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

HHL algorithm & 
ML relevance
Harrow, Hassadim & Lloyd 2008



quantum computing
history

1980s

Foundations laid by 

Paul Benioff, 

Richard Feynman, 

and Yuri Manin

1990s

Invention of first
quantum algorithms

Invention of quantum 
error correction

2000s

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

2010s

Significant progress

in quantum hardware 

& implementation of

algorithms.

“NISQ” (2016)

Google claims 

“quantum supremacy” 

(2019)

2020s

Ongoing research
focuses on
scaling, QEC,
NISQ-based apps
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Notation

sample space 
for random variable(s)
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Examples

a black box* implementing map f
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programmable
computer
a black box* that can implement**

any*** given f

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

prime factor decomposition

…



classical vs. quantum
computer

prime factor decomposition

…



classical

prime factor decomposition

…

quantum
“uses purely classical physics

paradigms for computing”
“uses concepts specific to

quantum physics”



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.

Jozsa & Linden 
(2003)



entanglement



atoms
ions
NV centers

spins

photons

quantum
computing
hardware

superconducting 
circuits and cavities







C
L

Ohmic losses
energy dissipation,

interaction with the environment
dramatically reduces 
quantum effects 

Building quantum bits from circuits



Building quantum bits from 

superconducting circuits
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not a good qubit…

need nonlinearity

Quantum 
LC oscillator 
as a qubit?

l



From LC oscillator to transmon 

Brian Josephson
Nobel Prize 1973

Josephson effect

current-phase relation:

phase evolution equation:



Credit: IBM Quantum

Bottom
SC electrode 1 (Al)

Josephson junction

IBM Quantum
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quantum computing:

use quantum parallelism
and entanglement
to beat classical 
computers



Shor’s algorithm

Grover’s algorithm

Harrow-Hassidim-Lloyd (HHL) 
algorithm

N = p q     (p,q prime)
period-finding of modular functions

search unsorted
database

matrix inversion*

digital 
quantum simulation

quantum
adiabatic algorithm

optimization

quantumalgorithmzoo.org
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What makes a 
quantum computer 
tick?



quantum
parallelism



storing quantum states

…

• 2N complex amplitudes

• storage:  2N x 128 bits

N= 65 qubits

• but:  output only N classical bits

memory/disk space:
590 billion GB

e.g.,



quantum parallelism

• can process all possible inputs 
at once

• not sufficient for quantum speedup

- measurement only accesses 
one output state



Circuit elements

Capacitance Inductance Josephson junction

LC JJ

Building blocks for superconducting qubits



Introduce nonlinearity:
replace inductor with 
Josephson junction

transmon
qubit



transmon
qubit

Houck lab

capacitor pads
(Nb, Al, or Ta)

JJ
(Al-AlOx)

substrate
(Si or sapphire)

ground plane
(Nb, Al, or Ta)



Microwave generator
(AWG or FPGA / DAC)

single-qubit gates

qubit
chip



qubit
chip



qubit
chip



qubit 1

qubit 2

qubit 3

qubit 4

qubit 5





Vary pulse

- Amplitude
- Duration, and
- Timing 

arbitrary single-qubit gates



1/f charge noise
1/f flux noise
critical current noise
dielectric loss
photon shot noise
Purcell decay
nonequilibrium quasiparticles
…

QUBIT

DECOHERENCE / ERRORS

Your qubit ran into a problem that it couldn’t

handle, and now it needs to restart.

HBAR_DIED_A_HORRIBLE_DEATH

noise



QUBIT

DECOHERENCE

depolarization
(T1)

rate: (Fermi’s golden rule)

noise
spectral
density

transition
matrix
element

noise



QUBIT

DECOHERENCE

depolarization
(T1)

pure dephasing
(Tφ)

rate: (Fermi’s golden rule)

linear sensitivity
of qubit freq. to noise

noise



… reduce noise    
(materials science, fabrication, 

microwave engineering, …)

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

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

 

 

error mitigation 
strategies



1/f noise

charge noise Cooper pair box

flux noise rf SQUID qubit,  3-junction flux qubit



Cooper pair box



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

Cooper pair box
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charge noise 
dephasing



Flattening the spectrum
for charge noise protection

energy

ng

increase EJ / EC

energy
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energy

ng



Microwave generator
(AWG or FPGA / DAC)

A
D

C

basics of
qubit control & readout

Microwave measurement
(e.g., homodyne measurement)



Qubit operations and readout

Perturbation theory in 

(Schrieffer-Wolff transf. / adiabatic elimination)

Lamb shift:

ac Stark shift:



dispersive 
regime

Resonator frequency
depends
on qubit state!



dispersive 
readout

drive 
frequency

trans-
mission
S21



dispersive 
readout

drive 
frequency

trans-
mission
S21



two-qubit 
gate
(example)

flux 
bias

time
(flux biasing)

QUBIT 1

QUBIT 2

RESONATOR
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two-qubit 
gate
(example)

flux 
bias

time
(flux biasing)

QUBIT 1

QUBIT 2

RESONATOR

After quarter period: iSWAP gate
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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

2n2n unitary



TOFFOLI gate decomposition



who’s the qubit?
bosonic-qubit architectures



who’s the qubit?

SCHEME 1:
(Google, IBM, Rigetti etc.)

SCHEME 2: The qubit is a linear cavity mode
Yale, FNAL-SQMS, Schuster

- Fock state encoding
- bosonic codes
- cat states
- GKP states

The qubit is the qubit (duh!)



multi-mode control
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multi-mode control



multi-mode control

flux 
bias



multi-mode control

flux 
bias



multi-mode control

flux 
bias



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



multi-mode control



multi-mode control



multi-mode control



quantum 
optimal control 

N. Khaneja, …, S. J. Glaser, 
Optimal Control of Coupled 
Spin Dynamics:  
Design of NMR Pulse Sequences 
by Gradient Ascent Algorithms

J. Magn. Reson. 172, 296-305 (2005)



robust
quantum 
control



programmable
computer
a black box* that can implement**

any*** given f

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

prime factor decomposition

…



…

COMPUTER 1

…

COMPUTER 2

assessing 
performance



Quantum computation: Shor’s algorithm

96
based on:
van Meter et al., 
quant-ph/0507023 (2005)

Peter Shor


