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Abstract

A quantum revolution is unfolding, and European scientists are on the lead. Now, it is time to
take decisive action and transform our scientific potential into a competitive advantage.
Achieving this goal will be critical to ensuring Europe’s technological sovereignty in the coming
decades.

EQUALITY brings together scientists, innovators, and prominent industrial players with the
mission of developing cutting-edge quantum algorithms to solve strategic industrial problems.
The consortium will develop a set of algorithmic primitives which could be used as modules
for various industry-specific workflows. These primitives include differential equation solvers,
material simulation algorithms, quantum optimisers, etc.

To focus our efforts, we target eight paradigmatic industrial problems. These problems are
likely to yield to early quantum advantage and pertain to the aerospace and energy storage
industries. They include airfoil aerodynamics, battery and fuel cell design, space mission
optimisation, etc. Our goal is to develop quantum algorithms for real industrial problems using
real quantum hardware. This requires grappling with the limitations of present-day quantum
hardware. Thus, we will devote a large portion of our efforts to developing strategies for
optimal hardware exploitation. These low-level implementations will account for the effects of
noise and topology and will optimise algorithms to run on limited hardware.

EQUALITY will build synergies with Quantum Flagship projects and Europe’s thriving
ecosystem of quantum start-ups. Use cases will be tested on quantum hardware from three
of Europe’s leading vendors and two HPC centres. The applications targeted have the
potential of creating billions of euros for end-users and technology providers over the coming
decades. With EQUALITY, we aim at playing a role in unlocking this value and placing Europe
at the centre of this development. The project gathers 9 partners and has a budget of €6M
over 3 years.

Consortium

The EQUALITY consortium members are listed below.
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Disclaimer

This document does not represent the opinion of the European Union or European
Commission, and neither the European Union nor the granting authority can be held
responsible for any use that might be made of its content.

This document may contain material, which is the copyright of certain EQUALITY consortium
parties, and may not be reproduced or copied without permission. All EQUALITY consortium
parties have agreed to full publication of this document. The commercial use of any information
contained in this document may require a license from the proprietor of that information.

Neither the EQUALITY consortium, nor a certain party of the EQUALITY consortium warrant
that the information contained in this document is capable of use, nor that use of the
information is free from risk and does not accept any liability for loss or damage suffered by
any person using this information.
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1. EXECUTIVE SUMMARY

This document is a deliverable of the EQUALITY project, funded under grant agreement
number 101080142.

This deliverable, Middleware and API specifications, is part of WP3 “Stack Integration” and is
the backbone for ensuring the completion of Milestone 4: Top-down stack integration.

2. TECHNICAL PROTOTYPE OF THE WORKFLOW

2.1. Introduction

Quantum computing promises to be the driving force behind a technological revolution that
will allow us to solve many computational problems that are considered intractable today. This
technology is still in its early stages, which implies that most of the well-known quantum
algorithms cannot be efficiently implemented in today’s noisy quantum hardware. Therefore,
it is of utmost importance that algorithmic and hardware development move forward in a
synergic manner, designing bespoke algorithms that allow us to exploit the potential of NISQ
hardware.

In this setting, one of the primitives being implemented and tested within this consortium is the
DQC algorithm developed by PASQAL [1]. Due to its hybrid quantum-classical nature, this
variational algorithm is well suited for NISQ devices, with applications in several domains such
as aerodynamics or chemistry simulations.

In this deliverable, we detail the workflow followed by a DQC-based solution implemented in
PASQAL’s hardware, and how it is accessed by the users via API.

2.2. Overview of the prototype

The API framework developed by PASQAL facilitates the implementation of hybrid quantum-
classical algorithms like DQC, allowing the user to solve arbitrary differential equations. It
allows for effortless transition between quantum computing emulators and genuine QPUs,
requiring only minimal user configuration to switch between multiple backends.

The prototype of PASQAL'’s DQC API consists of different levels of abstraction, spanning from
the user-facing platform all the way to the processors housing the simulations. To fulfil the
requirements of the various levels, we have designed and developed a multi-component
architecture with interfaces at each layer. These layers are enumerated in Table 1, and their
interconnectivity is depicted in Figure 1.

Table 1: PASQAL architecture to access proprietary DQC solver from Client SDK.

Layer Element
1 Client SDK
DQC Solver API
DQC Solver Backend
Job Manager
Backend
Storage Layer

OO W|IN
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Figure 1: Interconnectivity of PASQAL’s API access architecture.

2.3. Architecture elements

In this section, we present and detail the different elements of PASQAL’s API| access
architecture including our proprietary library for DQC solutions, Flow.

Client SDK

The client software development kit (SDK) is the starting point for any algorithmic run using
PASQAL-Flow. The open-source software stack developed and distributed by PASQAL allows
the users to input the desired DE from a predefined list with boundary conditions and define
the associated PINN model. The model can be based on both a classical and quantum
function approximator, or neural network, which gives the user the possibility to operate
benchmark comparisons between the two computational paradigms. Both choices require
setting specific parameters. However, the parameter landscape differs between the two
choices.

When choosing for a classical approximator, the user can specify the neural network
geometry: this consists of the number of neurons per layer and the number of layers.

With a quantum approximator, the PINN model design counts more elements: a feature map,
a parameterised quantum circuit and an observable that acts as a cost function. The circuit
presents a variety of parameters to be set. These include the number of qubits in the quantum
register, the circuit depth, the list and kind of variational gates, the classical data encoding
strategy. Among these elements, we let the user specify the number of qubits and the circuit
depth. Further customization of the circuit via the client SDK is left for future releases of the
SDK, based on partners’ feedback.

In addition to the network parameters, the user can specify several algorithmic configuration
parameters which apply to the training of both ML and QML models. This aspect underlines
and concretizes the analogy between the classical and quantum counterparts of the PINN-
based algorithm. The algorithmic parameters include the number of collocation points in the
equation domain, the relevant parameters in the equation, the learning rate and the number
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of optimization epochs. Additionally, the user can opt between a random or deterministic
network parameters initialization by setting an integer seed.

Provided acquisition of valid credentials to PASQAL Cloud Services, the user can submit the
configuration file in a secure manner via simple terminal commands interpreted by the SDK,
to set and execute a DQC simulation on PASQAL'’s simulated [2] or real quantum backend.
Log information about running and completed jobs is provided live on the terminal, ensuring a
good communication between the end user and the rest of the cloud services. After completion
of the simulation, the results are stored on PASQAL'’s end and can be queried via SDK. On
the cloud platform, a record is kept of all the job submissions to allow for retrieval at a later
stage.

DQC solver API

The DQC solver API is a scalable API server which communicates with the DQC solver
backend, offering several endpoints for submitting, monitoring, and fetching the results of DQC
simulations. The client SDK is the only way to call the API, and it requires using valid
credentials. The end user will not be able to access the source code programmatically, as this
kind of lower-level access would only be available for the framework’s core developers.
Additions or customisations of the algorithm are possible and will be deployed over the course
of the coming months.

DQC solver backend

Being the core of the architecture, the DQC solver backend implements our core algorithms
for training DQC-based quantum models to solve DEs and perform inference tasks on
previously trained models. Starting from the user input, previously defined on the API level, it
orchestrates the solution of the PDE using both classical and quantum computational
resources.

Job manager

The job manager is a simple component used for dispatching DQC solver jobs to the
computational resources requested by the user. It is capable of scheduling tasks on both
conventional high-performance computational resources (e.g., GPUs) and QPUs, depending
on user access level.

Computational resources

The backbone computational infrastructure, including both high-performance conventional
resources, such as CPUs and GPUs, and quantum processing units. All the computational
resources can be accessed directly through our seamless integration with negligible user
access overhead.

Storage layer

This component oversees the data storage of the DQC simulations, and there are two types
of data stored by the PASQAL-Flow framework:

e Job data: This includes metadata information (IDs, creation date...) as well as the
results of the job, such as instance predicted values on the test set and error metrics.

e Trained quantum models: Once training has been performed (see next section),
optimal model parameters are stored and versioned to allow following jobs to perform
inference tasks on pre-trained models.
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In the next section, we show how to use the framework to solve a few simple DEs, including a
step-by-step description of the workflow and sample results.

3. DEMOSTRATIVE EXAMPLE FOR SOLVING GENERIC PDES

To highlight the capabilities of PASQAL'’s DQC solver, we demonstrate in this section the steps
needed to solve a PDE while detailing the layers of our workflow. The solutions to the
differential equation problem were produced using PASQAL’s prototype implementation,
demonstrating the main capability of our workflow: the solution of DEs.

3.1. Implementation details for the solution of a PDE using PASQAL-Flow

To simplify the input of DEs and their initial and boundary conditions, our prototype
implementation allows the users to access a symbolic math interface to provide the problem
definition, and all these calculations are handled efficiently on the level of training the quantum
models. Users can define QML models, such as the DQC, in our core quantum circuit and job-
management framework, which enables them to design abstract circuit-based (fully digital),
digital-analog and fully analog models, while also simplifying running experiments on multiple
backends (including low level simulators and HPC-based emulators).

One important thing to note is that our core algorithms can be trained by using only the
differential equation and its initial and boundary conditions, but can also incorporate
observational data similarly to the classical PINNs. To simplify this demonstration, we consider
cases where no data is specified and the DQC algorithm relies exclusively on the equations
provided by the user to learn the solution. In the extension towards specific use cases and
problem informed implementations this functionality will be widely used.

To showcase the capabilities of our framework, we solved a PDE using the DQC algorithm as
implemented in the PASQAL-Flow prototype. We benchmarked our implementation against
the closed-form solution, but in the general case where an analytical solution does not exist,
comparisons with other classical numerical and neural-networks-based methods may be
applied. We targeted the (1+1)-D inviscid Burgers’ equation, which can be interpreted as a
simplified equation of fluid dynamics describing the evolution of a velocity field, and in the
inviscid case it reduces to a conservation equation:

ou(t, ou(t,
( u;tx)) + u(t, x)( ua(xx)) =0 V(t,x) € [0,T] x [0,1]

with boundary conditions

(x—b)?
2c2

u(0,x) = exp (— ) vx € (0,1)

1(0,0) =u(0,1) =0
with b=0.5 and c=0.1, e.g. a Gaussian peaked in 0.5 and constrained in the domain x € [0, 1].

3.2. Steps for the solution of a PDE using PASQAL-Flow

Solving DEs using our proposed prototype requires three main steps, namely problem
formulation, model definition and model training. In the following part of our report, we describe
in greater detail each of these steps and the processes they entail.

1. Problem formulation: The first step is to input the differential equation, which the user
can do by choosing from a predefined list, its initial and boundary conditions and the
respective domains of the problem components. To ensure a better convergence of
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the DQC model to the solution in a supervised learning environment, observational
data from measurements can be provided, which is available for many real-life
problems.

2. Model definition: To build a DQC model for an application of interest, the user should
choose a suitable feature map and ansatz. Both the data embedding as a feature map
and the parameters of the ansatz, such as the architecture, number of qubits and
depth, are problem dependent. Our prototype relies on PASQAL-Flow for model
definition and allows for digital, digital-analog, and analog models.

3. Model training: The DQC models are then trained using a hybrid quantum-classical
optimization procedure. It can rely on both classical gradient-free or gradient-based
(based on the SGD algorithm) optimizers to search through the model's parameter
space using a physics-informed loss function, and an observable that is used as a cost
function. Both the classical optimization routine and the cost function must be decided
by the user. The input data needs to be prepared for loading in batches for training
(conveniently handled by our prototype), and after the training has converged to an
optimal solution, the model can be then exported for future application.

The trained model can then be fine-tuned even further and benchmarked against classical
solutions. Visualization is facilitated as well, by offering capabilities for simple presentation of
results as line, contour, and quiver plots (for visualizing vector fields). If required, other
functions can be specified by the user for the general visualization of 1D, 2D, and 3D problems.

These steps are seamlessly implemented without significant overhead, due to the automation
routines and the architectural design based on APls. Although they are programmatically
available, the end user of the protype will not need to interact with all the details and definitions,
as previously discussed.
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3.3. Results for the solution of a PDE using PASQAL-Flow
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Figure 2: Architecture and performance: (top left) Comparison between a numerical finite difference method and
the approximate DQC solutions for the (1+1)-D inviscid Burgers’ equation for 3 different time intervals. PDE and
t=0 domain were covered with 2000 and 200 collocation points respectively. (top right) Evolution of the loss function
over 200 optimization epochs. (bottom) Illustration of the DQC.

In Figure 2 we show the DQC solution of the Burgers’ equation at zero viscosity (see section
3.1) compared against a finite difference benchmark for 3 different time intervals (top left). The
results for the solution of the Burgers’ equation are obtained with a DQC using Fourier series
parallel feature map with variational frequencies (where the two inputs t and x are encoded
with four qubits each) and a variational block with four qubits and depth two (bottom). PDE
and t = 0 domain were covered respectively with 1000 and 200 collocation points, and we can
also see the evolution of the loss function over 200 optimization epochs (top right).

Our protype implementation could be extended towards multiple dimensions and methods that
can help acquiring more accurate solutions. Some examples that could improve the
approximation include using experimental cases where applicable, more training iterations,
and further hyperparameter tuning, and all these functionalities can be directly implemented
and integrated in the prototype without significant overhead for the user. These functionalities
will be extended based on requirements arising from the undergoing research relevant to the
use cases. Many new techniques and methods are being implemented and will be eventually
part of the implementation of the extended/final prototype of PASQAL-Flow.

4. EXPERIMENTAL RESULTS

We have implemented a digital-analog version of our proprietary differentiable quantum
circuits (DQC) algorithm, and in this section, we show the results of the implementation of both
the feature map differentiation part of the algorithm and the whole DQC. These runs were
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made in our neutral atom QPU Fresnel using the developed API. Since this was the first
implementation of the DQC algorithm on real quantum hardware, we chose to avoid tackling
a problem with too much complexity, and instead decided on

af(x) _
= 900,

where g(x) is a combination of trigonometric functions, and solved for f(x).

In Figure 3, we show the results of the feature map differentiation subroutine of the DQC
algorithm. The value on the x-axis corresponds to the area under the pulse. The error bars
represent the error due to shot noise, multiplied by 2 for better visibility. Fresnel follows the
ideal output closely, with a higher offset that is particularly notable near x=0. Since the goal
of the experiment was to calculate the derivative of the output, the offset on Fresnel was not
detrimental to obtaining consistent results.

—— Pulser Simulation
{  Fresnel

Comparison

Total Magnetization (arb. units)

x (rad)

Figure 3: Comparison of the results of the Pulser simulation and Fresnel for two qubits feature map
differentiation of the DQC algorithm.

Figure 4 shows the results of running the whole digital-analog version of our DQC algorithm
on Fresnel. The error bars in the data represent the error due to shot noise. The blue
simulation line is the average of the noiseless simulation using Pulser, our open-source low-
level library for programming neutral atom QPUs, with error bars showing their difference (too
small to see). The x-axis is the area under the first pulse (in radians) and the parameter 6s is
the phase of the last pulse (in radians).
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Figure 4: Comparison of the results of the Pulser simulation and Fresnel for two qubits DQC algorithm.

5. CONCLUSIONS AND RECOMMENDATIONS

Throughout this document, we demonstrated the architecture and the implementation we
followed for our PASQAL-Flow prototype. The need for a standardised prototype is evident for
our end users, both internal and external, and will contribute directly to the research relevant
for use cases. Users will be able to experiment and develop new schemes and techniques for
the different use cases, changing the way these problems are approached. It will allow us to
integrate quantum workflows in classical frameworks and investigate the advantage of these
new computing paradigm.

Our DQC-based DE solver prototype is under active development, which will enable
understanding over the change of performance of the algorithm related to its components and
the training strategies taken by the user. One current line of research involves investigating
sensitivity analysis strategies applicable to VQAs to identify optimal configurations. One
important aspect is the model parameter initialization strategies, since they are related to the
problem of Barren plateaus. These can be observed as regions in the parameter landscape
with exponentially small gradients during the training of deep quantum circuits. These
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components are under development and have mainly arise from problem test cases while use
case specific research is performed. They will also become part of PASQAL-Flow within the
following months and will only extend the functionalities of the described prototype without
changing the underlying structure and architecture of our platform.

The computational resources available via cloud will also be extended, since only classical
simulators are available at the moment, and the offering of QPUs will be of crucial importance
for the future of our framework. Classical emulators or low (pulse) level simulators will also
complete the computation resources offering, which will allow end users to simulate problems
(with or without noise) in classical hardware before quantum executions. The job-management
framework will be able to handle the load of different cloud executions for the user in an efficient
manner.

Finally, an important point that still needs to be investigated is the integration of our prototype
with other partner software platforms. Possibilities to integrate PASQAL-Flow into classical
software frameworks are currently under investigation and this will become applicable when
use cases will be finalised.
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