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Towards quantum computing

From a practical point of view, we are moving towards new technologies, in particular hardware

accelerators:

Moving from general purpose devices ⇒ application specific
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Quantum research

Structure of research field in quantum technologies:

Quantum computing is a paradigm that exploits quantum mechanical properties of matter in

order to perform calculations.

⇒ Entanglement, superposition, interference, etc.
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Qubits



What is a qubit?

Let us consider a two-dimensional Hilbert space, we define the computational basis:

|0⟩ →

(
1

0

)
, |1⟩ →

(
0

1

)
.

A quantum bit (qubit) is the basic unit of quantum information and it is written as:

|ψ⟩ = α |0⟩+ β |1⟩ →

(
α

β

)
,

where α, β are complex numbers and the state is normalized, i.e. |α|2 + |β|2 = 1.
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Multiple qubits states

A system with n qubits lives in 2n-dimensional Hilbert space, defining the basis:

|0⟩n = |00 . . . 00⟩ , |1⟩n = |00 . . . 01⟩ , |2⟩n = |00 . . . 10⟩ , . . . , |2n − 1⟩n = |11 . . . 1⟩

therefore a generic n qubits state is defined as

|ψn⟩ =
2n−1∑
i=0

αi |i⟩n with
2n−1∑
i=0

|αi|2 = 1

i.e. a superposition state vector with 2n complex numbers.
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Quantum circuits

The quantum circuit model considers a sequence of unitary quantum gates:

|ψ′⟩ = U2U1 |ψ⟩ → |ψ⟩ U1 U2 |ψ′⟩

The final state |ψ′⟩ is given by:

ψ′(σ) =
∑
σ′

U1U2(σ,σ
′)ψ(σ1, . . . σ

′
i1 , . . . , σ

′
iNtargets

, . . . , σN ),

where the sum runs over qubits targeted by the gate.

� U2 and U1 are gate matrices which act on the state vector.

� ψ is a state and it is bounded by memory.
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Quantum gates

� Single-qubit gates

� Pauli gates

� Hadamard gate

� Phase shift gate

� Rotation gates

� Two-qubit gates

� Controlled gates

� Swap gate

� fSim gate

� Three-qubit gates

� Toffoli
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Pauli gates

X gate

The X gate acts like the classical NOT gate,

it is represented by the σx matrix,

σx =

(
0 1

1 0

)

therefore

|0⟩ X |1⟩

|1⟩ X |0⟩

Z gate

The Z gate flips the sign of |1⟩, it is
represented by the σz matrix,

σz =

(
1 0

0 −1

)

therefore

|0⟩ Z |0⟩

|1⟩ Z − |1⟩

8



Hadamard gate

The Hadamard gate (H gate) is defined as

H =
1√
2

(
1 1

1 −1

)

Therefore it creates a superposition of states

|0⟩ H
|0⟩+ |1⟩√

2
≡ |+⟩

|1⟩ H
|0⟩ − |1⟩√

2
≡ |−⟩
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Quantum technology



Quantum Technologies
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Physical implementation
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Quantum Algorithms

There are three families of algorithms:

Gate Circuits

� Search (Grover)

� QFT (Shor)

� Deutsch

� · · ·

Variational (AI inspired)

� Eigensolvers

� Autoencoders

� Classifiers

� · · ·

Annealing

� Direct Annealing

� Adiabatic Evolution

� QAOA

� · · ·
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Challenges



Challenges

Quantum tech. involves multiple challenges:

� simulate efficiently algorithms on classical hardware for QPU?

� control, send and retrieve results from the QPU?

� error mitigation, keep noise and decoherence under control?
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Physical implementation
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Physical implementation
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Physical implementation
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Challenges
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Introducing Qibo



Introducing Qibo

Qibo is an open-source full stack API for quantum simulation and hardware control.

It is platform agnostic and supports multiple backends.

https://github.com/qiboteam/qibo https://arxiv.org/abs/2009.01845
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Abstractions in Qibo

� Single piece of code

� Automatic deployment on

simulators and quantum devices

� Plugin backends mechanism
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Computational models in Qibo
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Abstractions in Qibo

High level API

Quantum algorithms

NumPy TensorFlow

qibotf qibojit qibolab

Abstraction layer (Base backend)

TensorFlow + custom ops
Hardware
platform

Numba

CuPy
Custom ops

CuQuantum

CPU CPU / GPU QPU

Qibo stack
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Qibo simulation benchmarks



Qibojit

qibojit uses just-in-time technology for state

vector simulation:

� on CPU → Numpy tensors and custom

operations compiled with Numba JIT.
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Qibojit

qibojit uses just-in-time technology for state vector simulation:

� on CPU → Numpy tensors and custom operations compiled with Numba JIT.

� on GPU → CuPy tensors and custom operations with:

� CuPy JIT Raw Kernels

� cuQuantum Python API
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Qibojit
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Qibo vs other libraries

Benchmark library: https://github.com/qiboteam/qibojit-benchmarks
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Investigating models for HEP



Novel quantum models for HEP
6
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Figure 2 Diagrammatic representation of a Variational Quantum Algorithm (VQA). A VQA workflow can be divided into four
main components: i) the objective function O that encodes the problem to be solved; ii) the parameterized quantum circuit
(PQC), in which its parameters ✓ are tuned to minimize the objective; iii) the measurement scheme, which performs the basis
changes and measurements needed to compute expectation values �H� that are used to evaluate the objective; and iv) the
classical optimizer that minimizes the objective and proposes a new set of variational parameters. The PQC can be defined
heuristically, following hardware-inspired ansätze, or designed from the knowledge about the problem Hamiltonian H. It can
also include a state preparation unitary P (�) which situates the algorithm to start in a particular region of parameter space.
Inputs of a VQA are the circuit ansatz U(✓,�) and the initial parameter values ✓0,�0. Outputs include optimized parameter
values ✓opt,�opt and the minimum of the objective.

Within a VQA, one has access to measurements on
qubits whose outcome probabilities are determined by
the prepared quantum state. To begin, consider only
measurements on individual qubits in the standard com-
putational basis and denote the probability to measure
qubit q in state �0� by pq

0, where the qubit label q will
be omitted whenever possible. The central element of a
variational quantum algorithm is a parametrized cost or
objective function O subject to a classical optimization
algorithm

min
✓

O (✓,{p0 (✓)}) . (1)

The objective function O and the measurement outcomes
p0, of one or many quantum circuit evaluations depend
on the set of parameters ✓.

In practice it is often inconvenient to work with the
probabilities of the measurement outcomes directly when
evaluating the objective function. Higher level formula-
tions employ expectation values

�H�U(✓) ≡ �0� U† (✓)HU (✓) �0� (2)

of qubit Hamiltonians H, describing measurements on

the quantum state generated by the unitary U (✓), in-
stead of using the probabilities for the individual qubit
measurements directly. See Eq. (5) for the decomposition
of arbitrary observables into basic measurements of Pauli
strings that can be transformed into basic measurements
in the standard computational basis (see Sec. II.C). Re-
stricting ourselves to expectation values instead of pure
measurement probabilities, the objective function is

min
✓

O �✓,��H�U(✓)�� . (3)

The formulation in terms of expectation values of qubit
Hamiltonians often allows for more compact definitions
of the objective function. For the original VQE (Pe-
ruzzo et al., 2014) and QAOA (Farhi et al., 2014) it can,
for example, be described as a single expectation value
min✓�H�U(✓), where the differences solely appear in the
specific form and construction of the qubit Hamiltonian.

The choice of the objective function is crucial in a VQA
to achieve the desired convergence. Vanishing gradient
issues during the optimization, known as barren plateaus,
are dependent on the cost function used (Cerezo et al.,
2020c) (see Sec. IV.B for details).
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Determination of parton distribution functions using QML
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MC event generation using Style-qGAN
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Quantum hardware control



QPU support using qibolab:

� Agnostic layout.

� Multiple experiments support.

� Plug & play for instruments.

� Tools for hardware control.
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Example
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Example
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Example
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