/ / \.\\\\
Quantum Computlng at |IBM
\ \ v N NP

or D:#S)E#:2.$2FF+ .




Outline

Why gquantum computing?

The IBM Q Hardware

The IBM Q Software platform Qiskit
Applications

Quantum chemistry
Many-body physics
Optimization and HEP




Outline

Why gquantum computing?




" PR &* +'#;. "HB%& H()S*+.S/(0#(&12%%, 3(#$,#49

I"HBY6& 1" ($)*1%+,+$"-+%6./012,3')45

) +3%)1$"&'($"4%8)'86)$%  BrC+9D(E%)+%F*!  GFB%LMY%L*8%#0 J%- @
<)="%>?& G!$"H%IJJI @ @%!-%P"($6"%+)="K%?NO
@%A'(1+)+5*+ @KIII%S' (1+)+$*'+ QIR@Y%F)HH)*I%A'(1+)+$*

40 Years of Microprocessor Trend Data
7
10 T T T T

Transistors
& ‘ : 4% 4 (thousands)
6 ST, UL 12 NS, T — ‘._AAA..A, ................. -
1 ‘ AR
(07 s o i , haats T Single-Thread
: 3 | aa A oS Performance
P N N NN sy L. L | (SpeciNT x 10)
5 ‘ Al e v F
; . AAp : requency (MHz
103 I s arreren Eave et o e P Aa Ay ;g, I! I l‘ iron > A
: : ] ;
4 M aT Typical Power
102 R T A f..&'v-v",';"'vv;‘;'v V‘f ........... - (Watts)
IS S T ok 2 SN T2 3¢ T L7,
10" F—a a8 G B i 7 Logical Cores
5 A m v v v vY wvvw 000“‘
10 —‘--9 : R e g PRI O S IO S @ e
i 1 i 1
1970 1980 1990 2000 2010 2020
Year

/01-'&210%$-%8% RE%"$,)78,9*8)'*



' HEUWRS +,-*. & #-01

Quantum Annealing Approximate NISQ -Comp.
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Hard or memory intensive problems and
guantum speedups

Factoring
Possible with quantum O / a .
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Simulating Quantum
Mechanics

Quantum Computing and IBM Q: An Introduction #IBMQ

Quantum
computing may
provide a
new path to
solve some of

the hardest or

most memory
Intensive
problems

In business and
science.
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Inside an IBM Q guantum
computing system

Microwave electronics
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IBM qubit processor architectures

(publicly accessible)
16 Qubits (2017) 5 Qubits (2016)
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The power of quantum computing is more than the number
of qubits

Improving the error rate Qubits Added: O
will result in a more powerful Error Rate Decrease: 10x
Quantum Computer Quantum Volume Increase: 24x

Quantum Volume depends upon
Number of physical QBs
Connectivity among QBs
Available hardware gate set
Error and decoherence of gates

Number of parallel operations

Increasing qubit number Qubits Added: 100
does not improve a Quantum Error Rate Decrease: 0
Computer if error rate is high Quantum Volume Increase: O
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The IBM Q Software platform Qiskit




IBM released the IBM Q Experience in 2016

IBM Quantum Experience

In , IBM made a quantum computing platform available via the
IBM Cloud, giving students, scientists and enthusiasts hands-on access to
run algorithms and experiments

Quantum Computing and IBM Q: An Introduction #IBMQ



IBM released the IBM Q
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# Im
import lek:1

from Qiskit impor

from qiskit smpgry C 2MtumCir
t import e Cuit, Classi
Xecute, regist, €alRegister, gy
* er + YUantumRegiste

® ® @
# S('{Lm(; the ¢
l l I backend to ; el
QI S I CO m m u n | y baCkend — "ibmq_S_yorkmw:--H i REXICE

# Create a Quantum Register with -
I I 9 = QuantumRegister(z) =~ (U0
A place for Qiskitters e
# Lreate a Classical Register with 2 bite

€ = ClassicalRegister(2)

# Create a Quantum Circuit
qc = QuantumCircuit(qg, c)

# Making an entangled state
qc.h(qle])

qc.cx(qlel, ql1])
qc.measure(q, c)

# Compile and run the Quantum circul
job = execute(qc, backend)

Qiskit community

Stack Exchange
Qiskit is driven by our avid community of Qiskitters! We are committed to

our goal of bringing quantum computing to people of all backgrounds, and M Medium @3 YouTube

are always excited to hear your feedback directly from you. There are

many ways to stay informed, contribute to, and collaborate on Qiskit. n Facebook

Qiskit building the software for tomorrow’s computers.
IBM Q s



The IBM Q Experience has
seen extraordinary adoption

First guantum
computer on the
cloud

> 100,000 users
All 7 continents

> 6.5 Million

experiments run

> 120 papers

> 1500 colleges and
universities, 300 high
schools, 300 private
Institutions
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Qiskit

state characterization,

error mitigation,
optimal control

@ Qiskit

Hardware

®

% Terra

Terra is a collection of core, foundational tools for communicating with
quantum devices and simulators. Users can write quantum circuits,
and address real hardware constraints with Terra. Its modular design
simplifies adding extensions for quantum circuit optimizations and
backends.

@ Ignis

Controlling fire was a turning point in human evolution. Learning how
to fix or control quantum errors will be a turning point in the evolution
of quantum computing. Users can access better characterization of
errors, improve gates, and compute in the presence of noise with
Ignis. It is designed for researching and improving errors or noise in
near-term quantum systems.

Panagiotis Barkoutsos - bpa@zurich.ibm.com

high level quantum applications:
chemistry, optimization, Al, finance

classical simulation of
guantum circuits

@ Aqua

Aqua is a modular and extensible library for experimenting with
quantum algorithms on near-term devices. Users can build
domain-specific applications, such as chemistry, Al and optimization
with Aqua. It bridges quantum and classical computers by enabling
classical programming to run on quantum devices.

core programming tools and API to hardware

@ Aer

Aer permeates all other Qiskit elements. Users can accelerate their
quantum simulator and emulator research with Aer, which helps to
better understand the limits of classical processors by demonstrating
their ability to mimic quantum computation. Users can also verify
current and near-term quantum computer functionality with Aer.



QISKIit: Terra

Stack

-~
©
Aer

Terra inputs
Quantum circuit, pulse scheduler

Transpiler
Optimization passes, pass manager @

Aqua

QObj
OpenQASM, OpenPulse

Backend Provider
Device, simulator Local, IBM Q, third party ‘

Ignis

Job

Result
Counts, Statevector, Unitary

Qiskit
Hardware

®

Panagiotis Barkoutsos - bpa@zurich.ibm.com @



QISKIit: Aqua

Stack

Aqua applications domains
Chemistry, Al, Optimization, Finance

Translators
Quantum algorithms

Adaptive
VOQE, QAOA Variational, QSVM.Variational, VQE2QPE

Many-sample
EOH, QSVM.Kernel

Single-sample
QPE, IQPE, Grover

Qiskit Terra

Backend Provider
Device, simulator Local, IBM Q, third party

Panagiotis Barkoutsos - bpa@zurich.ibm.com

Qiskit

Hardware

®



> IBM Q 20 Tokyo [ibmq_20_tokyo]

AVAILABLE TO HUBS, PARTNERS, AND MEMBERS OF THE IBM Q NETWORK

> IBM Q 20 Austin 0s1_1)

AVAILABLE TO HUBS, PARTNERS, AND MEMBERS OF THE IBM Q NETWORK

> IBM Q 16 Rueschlikon (omaxs] | ACTIVE:USERS | AVAILABLE ON QISKIT
> IBM Q 5 Tenerife (ibmgx4) | ACTIVE:USERS |  AVAILABLE ON QISKIT
v IBM Q 5 Yorktown [ibmqx2] MAINTENANCE AVAILABLE ON QISKIT
https://quantumexperience.ngd.bluemix.net/gx/editor Q2 03 04
Frequency (GHz) 528 521 5.02 528 5.07
T1(us) 62.40 5510 48.40 59.00 53.30
T2 (1) 77.50 64.00 54.70 57.30 36.40
Last Calibration: 2018-04-13 17:53:48 Gate error (105 137 137 223 172 094
Readout error (102 240 260 3.00 220 450
CX0_1 CX1.2 CX3 2 CX4.2
MultiQubit gate error (102 272 3.77 3.97 3.51
CX0_2 X3 4
4.18 3.62
> IBM Q QASM Simulator (ibmq_gasm_simutator] [ACTIVE | SIMULATOR  AVAILABLE ON QISKIT

IBM QX Devices



QISKit: Basic workflow a

HS' (#+#)  -J+*9%.0%

At the highest level, quantum programming in QISKit is
broken up into three parts:

1. Building quantum circuits

N\

III 0 [} ] 1 O Je
2.  Compiling quantum circuits to run on a specific "H#$%"&3(+0,"+%

backend

3. Executing quantum circuits on a backend and

analyzing results

Important: Step 2 (compiling) can be done automatically
so that a basic user only needs to deal with steps 1 and 3.
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Panagiotis Barkoutsos - bpa@zurich.ibm.com



QISKit: Basic workflow

At the highest level, quantum programming in QISKit is
broken up into three parts:

[python3] $ pip install qgiskit

from qiskit import QuantumRegister, ClassicalRegister
from giskit import QuantumCircuit, Aer, execute

g = QuantumRegister(2)
¢ = ClassicalRegister(2)
q

¢ = QuantumCircuit(q, <)

qc.h(q[@]1)
qc.cx(q[@], q[11)
qc.measure(q, c)

backend = Aer.get_backend('gasm_simulator"')
job_sim = execute(qc, backend)
sim_result = job_sim.result()

print(sim_result.get_counts(qc))

Panagiotis Barkoutsos - bpa@zurich.ibm.com
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Qiskit Aqua Chemistry Example iport. nunpy as np

from giskit_aqua_chemistry import AQUAChemistry
LiH Ground State Energy
—733 aqua_chemistry_dict = {
"driver": { "name": "PYSCF" },
T "PYSCF": { "atom": "", "basis": "sto3g" },
"operator": {
"name": "hamiltonian",
"qubit_mapping": "parity",
"two_qubit_reduction": True,
"freeze_core": True,
"orbital_reduction": [-3, -2]

Energy in Hartree
I
~
[«)]

i },
"algorithm": { "name": "VQE" },
7.9 , : , : : : "optimizer": { "name": "COBYLA", "maxiter": 10000 },
= }ﬁsteratomzi-codistancze-isn An st3r:m % e "var‘iational_form": { "name": "UCCSD" }’
g "initial_state": { "name": "HartreeFock" }

. }
' LiH Dipole Moment molecule = "H .0 .0 -{0}; Li .0 .0 {@}"

pts =[x * 0.1 for x in range(6, 20)]
4 pts += [x * 0.25 for x in range(8, 16)]
pts += [4.0]

3 energies = np.empty(len(pts))
distances = np.empty(len(pts))

dipoles = np.empty(len(pts))

Moment in debye

for i, d in enumerate(pts):
aqua_chemistry_dict["PYSCF"]["atom"] = molecule.format(d/2)
solver = AQUAChemistry()
1.0 15 20 25 30 35 4.0 result = solver.run(aqua_chemistry_dict)
Interatomic distance in Angstrom ener-gi es [1] — r-esu'lt["ener-gy"]
dipoles[i] = result["total_dipole_moment"] / 0.393430307
Panagiotis Barkoutsos - bpa@zurich.ibm.com distances[i] = d




Outline

Applications

Quantum chemistry

Many-body physics

Classical optimization and HEP




Quantum Chemistry & Physics

International Journal of Theoretical Physics,
VoL 21, Nos. 6/7, 1982

OI'm not happy with all the Simulating Physics with Computers
analyses that go with just the

classical theory,

J dammit, and if you
want to make a simulation of
nature, youOd better make it
quantum mechanical EO

lvano Tavernelli - ita@zurich.ibm.com



Possible application areas for
guantum computing

We believe the following areas might be
useful to explore for the early applications
of quantum computing:

QN
o\

Chemistry

Material design, oil and gas, drug discovery

Artificial Intelligence

Classification, machine learning, linear algebra

Financial Services

Asset pricing, risk analysis, rare event simulation

Quantum Computing and IBM Q: An Introduction #IBMQ



Quantum chemistry:

Where Is It a challenge! [0"$10#)
*%!11$%1!"

Solving interacting fermionic problems is at the core
of most challenges in computational physics and
high-performance computing:
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Quantum chemistry
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Quantum chemistry

! L 1
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Electrons and qubits fulfill different statistics:

Fermions: {a&,a}=0,{a,a}=0,{a,a} ="

SpinS: [!i1!i]:0;[!i,!i]:O,[!i,!j]:"i’j

The Jordan--Wigner is the most commonly used mapping in
the context of electronic-structure Hamiltonians
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Quantum chemistry D The quantum algorithm

The quantum-classical approach: Variational Quantum Eigensolver

"HS%&H" ) (** + &&./0)+123+4531%5
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lvano Tavernelli - ita@zurich.ibm.com




Quantum chemistry b the VOQE approach

Ground state-energy of simple molecules
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Quantum chemistry b the VQE approach with error cotrr.
Ground state-energy of simple molecules
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Quantum chemistry
| "4D8 () VOREHS, - B)

Interaction of light
with matter:

I Photocatalysis

| Artificial
photosynthesis

I Light harvesting

Ne Nnu N g N e
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Full CI (exact):

Classical !" #$%&"
Quantum !"& ('
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Quantum chemistry B Recent and Medium term development s
Example: excited state energies of 2 and 3 atomic systems

"H$Y0& H#" ()$(**+&8#.10)+123+4531%5
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Simulation of molecular
magnetic systems

Measuring the spin-spin time -dependent
correlation function

5@ 0@ )

scales exponentially with the number of
sites.

[E. M.Pineda et al., Chemical Science, 2017, 8, 1178]
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Support

vectors arXiv:1804.11326

Possible applications:

- Customer segmentation
- Image classification

- Fraud detection
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The data may not be linearly separable

0000 000000
0

Lift to higher
dimension

Support
P vectors

arXiv:1804.11326

Possible applications:

- Customer segmentation
- Image classification

- Fraud detection

Quantum Support Vector Machines (SVM) may offer
performance advantages to classical SVMs by using
kernels that cannot be computed efficiently classically

Demonstrated on real quantum device



Recent Results by
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Example training and test set for the Kernel method:

Trained 3 sets of data (20 pts/label) and performed
20 classifications/label per trained set.

trial step

kernel
method

variational
method

" #$ ® &0+ (&
1" %% B &&,(&
J001'& 2-3&1'.

@ 4)-35(.)6), & & (&

classification success

variational circuit depth
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Classification (machine learning and SVM)
Select/identify relevant LHC events (talk of "#$%&'# )
Reconstruction of tracks b jets tracking

Quantum Computing
Time-evolution: lattice gauge theory (SchwingerOs model
and beyond)

Quantum Minimization
VQE optimization in lattice gauge theory
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The Future

Quantum Computing and IBM Q: An Introduction #IBMQ



We have built the quantum
computation centers of today E

Quantum Computing and IBM Q: An Introduction #IBMQ
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