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What 1s Quantum Computing?

« Quantum Computers as black-box devices used
inside classical algorithms

« Quantum Computers as a programmable 1nterface
to the quantum world



What 1s Quantum Computing?

« Quantum Computers as black-box devices used
inside classical algorithms
» Breaking your Bitcoin wallet (one day)
« Combinatorial Optimization
« Solutions of Linear/non-linear Systems
« Complex Physics Simulations (e.g. fluid dynamics)
« Machine Learning

« Quantum Computers as a programmable 1nterface
to the quantum world
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What 1s Quantum Computing?

« Quantum Computers as black-box devices used
inside classical algorithms

« Quantum Computers as a programmable 1nterface
to the quantum world
 Quantum Chemistry Simulations
« Quantum Physics Simulations
e Quantum Information/Communication/Cryptography
« Quantum Metrology
« Programmable Quantum Experiments
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Hardware Providers



Google Sycamore (54 qubits)
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Credit: Stephen Shankland/CNET

Credit: Nature/Google


https://doi.org/10.1038/s41586-019-1666-5

Google Sycamore (54 qubits)

Control (54 qubit + 88 couplers)
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https://doi.org/10.1038/s41586-019-1666-5

Quantum Chemistry Simulations

A
Initial basis set Basis rotation circuit
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https://doi.org/10.1126/science.abb9811

Randomized Benchmarking (XEB)

Single-qubit gate:

25ns
—

Qubit
XY control

Two-qubit gate:
12 ns
Qubit1 _

Z control \ f

Coupler —I—\—

Row Column Qubit2 _ ™\
Time Z control

Cycle 1

Credit: Nature/Google e



https://doi.org/10.1038/s41586-019-1666-5

IBMQ Melbourne (16 qubits)

ibmqg_16_melbourne Error Map
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IBMQ System One

(20 qubits)

Credit:

TIBM
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IBMQ System One (20 qubits)

Credit: IBM



IBMQ Rochester (53 qubits)

Credit:

IBM

CNOT Error Distributions

Rochester

10 15
Gate Error



IBMQ Manhattan (65 qubits)

Qubit:

Vx (sx) error

Avg 5.828e-4

v

I
min 2.464e-4

Connection:

CNOT error

Avg 1.960e-2

max 7.663e-

max 1.916e-3
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Quantum Natural Language
Processing

SPSA iterations


https://arxiv.org/abs/2102.12846

Acorn (19 qubits)
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Rigetti Aspen-9 (31 qubits)

24 253 34
12 25 35

11 26 21 36

27 20 37 Credit: Rigetti

. . ) System Performance Snapshot
Credit: Amazon AWS/Rigetti

Architecture Median T1

Qubits on device 32 Median T2

Rep rate 50 kHz Median Sim 1Q Fidelity
Date deployed May 20, 2020 Median 2Q XY Fidelity
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Median RO Fidelity

Median Active Reset Fidelity



Generative Financial Modelling
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https://doi.org/10.1088/2058-9565/abd3db

Ion-trap Quantum Computers

Credit: NQIT/Stuart Bebb

Credit: JQI



IonQ 171Yb+ (11 qubits)

Credit: Nature/IonQ

0.990 0.995
Single-qubit fidelity

0.96 0.97
Two-qubit fidelity



https://doi.org/10.1038/s41467-019-13534-2

Quantum Generative
Adversarial Networks

Multi-basis QCBM Generator Discriminator

Credit: Zapata Computing/IonQ
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https://arxiv.org/abs/2012.03924

Superconducting vs Ion-trap
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https://doi.org/10.1038/s41467-019-13534-2
https://doi.org/10.1038/s41586-019-1666-5

Photonic Quantum Computers

Credit: PsiQuantum



Xanadu 8-mode photonic chip

Fixed U(2) Squeezer Programmable Fock basis
transformation SU(4) transformation =~ Measurement

Credit: Nature/Xanadu


https://doi.org/10.1038/s41586-021-03202-1

Quantum Chemistry Simulations

Experiment weow 4 Experiment

2 4
Wavenumber (x10° cm™) Wavenumber (x102 cm™1)

Credit: Nature/Xanadu


https://doi.org/10.1038/s41586-021-03202-1

Quantum Chemistry Simulations
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https://doi.org/10.1038/ncomms5213

Quantum Annealers

D-Wave

Credit:



D-Wave 2000Q

Chimera topology)

4

(2048 qubits



https://doi.org/10.1109/TASC.2014.2318294

Quantum Annealers
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Example: Max-cut with QA
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Spin-glass Simulations
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https://doi.org/10.1038/s41467-021-20901-5

Metamaterial
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https://doi.org/10.1103/PhysRevResearch.2.013319

QKD and QRNG (not QC)
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IBM Quantum

IBM Quantum Services

Services

View th
simulators.

Programs Systems

ailability and details of IBM Quantum programs, systems, and

Simulators

1BM Quantum systems combine world-leading quantum processors with cryogenic
components, control electronics, and classical computing technology. Learn more —
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https://quantum-computing.ibm.com/services?services=systems

IBM Quantum

e IBM Quantum Composer

Qa @ 8

O File Edit Inspect View Share Setup and run g

< Asmall example saved Visualizations seed 9839 3

77777777777777777777 -

c DEHHHOINEAREREDODESEIHEEERENEE o
+Add

q 1

OOy EEE @
bam

00

c2
Probabilities v @ : Statevector ®
100 0.8
0.6
80 o
o
2
= 0.4
- £
£ 60
= 0.2
=
]
] 0 .
= 40 T
L 00 01 10 11
Computational basis states
20 w2
Output state (m|
| Phase I 0 [ ©.127+0.306j, 0.739-0.306j, 0.427-0.177j, -0.873-0.1773 ]
0
00 01 10 11
) . <hied Show less ~
Computational basis states

Credit: IBM - Quantum Composer



https://quantum-computing.ibm.com/composer/

IBM Quantum

IBM Quantum Lab
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Boolean Logical Expressions

AT Qiskit's Grover can also be used to perform Quantum Search on an Oracle constructed from other means, in addition to
amonth a
PhaseOracle can actually be configured using arbitrary Boolean logical expressions, as demonstrated bel

a month a;
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https://lab.quantum-computing.ibm.com/

IBM Quantum

€ Qiskit Overview Learn Community v Documentation

O giskit 0.24.0

Open-Source
Quantum
Development

Qiskit [kiss-kit] is an open source SDK for working
with quantum computers at the level of pulses,
circuits and application modules.

Get started A

Credit:



https://qiskit.org/

IBM Quantum

@ Qiskit Getting started Tutorials Partners Applications ., Experiments Resources ., Github

> Qiskit 0.31.0 documentation

English

Qiskit 0.31.0 documentation
n applications
ted in running experiments on real qu

hardware design?

Qiskit 0.31.0 documentation

Qiskit is open-source software for working with quantum computers at the level of circuits, pulses, and algorithms. Additionally,
several domain specific application API's exist on top of this core module.

Frequently

The central goal of Qiskit is to build a software stack that makes it easy for anyone to use quantum computers, regardless of
their skill level or area of interest; Qiskit allows one to easily design experiments and applications and run them on real quantum
uit Library computers and/or classical simulators. Qiskit is already in use around the world by beginners, hobbyists, educators,
researchers, and commercial companies.

Libraries

AP| References

What is quantum computing? Access to quantum systems

kit Terra

A quick introduction to quantum computing. Find out which Qiskit Partners support execution on

real quantum services.
Get cracking >

Qiskit Partners >



https://qiskit.org/documentation/

AWS Braket

-

Amazon Braket

Get started with
quantum computing

Credit:

Build

Build your quantum
algorithms on managed
Jupyter notebooks or in your
own development
environment

Test

Test your algorithms on a
local simulator or a choice of
fully managed,
high-performance simulators

Run your algorithms on your
choice of different quantum
computers. Combine classical
and quantum computing
resources for hybrid algorithms

Analyze

Analyze results after your
algorithm has completed



https://aws.amazon.com/braket/

AWS Braket

Amazon Braket Hardware Providers

Amazon Braket provides AWS customers access to multiple types of quantum computing technologies from quantum hardware providers, including gate-based

quantum computers and quantum annealing systems. Learn more about these quantum hardware providers below.

D:\WaAUER

The Quantum Computing Company ™

Credit:

D-Wave's technology uses quantum annealing to solve problems represented as mathematical functions (resembling a
landscape of peaks and valleys). Their QPUs are built from a network of interconnected superconducting flux qubits. Each
qubit is made from a tiny loop of metal interrupted by a Josephson Junction.

Learn more »

lonQ's trapped-ion approach to quantum computing starts with ionized ytterbium atoms. Two internal states of these
identical atoms make up the qubits, the basic unit of quantum information. The execution of computational tasks is
accomplished by programming the sequence of laser pulses used to implement each quantum gate operation.

Learn more »

Rigetti quantum processors are universal, gate-based machines based on superconducting qubits. The Rigetti Aspen
series of chips feature tileable lattices of alternating fixed-frequency and tunable superconducting qubits within a
scalable architecture.

Learn more »



https://aws.amazon.com/braket/quantum-computers/

PennylLa

PENNYLANE

Credit:

ne

Quantum machine learning Install Plugins Documentation QHACK ? FAQ D Support

Learn Play Hack

Sit back and learn about the field of quantum Tutorials to introduce core QML concepts, Join us for QHACK, the quantum machine
machine learning, explore key concepts, and including quantum nodes, optimization, and learning hackathon. Feb 17-26th 2021.
view our selection of curated videos. devices, via easy-to-follow examples.

Quantum machine learning Demos » Sign up »

PennyLane supports a growing ecosystem, including a wide range of quantum hardware and machine learning libraries
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T TensorFlow  © PyTorch

BB Microsoft < zapaTa

© GitHub



https://pennylane.ai/

Google Cirg

Ci
An open source framework for programming quantum
computers

Cirq is a Python software library for writing, manipulating, and
optimizing quantum circuits, and then running them on
quantum computers and quantum simulators. Cirq provides
useful abstractions for dealing with today’s noisy intermediate-
scale quantum computers, where details of the hardware are

vital to achieving state-of-the-art results.

Get started with Cirq [Z GitHub repository

Credit:

import cirq

# Pick a qubit.
qubit = cirq.GridQubit(@e, ©)

# Create a circuit
cireuit = cirg.Circuit(
cirg.X(qubit)**@.5, # Square root of NOT.
cirg.measure(qubit, key='m') # Measurement.
)
print("Circuit:")
print(circuit)

# Simulate the circuit several times.

simulator = cirqg.Simulator()

result = simulator.run(circuit, repetitions=20)
print("Results:")

print(result)



https://quantumai.google/cirq

TensorFlow Quantum

TensorFlow Quantum is a library for hybrid quantum-classical machine learning.

TensorFlow Quantum (TFQ) is a quantum machine learning library for rapid prototyping of hybrid

quantum-classical ML models. Research in quantum algorithms and applications can leverage # A hybrid quantum-classical model.

model = tf.keras.Sequential([
# Quantum circuit data comes in inside of tensors.
tf.keras.Input(shape=(), dtype=tf.dtypes.string),

Google’s quantum computing frameworks, all from within TensorFlow.

TensorFlow Quantum focuses on quantum data and building hybrid quantum-classical models. It
mtegratgs quz.jln‘flj_m computlng aIggrﬁhm_s a_and logic designed in Cirq L,_and .prowdes quantum # PaFamertized QUAREUR CLreutt (POC) provides GUEpUL
computing primitives compatible with existing TensorFlow APIs, along with high-performance # data from the input circuits run on a quantum computer.
quantum circuit simulators. Read more in the TensorFlow Quantum white paper [4. tfq.layers.PQC(my_circuit, [cirqg.Z(q1), cirq.X(q@)]),

Start with the overview, then run the notebook tutorials. # Output data from quantum computer passed through model.
tf.keras.layers.Dense(50)

Credit:


https://www.tensorflow.org/quantum

D-Wave Ocean/Leap

@eq: File Edit Selection View Go Debug Terminal Workspace Help

@ maximum_cut.py X [ B PROBLEM INSPECTOR
. -
,O G = nx.Graph() (. Problem Details v Solver
0 i edges to The F a1 ] C )
Q?{ 33 G.add_edges_from([(1,2),(1,3),(2,4),(3,4),(3,5),(4,5)1) Source - Force Directed v
5 t BO dict
Initialize rQ
[.] Q = defaultdict(int)
A1 for i, j in G.edges:
4 Q(i,i)]+= -1 =
A3 Q[(3,3)1+= -1
A4 QL(i,3)1+= 2
F
A 4 Set uy { et
chainstrength = 8
numruns = 10
1 # Rur e QUBO he lver fr f il
sampler = EmbeddingComposite(DWaveSampler({“qgpu”: True}))
response = sampler.sample_qubo(Q,
54 chain_strength=chainstrength,
num_reads=numruns,
label="Example - Maximum Cut')
dwave.inspector.show(response)
Problems /workspace/maximum-cut / Iworkspace/maximum-cut Python X Open Ports m o+ @1
Leap IDE /works ximum-cut $ /usr/local/bin/python /workspace/maximum-cut/maximum_cut.py 0 ’®'q
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0O -
Set @ Set 1 Energy Cut Size
[1, 4, 5] [2, 3] -5.0 5 Console All Warning Types
[2, 3, 5] [1, 4] -5.0 5
[1, 4] [2,:3;:5] -5.0 5
25 31 (1,457 -5.0 5
[4, 5] 2531 -3.0 3
[31 [1, 2, 4, 5] -3.0 3
[1, 3, 5] [2, 4] -3.0 3
(1, 3] [25//4,:5] -3.0 3
Your plot is saved to maxcut_plot.png
Leap IDE /workspace/maximum-cut $
© dwave-examples/maximum-cut  Python 3.7.10 64-bit P masterr & ©0

Credit: D-Wave - Leap
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https://cloud.dwavesys.com/leap/

