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Levels of Quantum Programming

Quantum Universal Language
Unique language to run on all quantum devices

Quantum Algorithms

already programmed at low level,
only problem‘s parameters are needed

Quantum Machine Instruction Language
sequence of gates over qubits

Quantum Machine Language
qubits
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Iba Cervera-Lierta, Quantum Computing languages landscape, Quantum World Association, 2018 [
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Language and Tools Stack

)

Quantum Programming Language

Quantum Assembler

Quantum Processing Unit

(QPU) Central Processing Unit
(CPU)
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CPU and QPU Processing Steps

State Unitary

: : Measurement
Preparation Transformation

. QPU

: CPU

Post-processing
(optional)

Pre-processing
(optional)
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Quantum Algorithms as a Service

Under Development

Quantum Application || JTee Bagkend
| & (QPU, Simulator)

: B result , :
Quantum Algorithm as a Service Quantum Computing as a Service

(Qaa$) (QCaaS)

Tools, Libraries

API

input data| |result

Traditional Application

(workflow, web application, ...)

| from Leymann et al. Quantum in the Cloud: Application Potentials and Research Opportunities. CLOSER, 2020 (£


https://doi.org/10.5220/0009819800090024
https://doi.org/10.5220/0009819800090024
https://doi.org/10.5220/0009819800090024

Quantum Computing
Qiskit and Deutsch-Jozsa Algorithm

UNIVERSITAT ZU LUBECK

Institut fiir Informationssysteme | Prof. Dr. habil. S. Groppe

Hardware Independent Translation

Quantum Program

Vendor-acnostic on QPU

Quantum Program-

ming Language
Hardware-Independent

Processing Framework

Execution

Executable/
Machine
Instruction

Compilation
Hardware .
Translation &

Hardware-
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Overview Quantum Programming
Languages & their Stacks

Quantum

Universal
Languages

ETH

Provider Rigetti DWave Xanadu Google Microsoft  Qilimanjaro Ziirich

Full-stack
Libraries

Quantum
algorithms

Quantum
circuits

Assembly
language

Hardware Silg2Qiskit

This list is not complete. "Quantum Language" refers to specializedPro ramming
languages and also to libraries to write quantum programs on top of well-known
programming languages for classical computation.

led: Alba Cervera-Lierta, Quantum Computing languages landscape, Quantum World Association, 2018
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Qiskit

e Installation
- Local installation via Python, Anaconda and Jupyter

- Cloud

= |IBM Quantum (Lab) &
= Graphically build quantum circuits

= Jupyter-notebooks for Qiskit without installation

= Quantum system details like status, topology, calibration data, and access
details of IBM quantum systems

= Running quantum circuits on real quantum computers

» Step-by-step tutorials and guides

= Strangeworks 4

» Hardware-agnostic, software-inclusive, collaborative environment for
quantum development

= Support of many important quantum frameworks without installation and
configuration

= Running quantum circuits on real quantum computers

oy A 8/37
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IBM Quantum Composer
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Qiskit Library/Python

e Importing important packages, creating and drawing first quantum
circuit with one qubit initialized with |0)...

Program:

from giskit import QuantumCircuit

import kaleidoscope.qiskit

from kaleidoscope import bloch_sphere

from giskit.visualization import array_to_latex
from IPython.display import Latex

circuit = QuantumCircuit(1)
circuit.draw('latex', initial_state=True)

Output:

q:0) —
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Printing the state vector & visualizing in the
bloch sphere...

e Determine state vector of circuit for printing and visualizing

Program:

display(array_to_latex(circuit.statevector(), prefix="State = "))
bloch_sphere(circuit.statevector())

Output:
State = [1 O}
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Extending the circuit...

e Add a NOT(X) gate to the circuit resulting in |1)...

Program:

circuit.x(0)

circuit.draw('latex', initial_state=True)
display(array_to_latex(circuit.statevector(), prefix="State = "))
bloch_sphere(circuit.statevector())

Output:
State = [0 1}
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Matrix representations of gates

e Printing the matrix representations of gates (here X gate)...

Program:

from giskit.circuit.library import *
xgate = XGate()

print('X gate matrix:"')
array_to_latex(xgate.to_matrix())

Output:

X gate matrix:

1o

ii/ar 13 /37
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A circuit with a Hadamard transform...

Program: Program:

circuit = QuantumCircuit(1) display(array_to_latex(circuit.statevector(),
circuit.h(0) prefix="|+\\rangle = "))
circuit.draw('latex', initial_state=True) bloch_sphere(circuit.statevector())

Output: Output:

q:10) | Hf— \+>:[\/1§ \%}
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Adding a measurement...

Program: « Open QASM output of the circuit...
circuit = QuantumCircuit(1,1)
circuit.h(o) Program:

circuit.measure(0,0)
circuit.draw('latex', initial_state=True)

circuit.gasm() J
Output: Output:
0) A H—A—
qc[é ol OPENQASM 2.0;

0 include "gelibl.inc";

qreg q[1];
creg c[1];

h q[0];
measure q[0] -> c[0];

Li/ar 15/ 37
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Simulating a circuit

e Initialize simulator, execute a  Output:

job with 1000 shots and plot 060
the reSUH:an't h|StOgram 0493 0507
0.45 -
Program: g
3 0.30-
from giskit import BasicAer, E
execute
from giskit.visualization 0.15
import plot_histogram
local_simulator = 0.00 4

BasicAer.get_backend('gasm_simulator"')

job = execute(circuit,
backend=local_simulator,
shots=1000)

plot_histogram(job.result().get_counts())
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Circuits with 2 Qubits (Correlated Bell State)

Program: Program:

circuit = QuantumCircuit(2) circuit.measure_all()

circuit.h(0) circuit.draw('latex', initial_state=True)
circuit.cx(@, 1)

circuit.draw('latex', initial_state=True)

Output:

Output:

qo : |0) —H l\ : A
|
|

% :10) —H ¢+ |0) D
i - |D} / 1 ~“'

~ meas : ) =5

Program:

array_to_latex(circuit.statevector(),
prefix="\\text{CNOT}|0{+}\\rangle = ")

Output:

CNOT|0+)=|7 0 0 &
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Simulating the Correlated Bell State

Program: Output:

local_simulator = 0.60
BasicAer.get_backend('gasm_simulator") 0502 0.498
job = execute(circuit, backend=local_simulator, 0.45 -
shots=5000) "
plot_histogram(job.result().get_counts()) 2
2 0.30
[1+]
E
&
0.15

0.00 -
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Deutsch-Jozsa Algorithm

e Purpose: shows that the power of state superposition in a quantum
algorithm can significantly reduce the runtime complexity
compared to its classical counterpart by exponential speedup

e Problem to be solved

- Objective: Determine the nature of a function, f : {0,1}" — {0, 1},
which takes as input an n-bit integer and returns either 0 or 1

- We are guaranteed that this function
= is either constant (returning either O or 1 on all inputs), or
= perfectly balanced (returning O on half of the inputs and 1 on the other half)
- Goal: Determine of which type (constant or balanced) the function is with
minimum number of function executions

\

» References:
-n = 1, Deutsch algorithm: D. Deutsch. Quantum theory, the Church-Turing principle and the universal

quantum computer. Proceedings of the Royal Society A. 400 (1818): 97-117, 198%
-n > 1, Deutsch-Jozsa algorithm: D. Deutsch, R. Jozsa. Rapid solutions of problems by quantum
computation. Proceedings of the Royal Society of London A. 439: 553-558, 1992 )

ii/ar 19 /37



https://doi.org/10.1098/rspa.1985.0070
https://doi.org/10.1098/rspa.1985.0070
https://doi.org/10.1098/rspa.1985.0070
https://doi.org/10.1098/rspa.1985.0070
https://doi.org/10.1098%2Frspa.1992.0167
https://doi.org/10.1098%2Frspa.1992.0167
https://doi.org/10.1098%2Frspa.1992.0167
https://doi.org/10.1098%2Frspa.1992.0167

Quantum Computing
Qiskit and Deutsch-Jozsa Algorithm

Institut fiir Informationssysteme | Prof. Dr. habil. S. Groppe

Deutsch-Jozsa Algorithm - Idea & Circuit

O®n> //n ., H®” ., ~ . |3. H®n |4. /74—:L5—
Ur
| T > H y yofix)
e Step 1 & 2: Bring n qubits into superposition with all values
0,1,...,2" — 1 having the same probability

ii/ar 20/ 37
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Deutsch-Jozsa Algorithm - Idea & Circuit

O®n> //n ., H®” ., ~ . |3. H®n |4. /74—:L5—
Ur
| T > H y yofix)
e Step 1 & 2: Bring n qubits into superposition with all values
0,1,...,2" — 1 having the same probability

» Step 3: Apply the oracle function on all input values simultaneously
- Constant functions do not change the state (up to a global phase)
- Balanced functions cause state changes for half of the input values

ii/ar 21/ 37
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Deutsch-Jozsa Algorithm - Idea & Circuit

O®n> //n ., H®” ., ~ . |3. H®n |4. /74—:L5—
Ur
| T > H y yofix)
e Step 1 & 2: Bring n qubits into superposition with all values
0,1,...,2" — 1 having the same probability

» Step 3: Apply the oracle function on all input values simultaneously
- Constant functions do not change the state (up to a global phase)
- Balanced functions cause state changes for half of the input values

o Step 4 & 5: Interfere the result and check output
- Constant functions: No quantum state change & Hadamard is reversible

— Output = Input
- Balanced functions: Quantum state changes of previous step
= Output # Input

ii/ar 22/ 37
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Deutsch-Jozsa Algorithm - Details of Step 1

O®I7> //n |1- H®n I2- P X |3- H®n Il.. /74 ’[n|5.
Ur
1) H y yofx)
n = 1: Arbitrary n > 1:
w1) = (O = [0} @ |1 Y1) =10} 0)1) = 0) @+ @[} 1)

. 0

|
—
o =
1
X
—
_ O
1
I
o O - O
I
—
o =
1
02y
X
—
o =
1
X
—
_ O
1
I
@)
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Deutsch-Jozsa Algorithm - Details of Step 2

/n ..

B B L.,

Xn /n's.
O > ; H®n X X H®n /74 ,
Ur
1) H y yofix)
n = 1: Arbitrary n > 1:
[1 1 1 1 ]
Hy =H®H =3 i _11 _11 :} H, . =H® ---QH
1 1 1 1|
]
o) =Hy | 5 | =3 | 7 $2) = Haa [0+-00) =~ 322700 [a)(J0) — 1))
Lo ) =
1 1 _
1 [ : ]®[ 1] = @emygm-n
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Deutsch-Jozsa Algorithm - Details of Step 3

O®n> /0 - Hen >,

1) H

. . |3. H®n Iln- /74_,L5_
Ur

y y®f(x)

n = 1:
Apply the oracle function in gate mapping
) |b) — |z)[b & f(x)) with

0)+(1) 0)— |1>
lz) = and |b) = NG

V2

f()—O -1
/(@) =1 [

[¥3) = |2)[b® f(2))

(where @ is addition modulo 2)

6D f(x m-‘

Arbitrary n > 1:

The result of applying the quantum oracle is
— Y2 ) (If(2) — 1o f(2))).

For each z, f(x) is either 0 or 1. Testing

these two possibilities, we see the above
state is equal to

[bs) = o Tilo (-1 z)(0) - [1)).
At this point the last qubit % may be

ignored and therefore below is remained:

\/2—n 22 _1( 1)f(x)‘33>-
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Deutsch-Jozsa Algorithm - Details of Step 3

‘O®n> //n |1- H®n I2. " . |3. H®n |4. /74_,L5_

| T > H y yofix)

n = 1: Examples of oracles:

z)lb® f(z) f(0)=0 f(0)=1

1 [ —1 ]
-1 ¢ 1
2 1 2 1
-1 —1 ¢ _ 100)®(|090)—[16060))+[01)®(|01) —[16051))
= 1 = = 1 = 3 — 22
[10)®(|190)—|110))+|11)R(|1d1)—|1p1a1))
RN + V)
21 —1 21 -1 _ 100)®(]0)—[1))—[01)®(]0)—[1)) —[10)®(|0)—[1))+[11)®(|0)—~[1))
1 1 2-v/2
— = — S —_

= 3 (00) — [01) — [10) + [11)) ® == (|0) — [1))
= 25 (10) =) ® %5 (10) = 1)) ® Z5 (0) = |1))

ii/ar 26 / 37
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Deutsch-Jozsa Algorithm - Details of Step 4

O®n> - - H®" £l WL H®" £ AT
Ur
1) H y yofx)

n = 1: Arbitrary n > 1:

[ 1 0 1 0 ] Hadamards transform to:

0 1 0 1 _ 1 2" -1/ 1\ f(z) 1 2" -1/ q\=

Her- 4 | 91 0 1 |¢4>1— A E (2711_>1 A T (D]
e N R 0 >irnl ot CEVECI Co D I

[Y4) = (HI)[ps3) where

= (H®I)|z)|ba f(z)) T-Y=xoYo PT1Y1 D P Tp_1Yn_1is

the sum of the bitwise product (where @ is
addition modulo 2).

ii/ar 27 /37
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Deutsch-Jozsa Algorithm - Details of Step 4

‘O®n> //n |1- H®n I2. " . |3. H®n |4. /74_,L5_

| T > H y yofix)

n = 1: Examples of oracles: Arbitrary n Z 1: Example oracle:

Py = =5 (10) = 1)) ® = (10) — 1)) ® == (10) —[1))
The result of applying Hadamards on the
first and second qubit is:

$4) =1) @ 1) ® 7 (10) — 1))

=> It will be |11) measured in the next step!

ii/ar 28/ 37
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Deutsch-Jozsa Algorithm - Details of Step 5

O®n> //n |1- H®n I2. . . |3. H®n |4. /74_,L5_
Ur

1) H y yofx)

n = 1: Examples of oracles: Arbitrary n > 1:
0) is measured as 1st  The probability of measuring |0) ™ is:
; 2
vz -‘ o 1 2" -1
_1 1 —1)f(=)
qubit for [ (\)@ (1)(1) , rest is analogous | 2" 2 =0 (1)
[ 0 J 11 which evaluates to

e 1(i.e,|0)®" is measured)
if f(z) is constant (constructive

F(0)=1

EYEY |0) = constant bL:Ilaznzd interference) and
1) = « 0(.e.,|0)®" is not measured)
balanced |0) = constant if f(x) is balanced (destructive

interference).

ii/ar 29 /37
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Constant Oracles in Qiskit

Oracle 0 : Constant 0
Program:

from qgiskit import QuantumRegister

input = QuantumRegister(1, name='input"')

output = QuantumRegister(1, name='output')

constant® = QuantumCircuit(input, output,
name='oracle"')

oracle@ = constant@.to_instruction()

constant@.draw('latex', initial_state=True)

Oracle 1 : Constant 1
Program:

input = QuantumRegister(1, name='input')

output = QuantumRegister(1, name='output')

constantl = QuantumCircuit(input, output,
name='oracle")

constant1.x(output)

oraclel = constantl.to_instruction()

constantl.draw('latex', initial_state=True)

Output:
input @ |0) ——

output : |0) ——

Output:

input : |0)
output : |0) — X ——
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Balanced Oracles in Qiskit

Oracle I: Identity

Program:

input = QuantumRegister(1, name='input')

output = QuantumRegister(1, name='output')

identity = QuantumCircuit(input, output,
name='oracle')

identity.cx(input, output)

oraclel = identity.to_instruction()

identity.draw('latex', initial_state=True)

Output:

input : |0)
output : |0) l

Oracle X: Invert/Not/X

Program:

input = QuantumRegister(1, name='input')

output = QuantumRegister(1, name='output')

invert = QuantumCircuit(input, output,
name='oracle")

invert.cx(input, output)

invert.x(output)

oracleX = identity.to_instruction()

invert.draw('latex', initial_state=True)

Output:

input : |0) :L

output : |0) —H— X
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Run an Oracle

Oracle X: Invert .
Program:

Program:

execute(circuit, backend=local_simulator,
shots=1000).result().get_counts()

from qiskit import ClassicalRegister

result = ClassicalRegister(1, name='result')
circuit = QuantumCircuit(input, output, result) ()ljt[)ljt:
circuit.barrier()
circuit.compose(invert, inplace=True)
circuit.barrier() { "1': 1@@@}
circuit.measure(output, result)
circuit.draw('latex', initial_state=True)

Output:

output : |0)

|
input : |0) —
|
|

e
b
\§

{

result : 0/3
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Simulating Deutsch's Algorithm

Program: Program:

gr = QuantumRegister(2, name='qubits"') counts = execute(circuit,

cr = ClassicalRegister(1, name='result') backend=local_simulator,
circuit = QuantumCircuit(qgr, cr) shots=1).result().get_counts()
circuit.x(qr[11) counts[ "BALANCED"'] = counts.pop('1"', None)
circuit.h(qr) counts[ '"CONSTANT'] = counts.pop('@', None)
# oracle@, oraclel, oraclel or oracleX: counts

circuit.append(oracle@, [qr[0], gr[1]11)

circuit.h(qr[0])

circuit.measure(qrf0], cr[0]) Output:

circuit.draw('latex', initial_state=True,
justify="right")

{'BALANCED' : None,

qubits, : |0)
qubits; : |0) | XH—HH

e
[~ [
|
s
|
Y

oracle

f
result : 0 =5
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Running Deutsch's Algorithm on a real
Quantum Computer

Program:

import qiskit.tools. jupyter

from giskit import IBMQ

from giskit.providers.ibmg import least_busy

provider = IBMQ.load_account()

least_busy_device = least_busy(provider.backends(simulator=False,
filters=lambda b: b.configuration().n_qubits >= 2))

least_busy_device

Output:

IBMQBackend( 'ibmg_lima') from IBMQ(hub='ibm-q', group='open', project="main")

Some information about ibmg_lima:
n_qubits 5

quantum_volume” [
pending_jobs 2
basis_gates [id', 'rZ, 'sx’, 'x', 'ex’, 'reset’]
max_shots



https://learn.qiskit.org/course/quantum-hardware/measuring-quantum-volume
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Job Status and Result

Program: Program:
job.status() J counts = job.result().get_counts()
counts[ '"BALANCED"'] = counts.pop('1"', None)

# wrong answer:
Ou’[puti counts[ '"CONSTANT'] = counts.pop('@', None)
plot_histogram(counts)

JobStatus.RUNNING: 'job is actively running’

Output:

Program:
job.wait_for_final_state() 1.00 | -
job.status()
E 0.75 1
Output: z
§050-
JobStatus.DONE: 'job has successfully run' =
0.25 4

0010
T

0.00
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Physical Mapping of Circuit

Program:

from giskit.visualization import plot_gate_map

from giskit import transpile

display(plot_gate_map(least_busy_device))

job = execute(circuit, backend=least_busy_device, shots=1000, initial_layout=[0, 4])
display(circuit.draw('latex"))

transpile(circuit, least_busy_device).draw('latex")

Output:

qubits, : ,_—/\_
qubits, : 1 | oracle
result : 55 U
global phase : TTT
qubitsy — 0 : m
qubitsy 1 —| Ry (3) (VX HRz (G —

ancillag — 2 :

ancilla; — 3 :

ancillas — 4 :

result : =
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Summary and Conclusions

e Qiskit

- introduction

- gates, circuits

- output, visualizations (e.g., bloch sphere)
e Deutsch-Jozsa algorithm

- problem to solve

- why it works...

- realization in Qiskit

- running on a real quantum computer
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