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Introduction



Qub-IT project - CSN V

Qub-IT: Realization of an itinerant single-photon counter that surpasses present devices in
terms of efficiency and low dark-count rates by exploiting repeated QND measurements of a
single photon and entanglement in multiple qubits.
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Theory

Design and simulation of a SC qubit coupled to resonators.
Fabrication of circuits with SC qubit.

Single-shot measurement of SC qubit with quantum amplifier.
e Software for simulation, control and calibration of SC qubit.
Quantum sensing experiment with entangled qubits.



Quantum software challenges

Researcher’s needs (lab and theory):

@ Access to interdisciplinary set of software tools for:

Quantum Models

Language API Simulation

Hardware control _ Remote access
Cluster infrastructure

® Open-source software linked to benchmarks and publications.

© Collaborative development and definition of standards.



ntum software challenges

Quantum Computing Problem
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Write solution using High Level
code

Simulate on Classic Hardware Execute on Quantum Hardware

CPU GPU Multi GPU Different technologies Need for calibration Error Correction

High Performance



Cloud vs self-hosted

Cloud-based vs self-hosted devices and simulators:

Industry (cloud-based) Research labs and HPC (self-hosted)
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Introducing Qibo

Qibo is an open-source full stack API for quantum simulation and hardware control.
It is platform agnostic and supports multiple backends.

Language API

Quantum algorithms & models

leO ecosystem Code examples and Tutorials
~—

Laboratory tools

https://github.com/qiboteam/qibo


https://github.com/qiboteam/qibo

Introducing Qibo
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Backends in Qibo

Language API
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Implementation
Hardware
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Prototyping Quantum Machine Learning  High Performance Control drivers  Calibration

NumpyBackend TensorFlowBacked @ Qibojit @ Qibolab @ Qibocal



Abstractions in Qibo

Qibo stack
High level API

Quantum algorithms

CuPy

Abstraction layer (Base backend)

qibotf qibojit gibolab
Numba
Hardware
NumPy TensorFlow TensorFlow + custom ops
platform




Qibo simulation benchmarks



Introducing Qibojit

State vector simulation solves:
W (o1, o) =Y G, 7)o, 7. on)
,r/

number of operations scales exponentially with the number of
qubits. Qibo uses just-in-time technology:

e CPU: Numpy tensor, custom operations with Numba.
e GPU(s): CuPy tensors, custom operations using:

e CuPy JIT raw kernels
e NVIDIA cuQuantum API

from numba import njit, prange

enjit(parallel=True, cache=True)
def apply_gate_kernel(state, gate, target):
"euOperater that applies an arbitrary ome-qubit gate.

Args:

state (np.ndarray): State vector of size (2 ** nqubits,).

gate (np.ndarray): Gate matriz of size (2, 2)
target (int): Index of the target qubit.

k = 1 << target
# for ome target qubit: losp over half states
nstates = len(states) // 2
for g in prange(nstates):
# generate indez with fast binary operations
il = ((g>>m << (m+ 1))+ (g& (k- 1))
i2 = i1 + k
state[il], state[i2] = (gate[0, 0] = state[i1] + \
gate[0, 1] = state[i2],
gatel[1, 0] = statel[il] + \

gate[1, 1] = state[i2])
return state

Qibojit features

In-place updates, specialized operators for single and two qubit gates (exploit sparsity).

10



gibojit, qft, double precision e Supports CPU, GPU and multi-GPU.
—e— NVIDIA RTX A6000 (cupy)
10* NVIDIA DGX V100 (cupy) ] NVIDIA and AMD GPUS

NVIDIA GTX 1650 (cupy)
103] —*— AMD Radeon VII (cupy)
- NVIDIA RTX A6000 (cupy-multigpu)
—— AMD EPYC 7742, 128 th., 2TB (numba)
ATOS QLM, 384 th., 6TB (numba)

e Reduced memory footprint.

Multi-GPU - 32 qubits

Total simulation time (sec)
>
D
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Benchmark library: https://github.com/qiboteam/qibojit-benchmarks [arXiv:2203.08826]
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https://arxiv.org/pdf/2203.08826.pdf

Qibo vs other libraries

Benchmark library: https://github.com/qiboteam/qibojit-benchmarks [arXiv:2203.08826]

30 qubits - single precision
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Quantum hardware control




Software control challenges

Transmon Platform design Cryostat
(qubit) (Fridge)

@ rf source
bandpass filter
rf combiner/
Rw cd m splitter Room
f lifi
r@—W\r—' V. rfamplifier Temperature
Q@  rf mixer
[  rfswitch
B attenuator
50 K
L . low pass filter 3K
IR filter (Eccosorb) Still
solator ] Cold Plate
Sample Mixing
D Chamber
. Magnetic shielding JRC@TII Labs
Lab Devices arenn

A

13



Software control challenges

Cryostat
(Fridge)

Modulated signal (pulse)

[ )
puses Input Readout

4—,_ Microwave source Laboratory
Local oscillators LAN network
Amplifiers
FPGAs

Experimental Devices
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Qibolab deployment

= = s 0100088
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Software control challenges

Q Remote access

HPC cluster

Laboratory
LAN network w
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Introducing gibolab

qgibolab

experiments

_— Tasks
calibration

instruments

Drivers for experiments

_— PulseSequence
circuit

HardwareCircuit

BasicPulse

MultifrequencyPulse

FilePulse
pulses

Rectangular

Gaussian
PulseShape

SWIPHT

schedulers Taskscheduler

readout Tomography

Qibolab key features:

e Create custom experimental
drivers for lab setup.

e Platform agnostic layout.

e Deploy Qibo models on quantum
hardware easily
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Example

import gibo m
from gibo import models, gates i
import numpy as np

# select experimental backend
qibo.set_backend("gibolab”, platform='tiiq") : Qibo circuit

| Hardwarscircuit

1. Catos to pulses conversion

2 Pulse sequence definition

5 Pulse to sxperimant drivers conversion £

& Oparation scheduling and sxecution

5 Results raconstruction

Lab User
# create circuit /i
circuit = models.Circuit(1) i
circuit.add(gates.RX(0, theta=0)) /
circuit.add(gates.M(0)) /
~
exp_angles = np.arange(6, 2*np.pi, 8.25) // 10| &
for t in exp_angles: e
# set RX rotation angle /
circuit.set_parameters([t]) // 0.8
# execute the circuit //
state = circuit.execute(nshots=1024) o
<
# calculate the probabilities of |0> and |1> 04
probs_@, probs_1 = state.probabilities(qubits=(0,))
0.2
Simulaii
g oo| . er
[ i E3

Rotation around x-axis
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Supported instruments

o AWG:
e Tektronix (e.g. AWG5204, AWG70000A)

e AlazarTech boards (e.g. ATS9371) Development roadmap:
e QuickSyn :

e Rigol (DC 5072) ¢ Qibo already provides a prototype
approach based on AWG-like instruments.

QBlox cluster
o We are working on production control
hardware based on FPGA boards.

Zurich Instruments

Quantum Machines
FPGA boards:
e QICK: RFSoC

19



Quantum calibration software




Introducing Qibocal

We are developing a new tool called Qibocal to perform qubits calibration in Qibo using
Qibolab as the main driver.

The main features are:

e Platform agnostic approach e Live-fitting tools
e Launch calibration routines easily e Save and share results
e Live-plotting tools e Autocalibration

20



Qibocal: implementation

- CEE

Run calibration routines

Compare calibration results

. Live-Plot
Share your results

)

l\
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Introducing Qibocal

Resonator spectroscopy
Resonator characterization Resonator punchout

Resonator flux dependence

Qubit spectroscopy
Qubit characterization
Qubit flux dependence

Amplitude Cryoscope 4
Rabi oscillations

Duration

2 it
1 qui qu_ £ . CZ characterization (2
Characterization Stondard racterization

Ramsey

petoned iSWAP characterization
TI&T2
AlIXY & Drag tuning
Flipping
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Introducing Qibocal

Inputs  Frequency at High Power
Frequency at low power
Pulse to gate conversion  Inputs

Outputs | Atenuation forlow pawer
1 - Resonator Cl izati s s
Fidelityof quantum operation _ Outputs
Beta a " Randomized Benchmarking - 8

RB methods to decouple gate errors from Find the resonator frequency and its flux
SPAM errors, can be used to optimize all Description  dependence
previous parameters Description
Expected qubit frequency from fabbrication
Pipuse  Inputs inputs
Resonator data
1,Q means when preparing sates [0 and | e Shot Classfcat
> Outputs Single Shot Classification - 7 . - Qubit Freq - Flux dependence.
2-Qubit Characterization Outputs
Prepare quantum sates and measure the Qubitfrequency
cutput vottage in order tofind the best
Fyperplane that classifies them Description it the it requency and 1
Descrption _ dependence
Autocalibration
Pipuiseshape  Inputs Script 1 qubit
———— Qubitand Readout freq a sweetspot
DRAG coefficentalpha  Outputs puts
————————————————— DRAG-6 Readout at
‘Add a derivative componenet to the puulse . .
Shape to minimize eakage (o non- —
computational states. Description 3-Rabi Output i
Witha fixed pulse duration we Increase the
amplitude to canerentl arve the qubit
pihaf puse nformation _ Inputs Description from 0101
Smallcorrection o qubitfreq
ouputs npus Wi previous informatior
- Ramsey and 12-5 Inputs Al previous nformation
owput T
Fitacasin with a decaying exponentatial by g ot T
assending e walttime becween wopi bt — Starting from niial sate 0 apply pi pulse
puises escription waltsome time t and measure, AS walt tne
increasesthe qublt will ur (o the ground
s By fitting with a we

can get T1
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Live plotting and automatic calibration

2022-10-18-000-andrea-pasquale

Summary
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Q um benchmarking protocols

Quantum hardware we need to compute the gates error behavior. In the current
state-of-the-art this is computed using Quantum benchmarking protocols.

Standard RB
Randomized Benchmarking Filtered RB

Crosstalk RB

Quantum
benchmarking Gate set tomograpy
protocols

In Qibocal we are currently developing a suite for the execution of the latest QBP available.

25



Applications in HEP




Determination of parton distribution functions using QML

A. Salinas et al, Determining the proton content with a quantum computer, PRD, 2011.13934.
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https://arxiv.org/pdf/2011.13934.pdf

MC event generation using Style-qGAN

C. Bravo-Prieto et al, Style-based quantum generative adversarial networks for Monte Carlo
events, Quantum, 2110.06933.

Latent
variables

Input
distribution

v

Reference Generated
samples samples
|

Classical ‘/

Discriminator .

1

Real @ @ Fake "

scevn) tiGev) ¥

Ratio reference / generated Ratio reference / generated

- Classical optimization
Lol

v
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https://arxiv.org/pdf/2110.06933.pdf

Gradient descent on a QPU

M. Robbiati et al, A quantum analytical Adam descent through parameter shift rule using Qibo,
ICHEP 2022 proceedings, 2210.10787.

Normalised measures with respect to the true law

1.05
—— Mean of the measurements performed with 6 s
—— Mean of the measurements performed with 6y, ps
1.04 —
Measured confidence belt with 8, cm
Measured confidence belt with 6, psr
1.03 Simulated theoretical model with 8¢ cma
g Simulated theoretical model with 67 s
+ — True law: y = sin2x
H 1.02 @ True images of the training sample
N
S101
T
>
1.00
0.99
0.98

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
X

28


https://arxiv.org/pdf/2210.10787.pdf

Outlook




Qibo accommodates different tasks:
e High performance quantum simulation: qgibojit
e Hardware control: qgibolab
e Hardware calibration: gibocal
Unique features in Qibo:
@ All modules are open source.

® Modular layout design with possibility of adding

e new backends for simulation
e new platforms for hardware control

©® Community driven effort

https://github.com/qiboteam/qibo
https://qibo.readthedocs.io

What is Qibo?
Lo ]

Contents

Introduction

Main documentation
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