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 Planck
e Bohr

* Feynman

* Schrodinger
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Quantum Computing

Theoretical Physics — Experimental Physics

Engineering
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Quantum Computing Principles

Take advantage of quantum

mechanics to compute (the

physical properties of nature

at a subatomic scale).
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Quantum Computing Principles

Specifically:
e Superposition: being in different
states at the same time

 Colapse: once observed, the
system will always be in one of
the posible states.

 Entanglement: The state of a
particle cannot be described
independently of the state of
others
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Quantum Computing - Why?
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PSPACE problems \
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NP complete
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e 1998 — Los Alamos
National Laboratory —
Massachussetts Institute
of Technology

* Primer computador
cuantico

— 2 qubits

 Resonancia magnética
nuclear

@l__TI Software Engineering Group

\ QUERCUS

QO @ SsPILak- < 9 )




|yl =
____"., > ¥
__ ___ < M y
HIH( Z :
[ <
R R

! »‘434.:5

.ﬁ_

1111113




Quantum Computing - How?

) Rotatic_m o Entangler i
|0} ,Rx(n’f) Rz(nf)‘ : ( J‘ Rz(n3)—Rx(n&)—Rz(ns) C S—Rz(n3)—Rx(n5)- X
|0) Rx(n§)—Ra(n)) 1) Ra(ng)—Rx(n§—Rz(ns ) —(H) Rz(ng)—Rx(n$1H <
|0) Rx(nf)—Rz(n}) N, Rz(n3)—Rx(n5)—Rz(n3) N Rz(nd)—Rx(nhH < F—
|0) \Rx(n’{) Rz(n‘l)l D 0} Rz () —Rx(n§)—Rz(n5)—) O—(Rz(n,)—Rx(n§)H <

Differentiable Circuit of Size 4, depth 2

qr0 = QuantumRegister(2, 'q')
cr0 = ClassicalRegister(2, 'c')
gqc = QuantumCircuit(qr0, cr0)
gc.h(gro[0])

gc.cx(qr0[0], qrO[1l])

gc .measure(qr0, cr0)
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Quantum Computing - How?
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Software Engineering

Motable definitions of software engineenng include:

» "The systematic application of scientific and technological knowledge, methods, and experience to the design, implementation,
testing, and documentation of software "—The Bureau of Labor Statistics—|EEE Systems and software engineering —
Vocabulany 19l

= "The application of a systematic, disciplined, quantifiable approach to the development, operation, and maintenance of
software."—IEEE Standard Glossary of Software Engineering Terminology'2']

» "An engineering discipline that is concerned with all aspects of software production."—Ilan Sommervillel21]

= "The establishment and use of sound engineering principles in order to economically obtain software that is reliable and works
efficiently on real machines."—Fritz Bauer(2Z]

= "A branch of computer science that deals with the design, implementation, and maintenance of complex computer programs."—
Merriam-Websterl23]

« "'Software engineering' encompasses not just the act of writing code, but all of the tools and processes an organization uses to
build and maintain that code over time. [..] Software engineering can be thought of as ‘programming integrated over time.'"—
Software Engineering at Googlel2*]
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Software Engineering

1960 1965 1950 1975 1980
1966 1968 1970 1972 1974
',‘;f'. S N Royce, Winston, August 1970
,."ﬂ SR o>, A\ Managing the Development of
L) - T R " Large Software Systems",
X A T , Proceedings of IEEE WESCON
NS SN = The Waterfall Model
s S A e
SN prof.dr.Edsger W.Dijkstra, August 1974
- S

Edsger Dijkstra (March 1968)
"Go To Statement Considered
Harmful"
Communications of the ACM
i 11 (3): 147-148

Bohm, Corrado; and Giuseppe Jacopini (May

1966)

"Flow Diagrams, Turing Machines and
Languages with Only Two Formation Rules".

Communications of the ACM 9 (5): 366-371

Structured Program Theorem

-

y~| 4

On the role of scientific thought

Burroughs Research Fellow

Burroughs Plataanstraat 5

NUENEN - 4565 The Netherland

Separation of concerns

Barbara Liskov and Stephen Zilles, April 1974
Programming with Abstract Data Types, in
Proceedings of the ACM SIGPLAN Symposium on
Very High Level Languages, pp. 50--59

Santa Monica, California

K.

¢
L/
¥

Wayne P. Stevens, Glenford ).
Myers, Larry L. Constantine,
1974

Structured Design. IBM
Systems Journal 13(2): 115-139

O.-). Dahl, E. W. Dijkstra and C. A. R. Hoare (1972)
Structured Programming,.

Academic Press.

The major cause of the software crisis is that the machines have become several

orders of magnitude more powerful! To put it quite bluntly: as long as there were no
machines, programming was no problem at all; when we had a few weak computers,
programming became a mild problem, and now we have gigantic computers,
programming has become an equally gigantic problem.

i — Edsger Dijkstra, The Humble Programmer (EWD340), Communications of the ACM

SOFTWARE CRISIS

Software Engineering Group

\ QUERCUS S PI LO b*_.

me=ii



&, “History
v doesn’t
repeat
itself, but
it often
rhymes”

— Mark Twain;i




Quantum Software Engineering

“the use of sound engineering principles for the

development, operation, and maintenance of quantum
software”

Jianjun Zhao. 2020. Quantum Software Engineering: Landscapes and Horizons. arXiv (jul 2020). https://doi.org/10.
48550/arXiv.2007.07047

One of the main challenges in QSE is to translate the
knowledge and practices from classical software
engineering to the quantum domain while also developing
new methodologies tailored to match the unique
requirements of quantum computing
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Quantum Software Engineering

Quality Assurance

Service-Oriented Computing

Model-Driven Engineering | EEEGEG—
Programming Paradigms |
=
a Software Architectures ||| NG
=
Software Development Processes ||
Artificial Intelligence || EGTTEENR
Other (reviews)
Other topics
0 5 10 15 20 25
Publications count
= Software Engineering Group SPI Ob
u I— ~ < )4
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Quantum Software Engineering

* QSE - Active areas
— Quality Assurance: Testing and Debugging

Difference between

Testing Debugging

Testing is the process to AU
find bugs and errors. ( Debugging is the process of
correcting the bugs found during

e  — testing.

The purpose of testing is | ‘ i SHAY
to identify defects or errors %
in the software system

The purpose of debugging is to
fix those defects or errors.

Testing is done

before debugging » Debugging is done after testing

me=ii
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Quantum Software Engineering

* QSE - Active areas
— Quality Assurance: Testing and Debugging

« Quantum software testing is about assessing the
correctness of quantum software in delivering their
intended functionalities

« Debugging is about observing failures in quantum
software that need to be diagnosed and fixed

« Especially when facing challenges such as quantum
noise, limited quantum hardware and simulator
resources, and limited observability

me=ii
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Quantum Software Engineering

« QSE - Active areas

— Quality Assurance: Testing and Debugging - Coverage

4. defines budgets

I
|
| | |
I i y
1. provides

1 Quito =l

| 2 I Test Suite Generation and Assessment |
-4 ! Input | |
| | | Test Coverage Criterion Test Oracle | |
| | Input Coverage (IC) |
[ | | Full Pg,s partial PS, Input-Output Wrong Output Output Probability | |
: 'y e Oulput Coverage Coverage (10C) Oracle (WOO) Oracle (OPO) | |

oC)

| 1+ |inputs { !

1 | o it |
gram Spec. [) >

| : | (PS) Budget Statistical Test | :
i K: #TS to generate; [} pl |

| | e “("s'::,r Test [3 M: a constant with K mod M = 0 Wilcoxon Signed | |Significance Level N
| | | Rank Test |
| Budget_lOC Budget_OC
g D [feEetio St D | (Time or Max. TC) | | (Time or Max. TC) !

| | |[Totat#etaubts | | 0 |[E—— L ———— e — — - - - — — -
| |
| ! | | generates "‘P“"? | produces

|
I} ! retums generated test suites Tostsuites (] imputs Quito | [TestAssessment 3
| = e ey Test Execution | ults
| outputs | |
| _relu_ms_les(_exe_cuno_n re_sulli _________ Test Execution [ 1 |
|

Results |

Quito: a Coverage-Guided Test Generator for
Quantum Programs

Paolo Arcaini
National Institute of Informatics
Tokyo, Japan
arcaini @nii.ac.jp

Xinyi Wang
Nanjing University of Aeronautics and Astronautics
Nanjing, China
wangxinyil25@nuaa.edu.cn

Obtain

Generate test suites TSg
<TSS, reswoo>

using IC, OC, or IOC

Shaukat Ali
Simula Research Laboratory
Fomebu, Norway
shaukat@simula.no

Tao Yue
Nanjing University of Aeronautics and Astronautics, China
Simula Research Laboratory, Norway
taoyue@iece.org
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Quantum Software Engineering

 QSE - Active areas
— Quality Assurance: Testing and Debugging -

Qubits Multi-qubit gates  Add W Replace

qle] . : ;
quJ . é 13 13
ql2] e

" Q

I
q[3] A
] 1l £ |
8 '
c5 b
T T WHICH QUANTUM CIRCUIT MUTANTS SHALL BE USED?
} 1 i 1 t EMPIRICAL EVALUATION OF QUANTUM CIRCUIT MUTATIONS
Classic bits Remove Single-qubit gates Measurement
Eiiaut Mendiluze Usandizaga Tao Yue Paolo Arcaini
Simula Research Laboratory Simula Research Laboratory National Institute of Informatics
Oslo, Norway Oslo, Norway Tokio, Japan
enaut@simula.no taoyuelgmail. com aini@nii.ac.jp

Shaukat Al
Simula Research Laboratory
Oslo Metropolitan University
Oslo, Norway
shaukat@simula.no
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Quantum Software Engineering

« QSE - Active areas
— Model-Driven Engineeringiassss

model

~
-
;
.

-
nforms 4

Source
Meta-model

| | conforms to

Transformation Output

Model(s)

Execution
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Quantum Software Engineering

« QSE - Active areas

Automatic

model refactoring Programs

Y Reas :

New Quantum

Expert-based
model refactoring

@

KDM Repository Model = UML Models Rea.4
= transformation’ - [ EX 2
I Y T roa 1
. - - I(—.-_I_
- —+
Req. 3 Extended Extended s mn Te

=« Req.2
Req.1 £ = Quantumcode
Code, docs, : =m I‘:GLSEf- -
database,... parsers =
.
Classical Information | { Existing Quantum
' Programs ;

Req.6
u Low-code
generative

ﬁ' techniques

et rmam

i Target Classical-Quantum |
3 ]

— Model-Driven Engineering - Modernization

Software modernization to embrace quantum technology

Ricardo Pérez-Castillo ™", Manuel A. Serrano”, Mario Piattini "

® Faculty of IT & Social Sciences, University of Castilla-La Mancha, Av. Real Fébrica de Sedas, s/n, 45600, Talavera de la Reina, Spain
® Information Technology & Systems Institute, University of Castilla-La Mancha, Paseo de la Universidad, 4, 13071, Ciudad Real, Spain, University of Castilla-La
Mancha
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Quantum Software Engineerin

. QSE_

Active areas

— Model-Driven Enaineerina - Composition

; O quantum
¢ /language
designer

ODefinition of
Quantum
Operations Library

y quantum
@)
@ language
user

o Modeling of

Quantum Circuits

i quantum
8 platform
provider

o Quantum

Circuit Execution

-

;’ Quantum Operations N
i Elementary Quantum Gates P T ; I Modeling
: State Prepal‘ation Eo Code Ei Environment for
i Measurement | Generation:!  Quantum
M Composite Quantum Gates E__Igm;_:!g!g__ii Operations
\ Loop Operations B
@Automatic generation
:" iQuantum Circuit Project
» | Hadamard (@) | ! Modeling
i quﬁ H | R2 _ii Hadamard (1) ! | Environment for
E iql* i H Rz _ii RZ (@) i i Quantum Circuits
e el HRZ (1) L/
# Automatic generation

E Executable
! Code

A Model-Driven Framework for Composition-Based
Quantum Circuit Design

FELIX GEMEINHARDT, Business Informatics - Software Engineering, Johannes Kepler Universitit
Linz, Linz, Austria

ANTONIO GARMENDIA, Business Informatics - Software Engineering, Johannes Kepler Universitat
Linz, Linz, Austria and Universidad Autonoma de Madrid, Madrid, Spain

MANUEL WIMMER, Business Informatics - Software Engineering, Johannes Kepler Universitit Linz,
Linz, Austria

ROBERT WILLE, Technical University of Munich, Munich, Germany
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Quantum Software Engineering

* QSE - Active areas
— Programming Paradigms

@ { } ® i
@ :
"‘ 1%

Declarative
Programming

Procedural

Imperative Functional
Programming

Object-Oriented
Programming

Programming

Programming
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Quantum Software Engineering

« QSE - Active areas
— Programming Paradigms - Pattern Language

)

How can an equally weighted superposition of all possible states
of the gbits of a quantum register be created?

How can an entangled state be created?

How can a function table of a finite Boolean function be com-
puted?

How can the computation of another quantum algorithm be

reused?

Towards a Pattern Language
for Quantum Algorithms

Frank Leymann(®)

TAAS, University of Stuttgart, Universitiatsstr. 38, 70569 Stuttgart, Germany
Frank.Leymann@®iaas.uni-stuttgart.de
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Quantum Software Engineering

« QSE - Active areas

g5

g4

g

g1

Y

— Programming Paradigms - Oracles

o B~ o e o

< 42

Ditf

< 42

Dift

MM ENEN NN

Automatic Generation of an Efficient Less-Than
Oracle for Quantum Amplitude Amplification

Javier Sanchez-Rivero Daniel Talavin Jose Garcia-Alonso
COMPUTAEX COMPUTAEX University of Extrema dura
Ciceres, Spain Céceres, Spain Céceres, Spain
javier sanchez@cenits.es daniel.talavan Gcenits.es jgaralofunex.es
Antonio Ruiz-Cortés Juan Manuel Murillo
SCORE Lab, IS8US Institute, Universidad de Sevilla COMPUTAEX end University of Extremadura
Sevilla, $pain Clceres, Spain
aruizfius.es Jjuan.murillo@cenits.es
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Quantum Software Engineering

« QSE - Active areas
— Programming Paradigms - Types

gbit b =0 || 1;

gbit[] bArr = gbit.zeros(4);

gint 1 = 15; // basis state

gint j 11| 30 || 160;

gint k = gint.all(); // equal superposition of ALL
— 1nt values

qfloat f = 2.5 || 3.5;

gcomplex z = (0.6 + 0.81i) || (sqrt(1/2) +
— sqgrt(1/2)i);

gchar ¢ = "A" || 'B" || 'X" || 'Y';
gstring s = "Hello" || "World";

gbool tf = true || false;

gref r = &1 || &jJ;

Quantum types: going beyond qubits and quantum gates

Tamas Varga Yaiza Aragonés-Soria
ite Schaffhausen Constructor Institute Schaffhausen
ause:
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Quantum Web Engineering

« Access to Quantum Computers through the
cloud

— Using similar techniques to traditional web
Engineering

« Quantum Software will be hybrid
— (for the foreseable future)

— Best known way to conect distributed pieces of

software running on heterogeneous hardware?
« Web Engineering and web services
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Quantum Web Engineering

« Service-Oriented Computing

« Paradigm to support the development of interoperable,
distributed applications where services are regarded as
autonomous entities

« Provisioning and aggregation of basic services,
composition of complex systems through the coordination
of services, management and monitoring of services
deployed in the cloud or on-premise,...

 Quantum hardware and software offered in the cloud
allow users to access quantum computing resources over
the internet without the need to own quantum computing
hardware

Software Engineering Group
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Quantum Web Engineering

« Service-Oriented Computing - TOSCA

' P Qk-Shor
@ | Web App L _ Shar
{Docker Container) (Qiskit App)
P
Part: B0 Port: BIE0

h 4

Dacker Engine
[Doeker Engine)

Ubuntu
[Ubunty 18.04)

Token: [...]
Backend_Mame: [_]

) -
" | Web App — Shor
[Docker Container) (QC App)
A -
Paort: B0 Port: BOEO
Ty ' ‘
Docker Engine IBMO
{Docker Engine) {IBma)
- e
Token: [—.]
Backend_Mame: [...]

Karoline Wild, Uwe

TOSCA4QC: Two Modeling Styles for TOSCA
to Automate the Deployment and Orchestration
of Quantum Applications

, Lukas H:

| Legend:
Felaticnship types:
| =" hostedtn

| = =¥ monnectsTo
seaseede dependsin

Re=H
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Institute of Architecture of Application Systems, University of Stuttgart, UniversititsstraBe 38, 70569 Stuttgart, Germany
{wild, breitenbuecher, harzenetter, leymann, vietz, zimmermann } @iaas.uni-stuttgart.de



Quantum Web Engineering

Look at a good classic
service Implementation

Stefan Thomas WalletApp WalletBackEnd

a 23 &

1
Recover Wallet Access !

| >
The New Hork Times y . [Authenticate user] ]

User Credentials A

\ 4

Lost Passwords Lock
Millionaires Out of
Their Bitcoin Fortunes

Bitcoin owners are getting rich because the
cryptocurrency has soared. But what happens
when you can't tap that wealth because you forgot
the password to your digital wallet?

< 2FA / Credential checks / Biometric checks ]

“ [Authenticate user] ]

Stefan Thomas, a programmer in San Francisco, owns 7,002 Bitcoin that he Public Key >

cannot retrieve because he lost the password to his digital wallet. Nicholas i
Albrecht for The New York Times < Private Key
Wa l[et Access ---------------------------------------------------------------------------------------------------- : -------------

T |

| |
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uantum Web Engineering

Platform Independence
. [ API publisher Skeleton generator
> L2
5 GP REST +JSON %.4
cVe ORIl OpenAPI L Swagger )
Location Independence I
Business Logic STUB
»! ol

Implementation

Client ® L= R
Wa | |et Deployment (

‘ EC2
Py
API project Q Docker

a Lambda

Location Independence
e
API Gateway

http://REST_Recover Private Key (Public Key)
»

p p < http:/ZResult (Private Key)

ol
ﬂ
A

Operating
System

___________ Monitoring

Monltorl 9 Gra phite Clo udWatch
-

Load Balancer

[ 4 =
[</>)
DevOps RULeS s issanaseeeeeeee
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Quantum Web Engineering

® API publisher

There is
Nno

Skeleton generator

» e
Developer

¥

Business Logic

STUB
. >
support Client _—
mplementation
for real Wallet Peplomert ¢
. [ l + control)....
Se rV I C eS SO A p p http://REST_Recover Private Key (Public Key) | API Gateway "
“pe, » _ http:/#Resuilt (Private Key) ﬁ @
< ] £ A i
X-Abilities s o iy L
are |lost o [ —
Monitoring
I ,
Load Balancer ] =
& . e i
DevOps -
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Quantum Web Eng - Current possibilities

Probabilities

We have Quantum Code
providing a functionality
and we would like to

Integrate it in our app

CLIENT APP

I {Quantum

Service Call}

me=ii
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Quantum Web Eng - Current possibilities
1. Use a hardware provider

Step 1. choose the provider
rigett
() IONQ

) IONQ

S

IBM Quantum

D:\WaAUER

The Quantum Computing Company™

(X)XANADU

me=ii
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Quantum Web Eng - Current possibilities

1. Use a hardware provider

Step 2: Use the provider's SDK to develop the
gquantum program and to integrate it in our app

r___\

QoNa | Circuit Job AP ~0

Il_a nauaad Get Jobs
¢ g g { "lang™: "json",
"qubits": 3, "shots™: '
[ ]

I EED create a Job
"circuit™: [ "name": "Mv Cuantum Al c:-rllr
. name": v Quan L Alg
"gate": "h", "target™: "gpu.harmony™,
N’ b “target": @ "hody": { Delete Many Jobs
I ¢ its": 3,
Meircuit: [ V d
“control " e, ifi
e EZED Geta Specific Job e n O r
I " o (ro
e o B et oo specific
I "target": 2 £
Y

fm "= - Em = =
o
[ ]
[ ]

% Cancel a Job JL

@l__TI Software Engineering Group
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Quantum Web Eng - Current possibilities

1. Use a hardware provider

Step 3: Compose and run the app
with the job execution request n IONQ

CLIENT APP PV || o

Runtime

POST (JOB)

import requests
url = “https://api. iong.co/ve.1/jobs"
2 + "hVPDHaGusboV9vqysPBAo:: )
"aplication/json”)

gate™:h", '
“tanget":0 -

b
“gate":"cnot”, ————

N O —

control”: o,
target™: 1
gate™:"cnot”,
“control”: o, -
(((((( 2

3

response = requests.post(url, headers=headers, json=circuit) 4

STATUS

>

me=ii
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Quantum Web Eng - Current possibilities

1. Use a hardware provider

Step 3: Compose and run the app
with the job execution request

CLIENT APP

import requests

url = "https://api.iong.co/ve.1/jobs"”

headers
headers
circuit = §
"qubits": 3,
"circuit™: [
{
"gate":"h",
"target":8

“gate”:"cnot”,

"control™:
"target": 1

“gate”:"cnot”,

"control™:
"target": 2

POST (JOB)

GET (JOB-ID)

JOB-ID

<

STATUS

"status":"ready",
"request™:16232665367}

{"authorization™: "hWPDHaswsboWovgusPBAsozSeUoePmun™}
{"Content-Type™:

"aplication/json™}

response = reguests.post{url, headers=hesaders, json=circuit)

{"id":"51bac456-36c7-430e-95bf-0c7fd36e937f",

w

me=ii
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Quantum Web Eng - Current possibilities

1. Use a hardware provider

Step 3: Compose and run the app
Wlth theJOb exeCU'Uon import requests

CLIENT APP

url = "https://api.iong.co/ve.1/jobs/51bacd56-36c7"
headers = {"Authorization™: "hVPDHatwsboVSvgvsPBAsozSEUoePmuc™}

response = reguests.get{url, headers=hsaders)

{"status":"ready",
"predicted_execution_time":7518,
"shots":1024,

"name":"hello many worlds",
"qubits":3,

"type":"circuit”,
"request":1623266536,

"target":"qpu",
"id":"51bac456-36c7-430e-95bf-8c7fd36e937F"}

ET (JOB-ID)

STATUS

me=ii
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Quantum Web Eng - Current possibilities

1. Use a hardware provider

Step 3: Compose and run the app
with the job exec' =i~ w2 7o o

X-abllities Q) IONQ

Platform Independence

Maintainability

N [

Location Independe

JOB-ID

GET (JOB-D) @
DESYNIVE

me=ii
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Quantum Web Eng - Current possibilities

2. Use a broker

Amazon Braket

A
L Braket

me=ii




Quantum Web Eng - Current possibilities

2. Use a broker

Amazon Braket

@ XANADU
D:\WaVE
CLIENT APP riaotti
Q) IONQ
QPU ||
Runtime| | ¥
device.run (circuit....) > System

< task

4task.result >

result b
@l__TI Software Engineering Group Q SPI LOb___.



Quantum Web Eng - Current possibilities

def execute():

53_folder = ("amazon-braket-7Fcafitad"”, "api™)

2. Use a broker H

circuit.cx(@,1)

device = AwsDevice('arn:aws:braket:::device/qpu/rigetti/aspen-8")
Amazon Braket

task = device.run(circuit, s3_folder, shots=1888)
counts = task.result().measurement counts

CLIENT APP

Runtime
System

Oevice.run (circuit....

<

task

task.result

result
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Quantum Web Eng - Current possibilities

2. Use a broker

Amazon Braket X-3 b|||t|es ) X ANADY
oscoupi-argmse D /aUE

ciaetti
Q) IONG

QPU |
Runtime
System

CLIENT APP

device.run (circuit....)
<

task
task.result Nas
< > o
result
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Quantum Web Eng - Current possibilities

2. Use a broker

X-abilities

_ @ XANADU
D:\WaAUR
: laetti
Client Q ioNa
Wallet .

QPU || _
Runtime| | %
System

AppP

device.run (circuit....)

< task
task.result
< >
result
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Senvitizing quantum circuits

Objective 1
To have
service

calls

Instead of

program
execution
requests

Client
Wallet

ApPP

Developer

Business Logic

http://REST_Recover Private Key (Public Key)

API publisher

http://Result (Private Key)'

DevOps

Skeleton generator
> —>
STUB
>
Implementation
Deployment (
g
[+ control)....
A4 i H
~ I Q ] Py : Amazon
»|  API project i A Braket
Operating
Systom | “{TaonimeD)
””” Monitoring || |
Load Balancer : Qi;
Fan Monitoring By
= Rules L
Vl ..................................................
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Senvitizing quantum circuits

We started by
encapsulating a
gquantum circuit
Inside a classical
service acting as
a wrapper.

from flask import Flask, regquest, jsonify, send file
from flask cors import CORS
import matplotlikb.pyvplot as plt

from braket.circuits import Circuit

} Braket libraries for quantum computing
from braket.devices import LocalSimulator

app = Flask(_ name )
CORS (app)

Classical wrapping service
fzpp.route {'/execute"’,
def execute_guantum task():

kell = Circuitc() .h(Q).cnot(control=0, target=l)
device = LocalSimulator() Quantum algorithm
result = device.run(kbell, shots=1000).result()

counts = result.measurement counts

plt.bar(counts.keys(), counts.values())

plt.xlabel('bitstrings'})

plt.ylakbel('c ")

plt.savefig("result.png™)

return send file("result.png", mimetype='lmage/png'})
if mname = ' main

app.run{host="1loccalhost", port=33388
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Senvitizing quantum circuits

® API publisher Skeleton generator

Objective 1l Client o ’ 7

¥
Business Logic STUB
To have Wallet = .
service A ep Implementaton |
| I Deployment (

Calls response = 8 Il - CcontroD)...,

H http.//REST_Recaver Private Key (Public Key) | API Gateway i

iInstead of et e W | [Q)

. . l Jls N : 9 Amazon

p rog Fam n.com/braket/Recov l V| APfproject i Braket

execution :;:,rivate'(ey/ et @ i
regu ests

]
Load Balancer : Qg
® Fan Monitoring By
a o = | L RUSS oo J
DevOps
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Senvitizing quantum circuits

® API publisher Skeleton generator
—>

v

Objective 1 Client o *

Business Logic

v

_— Wallet =
X-a b | I Iities A e B 000 - - mplementation [

Deployment

‘
f
 Decoupling-Language response =
_ requests get http:.//REST_Recover Private Key (Public Key) | API Gateway
(htt / / P hitp://Result (Private Key) ﬁ Q i
ps://aws.amazo = Py H Amazon }
Location Independence n.com/braket/Recov ‘}h’ »| APl project 9% Braket

Manteinability erPrivateKey/execut Operating | |
o) System | -(gonoD)

Reusability A [ Monitoring | | 11

Load Balancer : @
) Fan { Monitoring By
a > L RUES e
DevOps l

Software Engineering Group S DI I 0 b._.
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Quantum SOC - Senvitizing quantum drcuits

Client

API publisher

Developer

> —

Skeleton generator

Wa | |et Business Logic STUB
° ° >
O bJ eCt Ive 2 A p p ____________________________________ IT_E"?TF_"Ea_ﬁ_c_n ___________________________________
TO Deployment (
(
H response = [ .~ {contral)...,
p arameterize requests.get http://REST_Recover Private Key (Public Key) | API Gateway =
M P hitp://Result (Private Key)
the service (https://aws.amazo < @ . ‘Ql.py | 44 Amazon |
> i : Braket !
call n.com/braket/Reco lliiss T
i Operati i i
verP.rlvateKey/exec el | pu—
ute)) B e I B
— | a:; ........................................
o Fan Monitoring )
D%ps » = | (L RUSS e -
@I__TI Software Engineering Group S DI I 0 b
A N y 4
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Senvitizing quantum circuits

What kind of parameters?
1. Regular parameters for

Client services (eg. Public_key to
. . Wallet regenerate private_ke
Objective 2 A S P )
To PP
parameterize [ rePone= 2. Specific parameters for the
the service (https://aws.amazo q ua ntu m executlon
Ca | | n.com/braket/Reco

\l::;l)’;rivateKev/exec a. Number of shoots
b. Time (mMaximum)

c. Cost (maximum)

d. The QCaaS provider
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Senvitizing quantum circuits

The set of available QCaaS providers is continuously growing

Libraries
Qiskit
OpenQASM

Cirg
PennylLane

Q# libs
Cirg
Qiskit

Amazon Braket

Languages

Python

Python

Q#
Python

Python

\J‘/:

C_J
IBM Ci

Cloud Applications

loud

a

Google

Cloud

A

Microsoft Azure

amazon

web

services”

Quantum Computers

lonQ computer
IBM computers (+20)

Google Sycamore

lonQ computer
Toshiba SBM

QCI machines
Honeywell quantum
Pasqgal computers

Rigetti computers
(Aspen-11, Aspen M-2)
Xanadu Borealis

loQ computer
braket_sv

braket_dm

oQcC

D-Wave computers
(quantum annealer)

Quantum Simulators

Qiskit Aer
simulator_stabilizer
simulator_statevector
simulator_mps
ibmg_gasm_simulator

Qsim
Qsimh
Stim

QDK Simulator

Local state vector (braket_sv)
State vector (SV1)

Density matrix simulator (DM1)
Tensor network simulator
(TN1)

« PennyLane’s Lightning

Simulators

Quantum Providers

IBMQ

IBM Quantum

Google Quantum Al

q

Azure Quantum

Amazon Braket

Re=H
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Senitizing quantum circuits

Client

® API publisher
> —

Developer

Skeleton generator

W | | Business Logic STUB
Objective 2 altet ’
J A e implementation [
TO Deployment (
[
H response = [ .~ {contral)...,
p aram ete rize requests.get http.//REST_Recover Private Key (Public Key APl Gateway —
the service (https://aws.amazo < e @ ‘ Q I B 49 Amazon]
» APl project 55 Braket
ca | | n.com/braket/Reco : -
i Operati : i
verP.rlvateKey/exec System. | - (ToommeD)
SO B e I B
——— ..... @ .......................................
) Fan Monitoring By
> = | |:u. RUES e -
DevOps l
o= Software Engineering Group S DI I 0 b
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Senvitizing quantum circuits

Empower the API Gateway providing it with
Quantum awareness: the Quantum API Gateway

Libraries Languages Cloud Applications Quantum Computers Quantum Simulators Quantum Providers
« Qiskit Aer
Qiskit ~ « lonQ computer « simulator_stabilizer
ﬁ OpenQASM Python L . IBM oompﬁlters (+20) ° simulator_statevector IBM Q
API Gateway P IBM Cloud « simulator_mps IBM Quantum
« ibmg_gasm_simulator
ﬁ q « Qsim
Jl% 1y Python 3 « Google Sycamore «+ Qsimh
PennylLane T . Stim
cogie tlou Google Quantum Al

« lonQ computer

Q# libs Qi / « Toshiba SBM

ﬁ Cirg Prihon s + QCI machines - QDK Simulator

Qiskit Microsoft Azure ~ * Honeywell quantum
= Pasqal computers Azure Quantum
« Rigetti computers

g(AspeJ]-g‘As;;en M-2) | Local state vector (braket_sv)
. lfg‘a - Ot’ea 5 « State vector (SV1)
—_— ﬁ Amazon Braket  Python aMazon . poker ot + Density matrix simulator (DM1) £
webservices™ : braket dm « Tensor network simulator =
- oac ~ (TN1) Amazon Braket
° « PennyLane’s Lightning
« D-Wave computers Simulators
(quantum annealer)
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Senvitizing quantum circuits

THEME ARTICLE: QUANTUM AND POST-MOORE'S LAW COMPUTING

Quantum Software as a Service Through a

Quantum API Gateway

Jose Garcia-Alonso ., Javier Rojo . David Valencia, Enrique Moguel ., Javier Berrocal . and
Juan Manuel Murillo ®, University of Extremadura, 10003 Caceres, Spain

{ 3 B
ﬁ Eaiiica Quantum API Gateway Quantum Computing as a Service
Jl% = > o QCaaS$ request 2 Biovicer:
3 P
@ Input parameters o " <
Z - [ Status information e %Quanmm Somipdias
. Optlmlzatlon Gt ::o 5 J
arameters GRnT Lompuier
Invoke Ql:lantum o P Recommender L
Service > L i

Quantum Services

o Service invocation

. o
= . sufen
‘}g Response o : </ > S Service o Quantum Algorithm
: Quantum Service: deployment e

Manager

o 3 |%elected Quantum Computer
[ “errarerarnnrirnnnnaas 4 p—— 1 )
tasser) D e
ata

n
:

e
S

-
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Senvitizing quantum circuits

Client
Wallet

ApPP

EJ@ Service

!!Ei

BE

Input parameters

Optimization
163 parameters

Location Independence

response =
requests.get

I

(https://aws.amazo
n.com/braket/Recov
erPrivateKey/execut
e?parl&par2);

u]
OE Response o

Quantum API Gateway I

X-abilities

Reusability

Reliability

Quantum Computing as a Service

e QCaas request Provider

~ ) r
- -. -
‘®' Status information e l %Quantum Computers ]]
Quantum Computer 7
Recommender s
— [ N
o Service invocation Quantimences
- xrxl
: | (n .
; ~ Service ° '}@{' Quantum Algorithm
. Quantum Service: deployment R :
Manager 5

.
YEEEEEEEEEEEESEEENESSEEESEEE

J

>|'%elected Quantum Computer

-

J

L
Data e
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Senvitizing quantum circuits

Uy

® API publisher Skeleton generator

Objective 3 Client == ]

Provide Wallet |
d eve | O pe rS A — Implementation
with tools SCEE B e

like the ones response =

—_— ...+ control)....
A4 : 3
. i i API Gat:
requests_ get http.//REST_Recover Private Key (Public Key) ateway

t h ey typ i Ca | |y (https://aws.amazo < http://Result (Private Key) @ @ » P
use to b u | | d n.com/braket/Recov APlproject [ A Braket |

erPrivateKey/execut Operating

a n d d e p | Oy e); 77777777777777777777777777777777 System
services

v

Business Logic STUB

v

A 4

Load Balancer : Qi;
® Fan Monitoring By
a o = | L RUSS oo J
DevOps
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Condusions

« QC and Web Engineering

« QC is already a trend in Web Engineering and Service-
Oriented Computing research

 Industry is following close
— Quantum workforce needed
— German Quantum Initiative...

* No need to be a Quantum Physicist

— Web engineers can already provide significant contributions to
Quantum Computing
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