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Quantum Mechanics - Double Slit Experiment
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Bits and qubits

A can be0Oor1.

A , or , can take on
those values but can represent a
combination of 0 and 1 while we are
computing.

When we measure a qubit, it

becomes 0 or 1 based on probability.
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Hard Quantum computing may provide a
new path to solve some of the hardest or most memory

versus easy intensive problems
problems

in business and science. Applications

Chemistry
Materials
Machine learning
Optimization

Hard problems
for classical computers

Easy Quantum
problems possible

Quantum Advantage
with Shallow Circuits

Simulating quantum
IBM 2018 Factoring

mechanics
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Quantum computing
uses essential ideas
from quantum
mechanics

Superposition

is creating a quantum state that is a
combination of |0>and |1>

where

and © are complex numbers

Note that if © and © are non-zero, then the qubit’s state
contains both |0>and | 1>.

This is what people mean when they say that a qubit can
be “0 and 1 at the same time.”



Quantum computing
uses essential ideas
from quantum
mechanics

Measurement

Measurement is forcing the qubit’s state

to |0> or | 1> by observing it, where
is the probability we will get |0> when we measure

is the probability we will get |1> when we measure

Examples

2 |O>+£ | 1>
2 2

has an equal probability of becoming |0> or | 1>.

LB
2 2

has a 75% chance of becoming | 0>.



Quantum computing
uses essential ideas
from quantum
mechanics

Entanglement

=
;"“'» llnlll‘ |

With two qubits we get combinations like

where
|01> means the first qubitis |0> and the second is |1>

and ' are complex numbers

If two or more of the ¢, 7, ¢, and ¢ are non-zero, and we
cannot separate the qubits, they are entangled with
perfect correlation and are no longer independent.

Examples
\/2—3 |00> + g|01> not entangled

g [01> — \/;|10>, \/75 | 00> +g|11> entangled



Quantum computing We can write
uses essential ideas

from quantum

mechanics

g |OO>+§|01>

|O>(‘/7E |O>+§|1>)

but we cannot write

Entanglement
& \[72 IOO>+—\£—§|11>

as the combination of two single qubit states.

|1||| 7 5 “”“ They are !

I“' » | l””l‘ | Once you measure the first qubit, the second is uniquely
,. determined.




Quantum computing
uses essential ideas
from quantum
mechanics

Gates / Operations

Classical logical circuits use operations like
, and »or. We also call these gates.

Quantum circuits use reversible gates that change the
quantum states of one, two , or more qubits.

q0: |0>—|E—|:|—|m()) = |0 or |1)
a: |()>—E|—|:|—|E—|___|—|m.> =0) or |1)

qo: [¥)o

q1: Y



Quantum computing Interference allows us to increase the probability of
uses essential ideas getting the right answer and decrease the chance of

from quantum getting the wrong one.
mechanics

Interference

|000> |001> |010> |011> |100> |101> |110> |111>
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Quantum computing Interference allows us to increase the probability of
uses essential ideas getting the right answer and decrease the chance of

from quantum getting the wrong one.
mechanics

Interference

|000> |001> |011> |100> |101> |110> |111>

[}
©
=)
=
=
=
m©
>
oo
=
©
o
o
—
o




Quantum computing Interference allows us to increase the probability of
uses essential ideas getting the right answer and decrease the chance of

from quantum getting the wrong one.

mechanics

Interference

|ooo>  |oo1> 010>  |011> 100>  |101>  |110>  |111>
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Let's do some Quantum Computing!



QiSkit Software
Software
Stack

Brings quantum
computing out of the
laboratory and into
the hands of
developers

Open Source (Apache
2.0)

Written in
Python 3

Modular and

Tools for characterizing
and mitigating error

@

Ignis

Foundational tools to build,
run and compile quantum
circuits

Terra

Aer

Special purpose
simulators for
algorithm
development and
quantum research

extendible I
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Let's run some Qiskit

In [1]: dimport qiskit
from giskit.tools.jupyter import *
smatplotlib inline
# Allocate 2 simulators, we'll use these later
SIM = giskit.BasicAer.get backend('gasm simulator"')

SV _SIM = giskit.BasicAer.get backend('statevector simulator")
giskit. version

OQut[1]: '0.9.0'



In [2]: | # Define the Quantum and Classical Registers
g = giskit.QuantumRegister(1l)
c = giskit.ClassicalRegister(1)

# Build the circuit

single g measurement = giskit.QuantumCircuit(q, c¢)
single q measurement.measure(q, c);

# Draw the circuit
single g measurement.draw(output="mpl")

"
cO :

Out[2]:




Single Qubit Results

In [3]: result = giskit.execute(single q measurement, SV SIM).result()
giskit.tools.visualization.plot bloch multivector(result.get statevector())

OQut[3]: )
qubit O

0}



In [4]: qiskit
t))

Out[4]:
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.tools.visualization.plot histogram(result.get counts(single g measuremen




In [5]:

OQut[5]:

Quantum Not Gate

# Create a Quantum Register with 1 qubit (wire).
gr = qiskit.QuantumRegister(1)

# Create a Classical Register with 1 bit (double wire).
cr = giskit.ClassicalRegister(1)

# Create a Quantum Circuit from the quantum and classical registers
circ = giskit.QuantumCircuit(qr, cr)

# Place an X gate on the qubit wire. The registers are zero-indexed.
circ.x(qr[0])

# Measure the qubit into the classical register
circ.measure(gr, cr)

# Draw the circuit
circ.draw(output="mpl")

ks
cl —0



Quantum Not Gate - Results

In [6]: result = giskit.execute(circ, SV SIM).result()
giskit.tools.visualization.plot bloch multivector(result.get statevector())

OQut[6]: )
qubit O

0).



In [7]: qiskit.tools.visualization.plot histogram(result.get counts(circ))

Out[7]:
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Super Position

In [8]: | # Create a Quantum Register with 1 qubit (wire).
gr = qiskit.QuantumRegister(1)

# Create a Classical Register with 1 bit (double wire).
cr = giskit.ClassicalRegister(1)

# Create a Quantum Circuit from the quantum and classical registers
circ = giskit.QuantumCircuit(qr, cr)

# Place an Hadamard gate on the qubit wire
circ.h(qr[0])

# Measure the qubit into the classical register
# circ.measure(qr, cr)

# Draw the circuit
circ.draw(output="mpl', scale=1.5)

Out[8]:

c2






In [9]: result = giskit.execute(circ, SV _SIM).result()
qiskit.tools.visualization.plot bloch multivector(result.get statevector())

Out[9]: )
qubit O

0)




In [10]: | # Measure the qubit into the classical register

circ.measure(qr, cr)
# Rerun the simulation on the QASM simulator, 100 times

result = giskit.execute(circ, SIM, shots=100).result()
giskit.tools.visualization.plot histogram(result.get counts(circ))

Out[10]:
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H gates are reversable

In [ ]: # Build a circuit with 1 qubit and 1 classical bit

gr = qiskit.QuantumRegister(1)
cr = qiskit.ClassicalRegister(1)
gc = qgqiskit.QuantumCircuit(qgr, cr)

# Apply 2 Hadamard gates on the circuit and then measure
qc.h(qr[o])

qc.h(qr[0])

gc.measure(qr, cr)

# Draw the circuit

gc.draw(output="mpl")

In [ ]: result = giskit.execute(qc, SIM, shots=100).result()
giskit.tools.visualization.plot histogram(result.get counts(qc))



In [11]:

Out[11]:

Other Gates - Y

The above shows the end state after applying the Pauli Y gate (which like the Pauli
X/Quantum Not gate) can be thought of a 180 degree rotation around the Y axis. So
when starting from the |0) basis state the result is the |1) basis state.

However, many gates rotate the phase. To visualize any change in phase you'll want to
put the qubit in superposition with a hadamard gate first. For example:

gr = qiskit.QuantumRegister(1)

cr giskit.ClassicalRegister(1)

circ = giskit.QuantumCircuit(qr, cr)

circ.y(qr)

result = giskit.execute(circ, SV SIM).result()
giskit.tools.visualization.plot bloch multivector(result.get statevector())

qubit O
0).






Other Gates - ST

This example shows the output of the Si (or, conjugate of v/ Z phase) gate on the
bloch sphere for a qubit in superposition from a Hadamard gate. Since it is a phase gate
it has no noticeable effect on a qubit in the |0> basis state:

In [12]: qr = giskit.QuantumRegister(1)
cr giskit.ClassicalRegister(1)
circ = giskit.QuantumCircuit(qr, cr)
circ.h(qgr)
circ.sdg(qr)
result = giskit.execute(circ, SV SIM).result()

giskit.tools.visualization.plot bloch multivector(result.get statevector())

Out[12]: _
qubit O

0)






Multi Qubit Circuits and Gates

In [13]: | # Create a Quantum Register with 3 qubits
gr = qiskit.QuantumRegister(3)

# Create a Quantum Circuit from the quantum register. Because we're going to us

e

# the statevector simulator, we won't measure the circuit or need classical reg
isters.

circ = giskit.QuantumCircuit(qr)

# Place an X gate on the 2nd and 3rd wires. The topmost wire is index 0.
circ.x(qr[1])

circ.x(qr[2])

# Draw the circuit
circ.draw(output="mpl")

Out[13]:
450
-

g52



In [14]: | # Execute the circuit on the state vector simulator
job sim = giskit.execute(circ, SV _SIM)

# Grab the results from the job.
result sim = job sim.result()

# Obtain the state vector for the quantum circuit
quantum state = result sim.get statevector(circ, decimals=3)



tools.visualization.plot state city(quantum state)

In [15]: qiskit.

Out[15]:

Imag| rho]

In [16]: qiskit.tools.visualization.plot bloch multivector(quantum state)

Out[16]:







In [17]:

Out[l7]:

In [18]:

Out[18]:

# Creating registers

g2 = qiskit.QuantumRegister(2)
cl = giskit.ClassicalRegister(1)
c2 = qiskit.ClassicalRegister(2)

# quantum circuit to make an entangled bell state
bell = giskit.QuantumCircuit(q2)

bell.h(q2[0])

bell.cx(q2[0], g2[1])

bell.draw(output="mpl")

60 ‘.T

q61 w

result sv = gqiskit.execute(bell, SV SIM).result()
giskit.tools.visualization.plot state city(result sv.get statevector())

Imag[rho]






Real Quantum Devices
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IBM News Room Press Tools Vv
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IBM Opens Quantum Computation Center in New @ Wepphoers &
York; Brings World's Largest Fleet of Quantum & )
Computing Systems Online, Unveils New 53-Qubit y

Quantum System for Broad Use W8\ antury eV
Fleet of ten quantum systems benefit from the industry's most N R W

powerful hardware with improved stability to propel quantum

computing forward Harriman

State Park 3] A IBM Thomas J. Watson
Research Center
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ARMONK, N.Y., Sept. 18, 2019 /PRNewswire/ -- Today, IBM (NYSE: IBM),
announced the opening of the IBM Quantum Computation Center in New York

(25A)

State. The new center expands the world's largest fleet of quantum computing . Jroe sieon G "'%”"L
systems for commercial and research activity that exist beyond the confines of % Hicksville =] @ ¢

experimental lab environments. The IBM Quantum Computation Center will Newark New York _ uehs Hempatesd Bay -‘f"”ff + ‘
support the growing needs of a community of over 150,000 registered users and pRRaKIIY 7 >N

" Fire

nearly 80 commercial clients, academic institutions and research laboratories to T o gle

advance quantum computing and explore practical applications. T e g e
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Run a Quantum Algorithm on a Real Device!

In [19]: # useful additional packages
import numpy as np
import matplotlib.pyplot as plt
smatplotlib inline
from qiskit import BasicAer, IBMQ
from qiskit import QuantumCircuit, ClassicalRegister, QuantumRegister, execute
from giskit.compiler import transpile
from qiskit.tools.monitor import job monitor
from giskit.tools.visualization import plot histogram

giskit.IBMQ.load account()
# After loading credentials we query the backends
%qiskit_backend overview



In [20]:

Out[20]:

IBMQ.get backend('ibmg valencia')

/home/sdague/code/quantum/opensource-quantum-presentation/.venv3/lib/python3.7

/site-packages/qiskit/providers/ibmqg/ibmgfactory.py:595: DeprecationWarning: I

BMQ.get backend() is being deprecated. Please use IBMQ.get provider() to retri

eve a provider and AccountProvider.get backend("name") to retrieve a backend.
DeprecationWarning)

<IBMQBackend('ibmq valencia') from IBMQ(hub='ibm-q-dev', group='cloud', projec
t="main')>



In [21]:

Deutsch Jozsa Algorithm

The Deutsch-Jozsa algorithm (http:/rspa.royalsocietypublishing.org/content
/439/1907/553) is one of the earliest examples demonstrating the power of quantum
computers. The algorithm deals with guessing the type of a hidden Boolean function
given as an oracle. The Boolean function is promised to be either balanced, i.e., whose
values are 0 on half of its inputs, or constant, i.e., whose values are the same on all
inputs.

Classically, in the best case, two queries to the oracle can determine if the hidden
Boolean function is balanced; in the worst case, at least half of the inputs must be
queried to determine if the hidden Boolean function is constant for all inputs. On the
other hand, the Deutsch-Jozsa algorithm can determine the Boolean function with one
quantum query.

The algorithm in this notebook follows that in Cleve et al. 1997 (https:/arxiv.org
/pdf/quant-ph/9708016.pdf). We assume that the input to the oracle f is a n-bit string.
Namely, foreach  , the value of f(x) is promised to be either constant, i.e., the

m
0,1"

same for all x, or balanced, i.e., exactly half of the n-bit string whose f(a:) = 0.

n =4 # the length of the first register for querying the oracle



In [22]:

# Choose a type of oracle at random. With probability half it is constant,
# and with the same probability it is balanced
oracleType, oracleValue = 1, np.random.randint(2)

if oracleType ==

print("The oracle returns a constant value ", oracleValue)
else:

print("The oracle returns a balanced function")

a = np.random.randint(1l,2**n) # this is a hidden parameter for balanced ora
cle.

# Creating registers

# n qubits for querying the oracle and one qubit for storing the answer
gr = QuantumRegister(n+l) #all qubits are initialized to zero

# for recording the measurement on the first register

cr = ClassicalRegister(n)

circuitName = "DeutschJozsa"
djCircuit = QuantumCircuit(qr, cr)

# Create the superposition of all input queries in the first register by applyi
ng the Hadamard gate to each qubit.
for i in range(n):

djCircuit.h(qr[i])

# Flip the second register and apply the Hadamard gate.
djCircuit.x(qr[n])
djCircuit.h(qr[n])

# Apply barrier to mark the beginning of the oracle
djCircuit.barrier()

if oracleType == 0:#If the oracleType is "0", the oracle returns oracleValue fo
r all input.
if oracleValue ==
djCircuit.x(qr[n])
else:
djCircuit.iden(qr[n])
else: # Otherwise, it returns the inner product of the input with a (non-zero b
itstring)






In [23]: djCircuit.draw(output="mpl", scale=0.5)

Out[23]:
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In [24]:

OQut[24]:

backend = IBMQ.get backend('ibmg valencia')
djCompiled = transpile(djCircuit, backend=backend, optimization level=1)
djCompiled.draw(output="mpl',scale=0.5)

/home/sdague/code/quantum/opensource-quantum-presentation/.venv3/lib/python3.7

/site-packages/qiskit/providers/ibmqg/ibmqgfactory.py:595: DeprecationWarning: I

BMQ.get backend() is being deprecated. Please use IBMQ.get provider() to retri

eve a provider and AccountProvider.get backend("name") to retrieve a backend.
DeprecationWarning)
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In [27]: djCompiled = transpile(djCircuit, backend=backend, optimization level=3)
djCompiled.draw(output="mpl',scale=0.5)

Out[27]:
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In [28]: job = execute(djCompiled, backend=backend, shots=1024)
job monitor(job)

Job Status: job has successfully run
In [29]: results = job.result()

answer = results.get counts()
plot histogram(answer)

Out[29]:
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Diving In



000 o EMQEpwince % o+

Powerful ==f
programming
tools for

Welcome
powerfU| Robert Sutor
hardware y -

eue: 18 uns

& hitps//quantum-computing.ibm.com

= IBMQ Experionce

Open Access

ibmg_5_tenerife
ibmgx4 (5 qublts)

Available to public users to promote the
growth of the community and the use of
IBM systems.

You have no experiment runs in the queue. Lt e

ibmg_5_yorktown -
Ibmegx2 (5 qubits)

Premium Access

Available to the IBM Q Network to provide
differentiated capability to develop for ST comeo o 3 L
quantum. ScodaSesass i un sior COHPETED 1034 0

ibmg_gasm_simulator
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Powerful
programming
tools for
powerful
hardware

Full documentation shows you
how to get started programming
the IBM Q quantum computing
system.

© 2019 IBM Corporation #BMQ
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&« C & hitpsquantum-computing.lbm.comy sug

= IBMQ Experionce

Getting Started with Qiskit Notebooks

Build your own 'Hello Quantum
World" in Qiskit Notebooks

Step 1

This guide will walk through the steps required to build your first Hello Quantum Warld
Step 3
application using Qiskit S

Step 4
Step 1 3
he button on the left toolbar Step S

Step 6
How it works

Step 2 The algorithm

Click an the New Notebook button to start with a new notebook.

New Notebook +

Step 3

The new notebook starts with a small section of Python code that imports commonly used

features of Qiskit




Powerful er oo
programming

tools for

powerful

hardware -

C @& hitps/ quantum:

Rainy Day Experiment

Graphically build, debug, and run
guantum circuits on IBM Q
hardware systems and
simulators.

Pending results (0
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000 o EMQEpwince % o+

Powerful e
programming 1BM Q Experience
tOOIS fo r Overview of Quantum Gates

ﬁov‘éerfm Overview of Quantum Gates
araware : = Contants

H gate

& hitps//quantum-computing.ibm.com,

H gate
CX gate

The H or Hadamard ates (D) and |1} to |+) and ), r

Use the composer to " useful for making supe As a Clffard gate, it is useful for mo natio 1dgate

between the x and z bases

interactively learn the U3 gate

Composer reference Qasm reference Learn more

fundamentals of quantum
com pUting. Quanturmn gates: Hadamard and S 1 gate
Rx gate

CX gate Ry gate

The controlled-X gate is also known as the contr -NOT. 1t acts on a pair of qubits, with

ting as ‘control’ and tha othe| target. I orms an X on the target wi

s in state 1). If the control qubit is in a superposition, this gate

Rz gate

entanglemant

Composer reference Qasm reference Learn more

° ex qf0}, al1]) Quantum gates: Multiayl

© 2019 IBM Corporation




Powerful M A G e

programming

tools for B Guantum Algorithms with Qiskit

powerful E = - =
hardware . : |

Intreduction

The concept

Programming with Qiskit is ;8 7 fow doss quantur
seamlessly integrated into th

yrtation work?

Note that the results on the x-axis in the histogram above are ’:“"‘ will we test
this resulton a

platform —_ WOFk |S Saved |n the ordered as cycy ;. We can see that only results where ¢, = () sty GO

appear, indicating that the teleporation protocol has worked.

What do we expect?
CI ou d an d tOOIS are 2. Teleportation on a real quantum computer

1. Simulating the

automat'ca“y updated You will now see how the tefeportation algorithm works on a real teleportation

quantum suter, Recall that wa d . one protacol

2. Tele ation an
areal tum
computer
0 get the least-busy backend at I8N and zun the quantus
circuit there
1840, load_accounts() Referenc
providers.ibag Import least busy
_biizy [ TBNQ. backends (sirulato:
cutulge, backend=backend, shot
esilt = joh_exp.result()

meanuronent_ronelT = exp_result.get_counts(qe

wxp_swasuresynt_tesult)

Lstogran(exp_neasurement_result)
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Thank you!

Questions?

e Contact: sean.dague@ibm.com
e Twitter: @sdague
e IBM Quantum Experience: guantum-computing.ibm.com (https:/guantum-

computing.ibm.com)




