physique de I’Etat Condensé CEA-Saclay, F-91191 Gif-sur-Yvette, France

Received October 27, 1997 ; revised version received January 15, 1998 ; accepted January 23, 1998



Cooper pair box

Fig. 1. Schematics of the single Cooper box: a superconducting electrode
(island) is in contact with a superconducting reservoir though a tunnel
junction (grey zone) with capacitance C;. Excess Cooper pairs tunnel onto
the island in response to an electric field applied by means of the gate
capacitance C, and voltage U.

V Bouchiat et al., Phys. Scr. 1998, 165 (1998)




charge noise
dephasing .

CQ‘
W)
W71 7717 7 1 7
gl |
v v % o 12

E » dephasing

° i 2
p) - — 3wq)
I | /T, ~|—==1] S(0
0 PO+ S N[ 0) /T (8)\ (0)
-2 -1 0 1 2



Flattening the spectrum
for charge noise protection

energy energy energy
N NN —_— |
. 0 1 "y 1 0 1 Ny 1 0 1

increase E|/ E.



basics of
qubit control & readout

@) 4=

(o e e [ A N €

b [N — S— S

Microwave generator
(AWG or FPGA / DAC)

-I-E

Microwave measurement
(e.g., homodyne measurement)

ADC
A




Qubit operations and readout

Hjyc = thw,6. + hwea'a + hg(asy +a'é_)

Perturbation theory in g/A < 1

(Schrieffer-Wolff transf. / adiabatic elimination)

g2

r Lamb shift: hw; = hwq —+ z

p, g Ty
HJC = hw,a'a + TO'Z + hxa'ao,

2
k ac Stark shift: — g_

XTA



dispersive
regime

A A hw(,] A ,\-l- A A
HJC—hw a'a A 5 0, + hxa'ao,
how' Resonator frequency
= h(wr -+ X&Z)&Td | d 0., depends

2 on qubit state!



dispersive
readout

H = hw?‘a’ a+ Hdrive

trans-
mission
Sy
||l -
| ||||||| “ i Wy e
L1
il J
- — I —— drive

Wo frequency



dispersive
readout

HJC — h(w'r + Xﬁz)&T& | q&z

trans-
mission

S
O F
0y,

-

drive
frequency



two-qubit
gate

(example)
flux Wq1 Wq2
=_ O O-
-

QUBIT 1

QUBIT 2 omTTT ~

~_—_———

RESONATOR

time
(flux biasing)



two-qubit
gate

(example)
ng Wq1 Wq2
1as
— @ —
W

QUBIT 1

QUBIT 2 omTTT ~

~_—_———

RESONATOR

time
(flux biasing)



two-qubit
gate

(example)
ng Wq1 Wq2
1as
_ C
W

QUBIT 1

QUBIT 2 omTTT ~

~_—_———

RESONATOR

time
(flux biasing)



two-qubit
gate

(example)
wa_wﬂ\f
W QUBIT 2 <
flux Wq1 Wq2 q2 SSa—
bias
I (.
© on
: ; RESONATOR
W
time
(flux biasing)

After quarter period: ViSWAP gate



task

VISWAP|01) = ?









ViSWAP

ViSWAP|01)



ViSWAP

ViSWAP|01)



universal control

For gate based quantum computing:
what is a

minimal set of elementary qubit operations

sufficient to carry out an arbitrary algorithm?



universal control

1. arbitrary single-qubit gates
(can approximate and decompose into sequence of H, T)

2. one 2-qubit entangling gate
(like CNOT or \iSWAP)



universal control

[[] —

2"x2" unitary

Summary of dewmposition chain:

U
lo
level-2 unitaries
2
C*(UM) gates
©

v

TOFFOLI, ¢ (U"V)) gates

4]

\J

CNOT and 1-qubit gates

(5]

v

CNOT, H, T

© Tieatie reduction of general - qubit vnitary
into n-qubit [evel-2 unifaries

@ (onversion of n-qubil level-2 unitaries into
CHUY) gales (k=n-1), if necesnry wih
Yhe help of Gray codes

@ Decompose CRU™) gale inko cascodde of
TOFFOLIs and ene C'(U™) Qate, using
h-l auviliary qubits

®  Eapress TorFoLI in ferms of CA goles wbere
*«X. Then, use AXBXC derommposition on (A
and C'(U") bo reduce to CNOTe and
Fqubit: gares.

©  Awroxmate |-qvbl qates by sequences of

Hoand T gukes, using trmetionel-angle
decamposition -



TOFFOLI gate decomposition

a
\V

S—




who's the qubit?
bosonic-qubit architectures



who's the qubit?

SCHEME 1: The qubit is the qubit (duh!) SCHEME 2: The qubit is a linear cavity mode
(Google, IBM, Rigetti etc.) Yale, FNAL-SQMS, Schuster

ffffffffffffffffffffffffff o Mo

- Fock state encoding
- bosonic codes

- cat states

- GKP states




multi-mode control




multi-mode control




multi-mode control

/
W
H = ijaﬁa,j + ij&gajoz + 510




multi-mode control

/
W
H = ijaﬁa,j + ij&gajoz + 510




multi-mode control

flux
bias

-----------------




multi-mode control

W
H = ij&T&j +ZXJ&T&902: ?q6z

............ [ wl
wq — w]_ ----é. ............ w2
(\ .............. wg

flux
bias




multi-mode control

W
H = ij&T&j +ZXJ&T&902: ?q6z

............ [ O wl
wq — U_}l @.. ............ CUQ
(\ .............. wg

flux
bias




NEXT: load an excitation into mode 2
(n pulse on mode 2)



multi-mode control

H= Z%a%j + ija,j.aj&z + 4




multi-mode control

H= Z%aﬁag + ija,j.aj&z + 4




multi-mode control

/
w
H = Zwﬂ&j Y X6 + 26
J
............ [ @ ] | 0> —|— ‘1>
"7 -ﬂ""wl"'l'n (
W q —l_ . "‘F‘uulwl.” — -.. ............ O>




quantum
optimal control

[%(#)) = [0)

S~—" o[
quantum \ ‘
system \_/

~ L of interest /
Optimized \/ IO) e |"/Jtarget)

control pulse | J. Magn. Reson. 172, 296-305 (2005)
[¥) = Utarget|?)

-

N. Khaneja, ..., S. J. Glaser,
Optimal Control of Coupled

Spin Dynamics:

Design of NMR Pulse Sequences
by Gradient Ascent Algorithms




robust
quantum
control

Input:

- Transmon parameters (Kg, Ty, Ty)

- Detuning range (D)

- Pulse constraints (amplitude, bandwidth)

- Pulse duration ¢, € [8/ (26 may), min{T}, Ty}l

Closed-system
GRAPE

Pulse profiles

Open-system
solver
Average infidelities

@ (@) = @) ()
Munnual
mfldehty

Output: opt:nmzed pulses

Crosstalk-Robust Quantum Control in Multimode Bosonic Systems

Xinyuan You,'* Yunwei Lu,?> Taeyoon Kim."->? Doga Murat Kiirkciioglu.! Shaojiang Zhu.' David van Zanten.'
Tanay Roy,1 Yao Lu,! Srivatsan Chakram,* Anna Grassellino,! Alexander Romanenko,! Jens Koch,?? and Silvia Zorzetti!- ¥
'Superconducting Quantum Marterials and Systems Center,
Fermi National Accelerator Laboratory (FNAL), Batavia, IL 60510, USA
 Department of Physics and Astronomy, Northwestern University, Evanston, IL 60208, USA
3Center for Applied Physics and Superconducting Technologies, Northwestern University, Evanston, IL 60208, USA
*Department of Physics and Astronomy, Rutgers University, Piscataway, NJ 08854, USA

——— Open QOC
== Open DRAG
==== Closed QOC
==== (Closed DRAG

—
<

-
&

1

Infidelity

—
=
&

=20 =10 0 10 20
0/2m (MHz)



programmable
computer

a black box” that can implement™

**k*

any™ given f

*a “device” obeying the laws of physics
*with input & output sizes n,m < N
**output is provided in finite time

NAND: B? — B!

random: Q — B!

bubble sort: B0 — Bo4:100

PFD: B1024 N B1024-2

prime factor decomposition



assessing
performance

COMPUTER 1 COMPUTER 2

NAND: B2 — B! NAND: B? — B!

random: Q — B! random: Q — B!

bubble sort: B4100 _, R64:100 bubble sort: B100 _, 64100

PFD: B1024 _, 10242 PFD: Bl024 _, pl0242




Quantum computation: Shor's algorithm

—-100 years
-10 years
-one year

—one hour

Time to Factor an n-bit Number

—one second

~1 billion years

-1-million years

—1 thousand years

-100 seconds

based on:
van Meter et al.,
quant-ph/0507023 (2005)

100

100000

f ,' e

Peter Shor



