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QuAaNtTuMTEA definition

Quantum Tensor-Network Emulator Applications

* Tensor network emulafors for guantum systemes;

Quanfum computer emulator powered by tensor networks;

Quantum

MATCHA
TEA

O

* Emulates complex quantum systems “via quantum circuits” with a large number of qubits O(100);

* Run general-purpose quantum circuits (algorithmes).



Quantum Computing and Simulation Center

QuantumMmTEA is developed in the context of QCSC project;

QUANTUM
COMPUTING
AND
SIMULATION
CENTER

3%

World Class Research Infrastructures (WCRI) project of University of Padua;

Objectives of QCSC:

— Establish one of 1

‘he first general-purpose guantum computer in [taly at the Department of Physics and Astronomy of

the University of

Paduaq;

— Create a competence center fo guide and support the development and the inclusion of quanfum fechnologies in

the [talion academic and business environment.
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Why develop a guantum emulator? (1/2)

* Quantum computers are not production-ready yet;

‘ Todoy's quanfum computers are:

* very noisy systems with a limitfed numlber of qubits;

* difficult fo contfrol and o isolate from the surrounding
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* Large number of computation errors, impossible

tO correct with quantum error correction algorithmes.

A view Inside the IBM Quantum System One



Why develop a quantum emulator? (2/2) o

* With emulators we can:

* Vadlidate the result of a real Quantum Computer (QC) computation;
* Test and benchmark QC performances;

* Understand when we redlly need a QC;

Initialization

& Resets Quantum Gates Measurements
* For industry: develop solufions based on quantum algorithms for the — | I
do lg) '
moment QPU take off and lbecome scalable. o —f—" eL
gz —m L ._T,
. = 0x1
crx A &—

Classically Controlled
Quantum Gates
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The QUDIt

Classical bit b & {0,1}

quantum qubit |w) € Z,dim(#) = 2

|w) = cos@|0) + e?sind| 1)

For 4 qubits you need a 2*=16 coefficients.
For 50 qubits you would need 2°°=101"°



Running quantum algorithms

Quantum algorithm




Running quantum algorithms

Quantum algorithm
d + Real hardware
- Noisy
¥ - Limited number of qubits

Quantum hardware



Running quantum algorithms " jo

Quantum algorithm

R

d + Real hardware
- Noisy
— Limited number of qubits

\ + ACCeSS TO exact state
'— Limited numiber of qubits
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Exact simulator

Quantum hardware



Running quantum algorithms " jo

Quantum algorithm

R

Tensor Network simulator

d + Real hardware
- Noisy
— Limited number of qubits

\ + ACCeSS TO exact state
'— Limited numlber of qubits

11)

Exact simulator

Quantum hardware

Quantum

MATCHA
TEA

O
+ High numlber of qubifs
- Limited entanglement



Quantum algorithms




Quantum algorithms
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optimization
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Quantum algorithms

Earth
Observation

Machine Learning

Molecules anc
Materials

Combinatorial
optimization
problems
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Quantum algorithms

Shor algorithm
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Quantum algorithms

Shor algorithm
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Machine Learning
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We can represent O
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ENnfanglement and compression " jo

We can represent O
subbset efficiently

Memory requirement o« 2"
fe

Possible compression

/\‘ quantified by Shannon entropy

Classical (N o === == = = = -
. 0000 + 1 0011 | ANDON
oit string | | | |
| | | Here we can compress something. |
Optimal |
| Compression | | The quantum state is entfangled, it |
| | | cannot be written as classical state
| | | 1 |
Quanium - 10000) . ——=(10000) + |1111)) |
stafe I | | \/5 |
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We can represent O
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Memory requirement o 2 subset efficiently
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Possible compression

qguantified by Shannon entropy
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| | | Here we can compress something. | | |
Optimal | NO compression |
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udantum
ctorte | ‘ ) | | \/— ( ‘ > + I >) | | ‘RANDOM ) |
| | | 2 |



ENnfanglement and compression " jo

We can represent O

- N
Memory requirement o 2 subset efficiently

?

Possible compression

qguantified by Shannon entropy

Classical ! .. o h T h
| | | 0000 | 0011 | | RANDOM |
oIt string | | | | | |
| | | Here we can compress something. | | |
Optimal | NO compression |
| compression | | The quantum state is entangled, it | | possible without |
I | | cannot be written as classical state I | approximations I

| | | | |
Quantum 10000y 1 —=(10000) +[1111)) T joapom)
state I | | \/2 | | |
\_ — o = N e e e e e e e e e e e / D S — /
Possible compression
—_—

quantified by Von Neumann entanglement entropy



Image compression through SVD
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Image compression through SVD

Truncate the “least important” singular values

using the truncated norm
No fruncation

212 x 247
Image
= =

Singular value
decomposifion
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Image compression through SVD
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Image compression through SVD

Truncate the “least important” singular values
using the truncated norm

NoO fruncation

212 x 247
Image
o 80%

R fruncation

. : : o
@)%, Oht --- Umm .
Singular value
i O5% ™™

decomposifion

4600
pixels

fruncation

Usi Uso usz) \ O 9, 535 V37 Ve V53 10



Compressing a 4-qubits quantum state
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Compressing a 4-gubits quantum state
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Compressing a 4-gubits quantum state
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Compressing a 4-gubits quantum state

o O O O

Bond dimension encode

entfanglement
between qubits
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Maftrix Product States

G

Memory requirements

O(2") - O(2n x°)

@®
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Maftrix Product States

Each tensor (lball) encodes
the state of a qubit

e

X

G

Memory requirements

O(2") - O(2n x°)

@®
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Maftrix Product States " he

Each tensor (ball) encodes
the sTng of a qubit

e

0(2") - 0(2n x?)

Memory requirements

Bonds encode
entanglement
between qubits
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Maftrix Product States " he

Each tensor (ball) encodes
the ercrrev of a qubit

F_“

|
S .

Memory requirements

O(2") - O(2n x°)

Bonds encode
entanglement
between qubits
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Maftrix Product States " he

Each tensor (ball) encodes
the ercrrev of a qubit

F_“

Quanfum gate

Memory requirements

\_ O(2") - O(2n x°)
Bonds encode

entanglement
between qubit

Ny

|
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Maftrix Product States " he

Each tensor (ball) encodes
the ercrrev of a qubit

NG

\ _

Quanfum gate

_“

Memory requirements

O(2") - O(2n x?)
Bonds encode

entanglement
between qubit

Ny

|

( MPS SIMULATIONS ARE |
| NOT LIMITED BY THE |
| NUMBER OF QUBITS BUT |
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QuanNntuMTEA distribution

uuuuuuu

i W G T
Tensor network +—— T | IE | '\A > Applications
\ — =’ \l_ —
Q) Quantum tea leaves: Utility Ernulator

O <Quantfum matcha tea: quantum circuit HPC simulations

Quantum red tea: fensor handling

Quantum chai fea:; Al and ML with tensor networks

Quantum green teaq: Schr(")dinger equation solution for many-body states

13



QuanNntuMTEA distribution

r = N(C TN

I
Tensor network +—— T | IE | 'A > Applications

\\ — \l_ \ — o -
| Emulator PUbIIC!

Quantum red tea: fensor handling

Quantum chai fea:; Al and ML with tensor networks

Quantum green teaq: Schr(")dinger equation solution for many-body states
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Quantum Matcha TEA workflow

Python inferface, definition
of the problem
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Quantum Matcha TEA workflow

Maftrix product state
simulator

Python inferface, definition

of the problem
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Quantum Matcha TEA workflow

Maftrix product state
simulator

Python inferface, definition
of the problem

(
Backends | Serial CPU
for running | Multinode MPI CPU
the simulations | Serial GPU
\

L N I B I I I I B I I N N N I N I N N Y N N N N
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Quantum Matcha TEA workflow

Python inferface, definition
of the problem

Maftrix product state
simulator

Backends

[
|
for running |
the simulations |

\

Serial CPU | |
Multinode MPI CPU | |
Serial GPU ) |

L N I B I I I I B I I N N N I N I N N Y N N N N

Not public
yet

14



Quantum Matcha TEA workflow

( | |
| | | I | Observables
| | Vidirix product state | Runtime statistics
| simnulator | | Convergence checks
| | |
|
! | | |
| | | |
of the problem
Not public
________________________ et
(e e D \)/' y
Backends | Serial CPU ! |
for running | Multinode MPICPU | |
the simulations | Serial GPU )|
N e e - )

L N I B I I I I B I I N N N I N I N N Y N N N N
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Applications

a— — m——— —_— e cire — e = _ E T

' Entanglement entropy production in QNN ::_ i il
}“' Ballarin, Marco, et al. arXiv:2206.02474 N R
e Simulations up to 50 qubits . £ § Y
e Bond dimension of 4096 = b ‘;?" %0 ‘
{ o 11h of runtime on Galileo100 AT TR - B

0.00 0.25 0.50 0.75 1.00 1.25
Norm. layers L/n

\ | _

5, — —— -
e — e — . —— e S L — e — e m— [ ————— = —

| Ab initio two-dimensional digital twin for

lN quantum computer
Jaschke, Daniel, et al. arXiv:2210.03763

» Use of the unbiased sampling

e Quantum matcha tea simulations used as target
state to compute the fidelity of a simulation with
crosstalk

R — e e e R — —_ — e ——— — ——

—

P
."f-
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QuantumMmTEA Cloud Platform

Prototype that provides the QuantumTEA’s capabilities as Cloud Service
QuantumTEA-as—-a-Service

based on Kubernetes running at CloudVeneto
It IS meant fo e easily accessible

It allows users to run quantum circuits with QuanfumTEA without specific cloud

computing skills

16



Quantum computing stfandards and Qiskit

*  No quantum computing standards exists

— severdl technologies, APIs, provider specific

*  Qiskit open source Python SDK developed by IBM %

— Qlskif provides tools for creating and manipulafing quantfum programs

— and running them on
redl quantum computers

simulators on a local computer or on a remote cloud service

L@ W

a-
3
p—

17



QIskit high level architecture

Users can take their existing algorithms writfen in Qiskit and, with a few lines of code, run them directly on different cloud

plafform including our QuantumTEA

&3 Qiskit

do
q1
qz

LOCALHOST

\ 4
||||||||

IBM Provider

AWSBraket Provider

QuantumTEA Provider

client side

a1 LT
qz 4&

-u.ll

Liilil )

L aws

HEEEE

service side (cloud)

%ﬁ?

Amazon Braket

18



QuantumMTEA Qiskit provider implementation

QuantumTEA-qgiskit-provider implements a set of Qiskit interfaces (qiskit.providers Python APIs)

Provider subclass that handles access to the backend(s)

* handles backend objects that enable executing circuits on a device or simulator (initialization, authentication, etc)

Backend subclass and its run() method
* provide the inferface between Qiskit and the hardware or simulator that will execute circuits

* run() method handles submitting the circuits to the backend to be executed and returning a Job objec (involves serialization

(JSON), low level communication layer (REST))

Job subclass that handles interacting with a running job

* the output from the run() method

19



QuantumMTEA Qiskit provider implementation

from giskit import QuantumCircuit

from qt_provider import QuantumTeaProvider

# Create a Quantum Circuit acting on the g register

clircult = QuantumCircuit (2, 2)

# Add a H gate on qubit 0 and a CX (CNOT) gate on control qubit 0 and target qubit 1

circuit.h (0)

circuit.cx (0, 1)

# Map the guantum measurement to the classical bits

circuit.measure ([0, 1], [0, 11])

# Create a new QuantumTeaProvider instance

qgt_provider = QuantumTeaProvider (TOKEN) _ 1o access the QI service you need an
# Get the “KubernetesBackend” backend ACCESS TOKEN (IAM or Keystone)
gt _backend = gt_provider.get_backend (name="QuantumMatchaTEA")

# Execute the circuit on the QuantumTea Cloud Platform

job = gt_backend. run (gc)

# Grab results from the job

result = job.result ()

20



Access Token from |[AM

2 "'INDIGDIAMFGrQuantum' * + v Rl @

"INDIGO IAM for QuantumT > | + v = E

« > O O & https://10.64.34.9/login 7 ® & & = « = C (0 Lh https://10.64.34.9/dashboard#!/home kg @ & 9 =

|AM for QuantumTEA @ Lisa Zangrando

“ Lisa Zangrando Lisa Zangrandn &Users  Lisa Zangrando

Quantum QuantumTEA

- Groups 58
& Home : - default
Welcome to QuantumTEA ﬁ

ml-infn

Sign in with your QuantumTEA credentials Lisa Za ngrand{j
gst
zangrand

ail?ladf-376c-4615-8551-a86 715392915 QuantumTEA

Email lisa.zangrando@pd.infn.it

status

Created a month ago

Updated aweek ago

End time MN/A

Group requests

Signin
Mo request found
Forgot your password?

Or sign in with

i

Google

Linked accounts

# Edit Details Mo linked accounts found

Not a member?

&, Change Password

Apply for an account % Link external account

X.509 certificates

Mo certificates found

SSH keys

Mo keys found for user

# Add ssh key




QuantfumTIEA Cloud Platform high level architecture

IAM Keystone Harbor &b
H . docker
@ Qiskit oy — s : | )
i LA
et S "
— & "
C )
QuantumTEA Provider QuantumTEA service
5
> i)
Async
operations
\.,,:; : A\ J
\
\ \ : ﬂ Hypervisor host 1:
user side service side (cloud)
e 2 X Intel(R) Xeon(R) Gold 5320 CPU @ 2.20GHz (26 cores/52 threads each)
« 512 GB RAM
QuantumTEA service . 1 GPU NVIDIA ASO
* validate the the user request (multiple circuits support) Hypervisor host 2:
* estimate the resources (RAM) needed by the docker container e 2 x Intel(R) Xeon(R) Gold 6230R (26 cores/52 threads each)

instantiate containers from our QuantumTEA docker image on K8s nodes (i.e. CloudVeneto Vms) ¢ O12 GBRAM

monitor the execution and collect the results e 1GPUNVIDIA RTX A4000 22



QuantumTEA Cloud Platform architecture

£ Qiskit
=

" —

QuantumTEA Provider

Async

operations

user side

docker

8’ IAM Keystone Harbor -&&*

admission

N
o

EE_E

kubernetes )
\ — e N /

&
service side (cloud) —
QuanfumTEA operator Redis datastore
* Implemented in GO * QuantumCircuit queue (one per job)

* QuantumTEAJob Custom Resource Definition (CRD) * Allow the execution of M circuits by N containers in parallel (M>=N)

* AuthN webhook: added support to IAM * Collect the results

23



Outlook and next steps

* QuantumTEA emulator:

* New tensor network ansatzes for the simulation;

* Infroduce and emulafe noisy processes.

* QuantumTEA Cloud Platform:

* Service not yet available to be fested by external users;

* TJo move from prototype to production ready:
* Improvement the user request validation;

* simplify gefting the token from IAM and test the integration;

* user guide and units fest;

* stress tests with real use cases (complex circuits).

24



Our websites 1/2

2 “ & Quantum Tea—The Quar ‘ =

« - O O & https://www.quantumtea.it

The Quantum
Tensor-network

Emulator
Applications

About

Applications

Platforms

Partners

_!;EI e

@ “ © T-NisQ —Tensor Networl = | &l ~ — b =
« > C O & &° https://t-nisq.pd.infn.it w7 I —
e T..N|SQ HOME PROJECT~  WORK PACKAGES~  CONTACTS

&

Tensor Networks in Simulation gﬂuantum Matter

>> ABOUT

25



Our welbsites 2/2

DISSEMINATION EWENTE

INTERVIEW

TG2 — Weskend |
Interview with Professor
Montangero

—* LEARN MORE

@ | O QCSC-QUANTUM COMI X | + v =
« = O U B https://qesc.dfa.unipd.it 60% ¥ ® & 24
OUANTUM
EE E”n“ Home About Partners Governance Working Groups Activities Resources Contacts
SIMULATION
CJ CERTER

.‘ QuarF‘fum 'COmDUting
_f___w_Sli*mulation' Center I_-

About

We plan to develop a general-purposse gquantum computer at the
Department of Physics and Astronomy of the University of Padua and
together with local, national and international actors, to create around
it a competence center to guide and nurture the development and the
inclusion of guantum techmologies in the alian academic and

business enviromnmeant.

{ VIEW MORE > ]

News

(:3|1.11n~L|~|TU|u|_I.'.Lﬂun.r

£ 14 ApruE 2

"l-rn

PROCHARMBLA
ol
CDISSEMIMNATION EVENTS

Incontri introduttivi al
Quantum Computing

World Quanitum Day

Prefiminary call for
guantum computing
projects

—* LEARN MORE

—* LEARN MORE

—* LEARN MORE

=3 ‘ %/ Quantum Information ar x | +

« > C

I'_E ) QUANTUM
Infarmation and Matlér

Il UNIVERSITY OF PADUA

Quantum
Information
and Matter

We develop and explore the applications of novel
numerical and thecoretical methods to gquantum
science and technologies.

(7] publications B seminars % people
AP =il | Bl

U & https://quantum.dfa.unipd.it o7

research

Group activities, new members, publications and more
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Conclusions

|

3

Timo Fels=r

QuantumTEA developers

Documentation and source code on baltig.infn.it

Contact us:
e quaNntumMtea@lists.infn.it

e qUANTUMCOMpPuUter@dfa.unipd.it
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Ihank youl

ﬁ‘ . QuantumTEA developers

Doniel Jaschik=

Documentation and source code on baltig.infn.it

Thank you |

Contact us:

LT e quaNtuMtea@lists.infn.it
E > e qUANtUMcOoMputer@dfa.unipd.it

Timo Fels=r

28



Questions

QuantumTEA developers

Documentation and source code on baltig.infn.it

Contact us:
e quaNntumMtea@lists.infn.it

e qUANTUMCOMpPuUter@dfa.unipd.it

29
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