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ABSTRACT Recently, quantum computing has been proven as an ideal theory for the design of fuzzy
inference engines, thanks to its capability to efficiently solve the rule explosion problem. In this scenario,
a quantum fuzzy inference engine (QFIE) was proposed as a quantum algorithm able to generate an expo-
nential computational advantage over conventional fuzzy inference engines. However, there are no practical
demonstrations that the QFIE can be used to efficiently manage complex systems. This article bridges this
gap by using, for the very first time, the QFIE to control critical systems such as those related to particle
accelerator facilities at the European Organization for Nuclear Research (CERN). As demonstrated by a
series of experiments performed at the T4 target station of the CERN Super Proton Synchrotron fixed-target
physics beamline and at the Advanced Proton Driven Plasma Wakefield Acceleration Experiment, the QFIE
is able to efficiently control such an environment, paving the way for the use of fuzzy-enabled quantum

computers in real-world applications.

INDEX TERMS Quantum computing, fuzzy control systems, particle accelerators.

I. INTRODUCTION

Fuzzy set and logic theory introduced by Zadeh [1], [2] has
the capability of model classes of objects that do not have
precisely defined criteria of membership, in a way to mimic
human thinking on computers. Starting from Zadeh’s the-
ory of fuzzy logic, fuzzy-rule-based systems (FRBSs) have
been developed, and they have found a widespread set of
applications in the field of automatic control and decision
making [3], [4]. The reason for this success can be explained
by the fact that expert knowledge is easily introduced into
these systems using fuzzy rules. Despite their success, FRBSs
suffer from the so-called fuzzy rule explosion problem: the
number of rules in an FRBS grows exponentially with the
number of variables that make up the system. This problem
severely limits the ability of an FRBS to handle systems with
a large number of variables. Recently, the quantum comput-
ing paradigm has been explored to implement a new genera-
tion of efficient fuzzy inference engines (FIEs) to overcome
the critical limitation of FRBSs potentially. The first quantum

fuzzy inference engine (QFIE) has been developed in [5]:
it uses the massive parallelism provided by quantum phe-
nomena, such as superposition and entanglement, to reach an
exponential advantage in computing fuzzy rules with respect
to the classical counterpart. However, this quantum-based
fuzzy engine has only been tested on control applications
characterized by simple dynamics, such as inverse pendulum,
and, as a result, there is no concrete evidence of its oper-
ational usability. This article fills this gap by exploring the
potential of QFIE in an important area such as the automatic
control of particle accelerators at the European Organization
for Nuclear Research (CERN), achieving a twofold result.
On the one hand, this research proves that the QFIE can
be used reliably in complex application scenarios; on the
other hand, it demonstrates that FRBSs are suitable meth-
ods for supporting particle accelerator operation at CERN.
The suitability of QFIE for the automatic control of particle
accelerators has been demonstrated in two different experi-
mental settings, related to two different CERN facilities: the
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T4 target station at the North Area TT24 fixed-target physics
beamline served by the Super Proton Synchrotron (SPS) [6]
and the electron beamline of the Advanced Proton Driven
Plasma Wakefield Acceleration Experiment (AWAKE) [7].
In the first case study, two configurations of QFIE were
tested. The former exploited a quantum simulator and the
latter was computed on a real quantum computer, namely,
IBMQ Montreal. In the AWAKE case study, the QFIE was
used to implement a more complex 10-D control system, and
due to the limitations that characterize the current genera-
tion of quantum computers, known as noisy intermediate-
scale quantum (NISQ) devices [8], the tests were performed
just by using a quantum simulation. In these first experi-
ments, both the T4 target station and the AWAKE environ-
ments were simulated and the suitability of QFIE in dealing
with those has been assessed in terms of sample efficiency,
i.e., the number of actions performed by the controller to
achieve the desired behavior of the particle beam. Indeed,
optimizing this kind of efficiency is essential in the context
of accelerator operation to minimize the impact on the beam
time available for physics experiments. Remarkably, the level
of sample efficiency achieved by the QFIE in the above sim-
ulations was such that it allowed successful real-time control
of the actual AWAKE facility, as demonstrated by the exper-
imentation described in Section V.

The rest of this article is organized as follows. Section II
presents an analysis of the literature on the integration of
fuzzy logic and quantum computing. Section III summarizes
the basic concepts related to the quantum computing and the
main aspects of the QFIE. Section IV shows how QFIE-based
FRBSs can be used to control particle accelerators and re-
ports on the experiments performed for the simulated T4 tar-
get station and AWAKE environments. Section V shows the
experiments on the real AWAKE facility. Finally, Section VI
concludes this article.

Il. RELATED WORKS

Quantum computing is becoming more and more a computa-
tional paradigm useful to develop a new generation of pow-
erful and efficient computational intelligence algorithms: for
instance, huge efforts have been done in the context of quan-
tum neural networks [9], [10], [11], as well as in quantum
evolutionary computing [12], [13]. In both areas, these works
show a potential advantage in using this new quantum com-
putational intelligence framework over the classical coun-
terpart. On the other hand, quantum fuzzy logic is a rela-
tively new and underexplored field. In recent years, several
approaches have been proposed that aim to leverage the re-
lationship between quantum mechanics and fuzzy set theory
for mutual benefit [14], [15], [16], [17]. Broadly speaking,
three research paths have emerged: the first involves using
fuzzy set theory to simulate and model physical quantum
systems [18], [19]; the second uses fuzzy-logic-based tech-
niques to improve the current status of quantum comput-
ers, by means of algorithms useful to distribute quantum
circuits [20] or to mitigate quantum error [21] among the
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others; and the last path involves exploring quantum com-
puting approaches to enhance the performance of traditional
fuzzy systems. Our interests focus on this latter area, which
is hereafter deeply analyzed.

One of the first applications of quantum computing to
improve the computational performance of fuzzy systems is
presented by Rigatos and Tzafestas [22]. This study involves
substituting quantum operations for certain operations used
in particular FIEs. Despite the encouraging theoretical out-
comes presented in [22], there were no appropriate quantum
devices or simulators accessible at the time of research to
enable experimental verification in the field.

Subsequent works have concentrated on implementing
quantum fuzzy logic operators using various quantum com-
putational paradigms. Some researchers employed a quan-
tum circuit model for the implementation of these operators,
as seen in [23] and [24], while others leveraged different
quantum computational models, such as quantum annealing,
as seen in [25] and [26]. Although these studies demonstrated
that quantum operations could perform fundamental logic
operations between fuzzy sets, none of them developed an
efficient quantum algorithm for executing FIEs on quantum
computers. One of the earliest studies in this direction, as
mentioned in [27], employed Grover’s algorithm to imple-
ment a fuzzy system that relied on a lookup table. Despite
being the first attempt to use a well-known quantum algo-
rithm to implement a whole fuzzy system, this approach was
limited in scope. The input—output relationships that exist in
the lookup had to be generated using classical computation,
which hindered the potential computational advantage from
the quantum implementation of FRBSs. Finally, such a com-
putational advantage has been proven very recently in [5]. A
deep description of the algorithm proposed in this article is
carried out in Section III-B. However, the main goal of the
aforementioned work was the theoretical proposal of an inno-
vative QFIE, which has been tested in very easy case studies
and just by noiseless simulations of the quantum circuits
implementing the algorithm. According to this analysis of
the state of the art, this work represents the very first attempt
to use the QFIE in [5] for the control of real and complex
environments, such as those related to particle accelerators
at the CERN facilities. Moreover, the proposed work shows
also the first real execution of the QFIEs on real quantum
devices from the IBM Q family [28].

I1l. BASIC CONCEPTS

This section aims to introduce the basic concepts of quantum
computing useful to understand the QFIE algorithm, high-
lighting also the hardware limitations of the current quan-
tum devices. Successively, a brief description of the QFIE
proposed in [5] is carried out.

A. QUANTUM COMPUTING

Quantum computing manipulates and stores information by
using qubits, the basic information unit of this innovative
computational paradigm. The main peculiarity of qubits is
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that, unlike the classical bits, they can live in a superposition
of states. Formally, a qubit is described by a vector of a
Hilbert space H: according to the bra-ket notation, such a
vector is expressed as follows:

1Y) = al0) + BI1) ey
where the set {|0), |1)} forms a basis of H, while o and § are
complex coefficients. When a quantum state is measured, it
collapses into one of its basis states with a probability equal
to the squared modulus of the related coefficient. The result
of the measurement operation is, therefore, a classical bit 0 or
1 obtained with a probability |a|? or |8|?, respectively. One
of the most powerful peculiarities of quantum computers is
the fact that when more qubits are used simultaneously, the
size of the Hilbert space in which the quantum state lives in-
creases exponentially with the number of qubits. This means
that by considering n qubits, the quantum state describing the
system is expressed as follows:
21
) =) eili) )
i=0
where i denotes the integer representation of the n-
dimensional bit string, and the coefficients «; have the same
meaning as the 1-D case described above.

Quantum states can be manipulated by quantum gates as
well as classical bits can be manipulated by means of logical
gates [29]. By definition, quantum gates are represented by
unitary matrices that act on a state as follows:

2"—1

Uly) =U Y aili). 3)
i=0

A more in-depth description of these gates is out of the
scope of this article but can be found in [29]. Overall, a quan-
tum algorithm is a collection of quantum gates acting on sev-
eral qubits. Like other important quantum algorithms [30],
[31], the QFIE is based on the concept of quantum oracle.
A quantum oracle Uy, represents a black box (composed of
one or more quantum gates) implementing a certain Boolean
function h(x) : {0, 1}" — {0, 1}*. Formally, considering two
quantum registers composed of n and m qubits, respectively,
the action of Uj, can be expressed as

Un Y x,0) =) Ix, h(x) )

where |0) represents a quantum register whose qubits are in
the quantum state |0). In other words, by means of quantum
oracles, it is possible to evaluate the Boolean function /(x)
on all the possible n-dimensional inputs simultaneously, with
just one query to the oracle thanks to the superposition of the
input state.

In the end, the resulting quantum circuit is measured, and
usually, this procedure is repeated several times to estimate
the probability distribution encoded in the output quantum
state.

In the past few years, various quantum hardware have
been made available through cloud services by several major
industries. However, these primordial quantum devices are
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denoted as NISQ computers [8]. The label refers to the lim-
ited amount of qubits of these devices and also to the high
level of noise that occurs during the computation of quantum
circuits. Recently, a lot of improvements have been made in
the development of quantum hardware: for instance, IBM has
recently announced the first superconductive chip composed
of more than 1000 qubits. However, this number of qubits is
still too low for implementing error correction codes, accord-
ing to actual protocols, directly on hardware. On the other
hand, attempts to simplify quantum circuits to be executed
on actual NISQ devices have been presented. One example
is the D-NISQ reference model introduced in [32]. This ar-
chitecture offers a reference model for distributing quantum
computation in smaller quantum circuits that can then be exe-
cuted on different quantum processors. The integration of the
different outputs is in the end classically performed by means
of the information fusion layer, which returns the output of
the original problem to solve. As shown in Section IV-B, such
a model is used in this work for enabling the development
of a quantum fuzzy control system able to control a 10-D
environment such as the one of the AWAKE experiment at
CERN.

B. QUANTUM FUZZY INFERENCE ENGINE

An FRBS is a type of control system that incorporates fuzzy
logic principles to handle complex and uncertain environ-
ments. It is a powerful methodology used in various fields,
including engineering [33], robotics [34], and finance [35].
Traditional control systems rely on crisp logic and precise
mathematical models to make decisions and control pro-
cesses. However, in many real-world scenarios, the inputs
and outputs of a system are not easily quantifiable or precise.
FRBSs provide a flexible and intuitive approach to dealing
with such situations. In detail, an FRBS performs a mapping
between input and output variables by using fuzzy if-then
rules [36]. In a classical multi-input single-output fuzzy sys-
tem composed of n input variables X, X5, ..., X, and one
output variable Y, the general rule can be written as follows:

IF (X, is ;1) and (X3 is T;») and
. and (X, is T;,,) THEN Y is T;, 5)

where T;; is the ith linguistic term defined in the universe of
discourse of X; for j =1,...n, and T;, is the ith linguistic
term defined in the universe of discourse of Y. Considering
that each linguistic term is described by a fuzzy set, the
workflow of a classical FRBS can be summarized in three
main steps.

1) Fugzzification: Given a set of n crisp inputs xi, xp,
... X, these values are fuzzified by determining the de-
gree of membership in each fuzzy set using the related
membership functions.

2) Inference: The FIE performs the following operations:
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FIGURE 1. Architecture of an FRBS [5].

a) evaluation of the antecedent part of all the fuzzy
rules, where “antecedent” denotes the fuzzy
proposition before! the “THEN” keyword in (5);

b) computation of fuzzy output for each rule by ap-
plying the implication operator;

c) aggregation of all the rule outputs in the output
fuzzy set.

3) Defuzzification: The output fuzzy set is converted to
a crisp value by applying the preferred defuzzification
method, such as the center of gravity (CoG) approach
reported in [37].

This workflow is graphically reported in Fig. 1. The QFIE
proposed in [5] replaces the FIE resulting in a speedup in the
computational time of the overall FRBS that is due to two
main factors: first, thanks to the intrinsic parallelism of quan-
tum computing, the evaluation of the antecedents is executed
in parallel and no longer as in the classical case sequentially;
second, in the QFIE, the implication and aggregation oper-
ations depend on the number of linguistic terms defined for
the output variable in the FRBS and no longer on its number
of rules, which is generally much higher. These features of
QFIE stem from an innovative amplitude encoding of fuzzi-
fied values in quantum states and a formalization of the fuzzy
rule set as a Boolean oracle that can be easily implemented in
terms of quantum gates. Hereafter, this aspect will be briefly
analyzed, while a more rigorous mathematical description
can be found in [5].

The QFIE is implemented by considering for each in-
put fuzzy variable X; = {T1;, Tp;, ..., ijj} and for the re-
lated crisp input x; a quantum register composed of n; =
[log, (1X;[)] qubits initialized as

l’ﬂj
W) = JailT) (6)

i=1
where «;; is the membership degree of x; to T;;, and by abuse
of notation, 7;; is being understood as an 7;-dimensional
Boolean string. The only constraint for this initialization
is that Z:n:’l a;j < 1. Moreover, a dummy linguistic term
can be added to ensure the normalization in (6) if required.
By iterating this initialization procedure for all the input
variables, the resulting quantum state can be written as the

I'The fuzzy preposition after “THEN” is denoted as consequent.

3101013

X1 —  Init
X2 —  Init
] Oracle
X3 — Init
s
Y Wiy
Zdn

FIGURE 2. High-level view of a quantum circuit implementing QFIE.

tensor product of the individual states {|x[/j)};?=1:

Y1, V2, ... ¥)
mp nmyp My
:ZZZ aig .|l Tias oo ).
i=1 t=1 r=1
(7)

This state contains as basis states all the possible an-
tecedents having the form given in (5), and each square
amplitude is its fire strength computed by the product
T-norm [38]. By using a more compact notation, we have

Wi Vo, ) = Y VFala) ®)

ac A

where Ay is the set of all the possible antecedents de-
noted as a concatenation of Boolean strings. At this point,
supposing that the output variable of the FRBS Y =
{Tiy, Doy, ..., Ty} is composed of my linguistic terms, the
quantum state in (8) is used by the QFIE as the input state for
a Boolean quantum oracle Oy implementing the following
operation:

W) = Ol ¥, . ¥ 0)
=33 (VElale) + Y (VE@ID) ©
i=1 aEAfg aGAOS

where 0 is an my-dimensional Boolean string composed of
all zeros and ¢; indicates the linguistic term T;y as a Boolean
string with all zeros and a single one at the ith bit. In (9),
Afg indicates the set of all the antecedents having Tjy as
consequent in a fuzzy rule and Ag indicates the set of all
the antecedents that do not have a consequent specified in
the FRBS rule set. Equation (9) states that by just one query
to the quantum oracle Oy using as input the superposed
quantum state containing all the possible antecedents (8), itis
possible to create an entangled state with the corresponding
consequent where the squared amplitude of each basis state
is related to the strength of the rule that such basis state repre-
sents. At this point, the final output fuzzy set can be obtained
by measuring the output quantum state in |y) several times
in such a way as to retrieve the probability of measuring each
|c;) state, withi = 1, ..., my. Indeed, it is easy to show that
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FIGURE 3. One-dimensional beam target steering task at the CERN TT24-T4 beamline. (Left) Horizontal beam trajectories obtained from tracking
simulations are shown for three different settings of the main deflecting dipole (orange). (Right) Zoomed view on the target (gray, hatched) region
showing the horizontal position of impact of the beam for the three settings of the main dipole [39].
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FIGURE 4. Membership functions for (a) C1 and (b) C2.

the probability of measuring c; is
P, = Z F, Viel[l,my]. (10)
aeAfS

Starting from these probabilities, the output fuzzy set is
obtained by cutting the fuzzy set related to the linguistic term

VOLUME 5, 2024

Tiy at the value P, V i € [1, my]. Finally, a classic defuzzi-
fication approach is used to retrieve the final crisp output.
Fig. 2 represents a schematic view of the quantum circuit
implementing QFIE.

From a computational point of view, a classical FRBS
performs m™ queries to the oracle, that is the number of fuzzy
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MN| 2 | MP
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MN|MP| Z |[MN| N N
Z |[MP|MP| Z | MN|MN
MP | P P |MP| Z | MN
P P P P |MP| Z

X bpm
N z P
P z
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FIGURE 5. Rule set for (a) C1 and (b) C2. The conjunction of the
elements of the first row and column represents the antecedent part of a
fuzzy rule having as consequent the corresponding matrix element. For
instance, the first rule in C1 corresponds to the sentence If X, is
negative and X7 is negative, then the correction angle is zero.

rules in a complete set of rules where it is supposed that all
the input fuzzy variables have the same number of fuzzy sets
m,i.e.,m; =mVj € [1, n]. On the other hand, a QFIE-based
FRBS performs only one query to the oracle to evaluate all
the rules simultaneously. However, to reconstruct the distri-
bution of probability in (10), Ny shots are required, i.e., the
quantum circuit implementing the oracle is executed for Nj
times. As discussed in [5], Ny can be related to the fidelity
level F at which the probability distribution is reconstructed
and to the number of possible outcomes of the circuit, which
is equal to 2", by using the following relationship:
N 2my
N, ~ d_Fp (11)
Therefore, the QFIE performs a lower number of queries
to the oracle than the classical counterpart when
2y

(1 -F)?
As an example, considering a typical number of fuzzy sets
my =m =5 and a level of fidelity ' = 0.95, the quantum
advantage is reached once the number of input variables is
higher than n = 6.

<m". (12)

IV. QFIE FOR PARTICLE ACCELERATOR CONTROL

The goal of this work is to address various control issues that
arise in the CERN accelerator complex by using the QFIE.
Two beamlines from the complex are examined to investi-
gate different levels of complexity in control problems. The
first task involves directing a proton beam toward a target
with a single control variable, while the second one aims
at correcting the beam trajectory of the AWAKE electron
line employing ten control parameters. The project primarily
utilizes accurate simulations of these beamlines to develop
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and test the implementation of QFIE for control purposes.
The environments for these simulations are constructed using
the OpenAl GYM template [40]. Successively, as reported in
Section V, the QFIE-based FRBS was employed to control
in real time the actual AWAKE electron beamline. In all the
tests, QFIE implementation is carried out through the Python
package available on GitHub.?

A. TARGET STEERING ENVIRONMENT CONTROL

This section aims to show the application of QFIE in con-
trolling the 1-D beam target steering environment based on
the beam optics of the TT24-T4 transfer line at CERN [6].
This line is about 170 m long and transports protons with a
momentum of 400 GeV/c from the SPS to some of the fixed-
target physics experiments installed in the CERN North
Area. TT24 is equipped with several dipole and quadrupole
magnets to steer and focus the beam, beam position monitors
(BPMs) to measure the beam centroid at various places along
the line, drift spaces, and the actual target placed at the end of
the line. The objective of the task is to optimize the number of
particles hitting the target by tuning the first dipole magnet in
the line to maximize the event rates in the particle detectors.
The left-hand side of Fig. 3 shows the relevant elements
of TT24 together with horizontal beam trajectories obtained
from tracking simulations for three different settings of the
main bending dipole. Depending on the dipole deflection
angle, the particles hit the target (gray, hatched) at different
horizontal positions, as illustrated by the zoomed view on
the right-hand side of the figure. There are focusing (purple)
and defocusing (olive) quadrupoles along the beamline to
keep the beam particles confined. The terms “focusing” and
“defocusing” refer to the effect of the quadrupole magnets
on the particle beam in the horizontal plane. Their impact is
inverse in the vertical plane.

Overall, the QFIE-based controller implemented aims to
deflect the beam via controlling the 1-D deflection angle Y
of the main magnetic dipole (see Fig. 3, orange) according to
two input variables such as the position reading of one of the
BPMs installed in the beamline (cyan) Xppm and the desired
target position X7. The allowed range of deflection angles is
[—140, 140] prad.

Two scenarios have been considered: in the first config-
uration (C1), X7 was any value in the range [—1.5, 1.5]
mm, while in the second configuration (C2), X7 was set to
zero, and therefore, Xppm was the only input variable of the
system. This simplification of the environment enables the
construction of smaller quantum circuits for the QFIE that
can be reliably executed on real quantum hardware. Finally,
to assess how well the beam is hitting the target, the following
reward function is considered:

R=—-(1-1 (13)

where I represents the intensity of the Gaussian beam in the
range X7 =+ 30. ] is normalized to the total intensity (number

Zhttps://github.com/Quasar-UniNA/QFIE
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FIGURE 6. Experimental results for the target steering environment control by computing QFIE quantum circuits (a) via noiseless simulation C1 and (b)
via execution on IBMQ Montreal quantum processor C2. For each configuration, it is reported for all the episodes the number of steps, the initial and
final reward value, dipole angle, and position of the beam measured at the BPM.

of protons) extracted from the SPS and o = 6.0 mm denotes
the horizontal beam size at the target assuming a fixed geo-
metric horizontal emittance of 11.8 nm - rad and given the
horizontal beta function of 7.1 m. The beam is hitting the
perfect target position when R = 0.

The fuzzy partitions and the rule base used by the QFIE in
controlling C1 and C2 are reported in Figs. 4 and 5, respec-
tively. These configurations of the FRBS have been derived
empirically. For C1, five linguistic terms were considered for
each variable: negative (N), medium negative (MN), zero (Z),
medium positive (MP), and positive (P). As a consequence,
the number of fuzzy rules having as antecedent an and con-
nection of two linguistic terms related to the different input
variables is 25. For C2, three linguistic terms were consid-
ered for the input and the output variable: negative (N), zero
(Z), and positive (P). This leads to a set of three fuzzy rules.
The limited number of fuzzy rules in C2 enables the execu-
tion of QFIE also on real NISQ devices, while their high level
of noise forces the control of C1 via noiseless simulations of
QFIE. In detail, on the IBMQ Montreal quantum processor,
the transpiled® quantum circuit implementing QFIE for C1
control has a depth of 3182 with 1554 CNoT gates, while
the transpiled quantum circuit of QFIE for C2 control has an
overall depth of 42 and a number of CNOTSs equal to 20.

3Transpilation is the process by which a quantum circuit is decomposed
into basic gates for being executed on a specific quantum hardware. More
details can be found in [41].
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1) EXPERIMENTAL RESULTS

For C1 evaluation, 20 different episodes with different initial
beam positions were considered, while the target X was
randomly selected in the range [—1.5, 1.5] mm. Both Xppm
and Y have been normalized in the simulations in the range
[—1, 1]. For the sake of space, the reported results refer just
to a particular target position, but the performances are very
similar for all the different target positions tested. For C2
evaluation, due to the limitation in time for the availabil-
ity of IBM quantum devices, just ten different initial beam
positions were considered. In particular, these experiments
have been carried out on the IBMQ Montreal device. In each
episode and for both C1 and C2, the controller deflects the
beam until a threshold reward value of —0.1 is reached.
The results obtained for both C1 and C2 are reported in
Fig. 6(a) and (b), respectively. In detail, the upper plots rep-
resent the number of controller actions (steps) required to
achieve the reward threshold. The second plot reports the
value of the reward function R at the beginning of the episode
(red line) and at the end of it (green line). The two boxes
on the bottom of the figure represent the dipole angle in
mrad (Y) and the beam position at the BPM in millimeters,
respectively. The dashed lines represent the ideal output of
the system, while the red and green lines show the initial and
final values, respectively. For configuration C2, the ideal out-
put for both these plots is 0, where the target was set. It can be
seen that the QFIE is able to control the environment in all the
episodes and for both configurations. The absence of noise
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FIGURE 7. Representation of the CERN AWAKE electron beamline with (red) ten trajectory correctors and (blue) ten BPMs per plane. The inset shows
electron beam trajectories (red) before and (blue) after correction, respectively.

during the simulation for C1 enables the control of the beam
with two steps at worst. On the other hand, the noise in com-
puting the QFIE action that occurs in C2 and the lower gran-
ularity of the input fuzzy partition make more steps required
for achieving the optimal solution. Overall, these results
prove the suitability of QFIE in controlling this kind of envi-
ronment, both by means of simulations of the quantum cir-
cuits and by means of execution on real quantum hardware.

B. ELECTRON BEAMLINE CONTROL

The AWAKE at CERN uses high-intensity 400-GeV proton
bunches from the SPS as a plasma wakefield driver [42].
Electron bunches are simultaneously steered into the plasma
cell to be accelerated by the proton-induced wakefields.
In the AWAKE Run 1 (2016-2018), electron energies up
to 2 GeV have been demonstrated over a plasma cell of
10-m length corresponding to an electric field gradient of
200 MV/m [43]. The goals of the currently ongoing Run 2
are to demonstrate stable field gradients of up to 1 GV/m
and emittance preservation of the electron bunches, and to
develop plasma sources scalable to 100s meters and beyond.
Ultimately, by the end of Run 2, the AWAKE scheme should
start providing electron bunches for particle physics experi-
ments [44]. The targeted field gradients are to be compared
to conventional accelerating structures using radio frequency
(rf) cavities in the X -band regime, which are currently limited
to about 150 MV/m [45]. The AWAKE electron source and
electron beamline are particularly interesting for algorithm
preparation and testing due to the high repetition rate and
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insignificant damage potential in case of losing the beam at
accelerator components. The AWAKE electrons are gener-
ated in a 5.5-MV photocathode rf gun, accelerated to 16 MeV
and then transported through a beamline of 12 m to the
AWAKE plasma cell [7]. The electron line is equipped with
12 BPMs and 12 steering dipoles per plane, respectively, of
which ten horizontal correctors and subsequent BPMs are
used for the steering task. The BPM electronic read-out is
at 10 Hz and acquisition through the CERN middleware is
at 1 Hz. Fig. 7 shows the electron beamline, extending from
the electron source (top left) to the entrance of the plasma cell
(bottom right). The schematic includes horizontally focusing
and defocusing quadrupoles (gray), main dipoles (yellow)
that steer the beam, BPMs (blue) for tracking beam position,
and corrector dipoles (red) for beam trajectory adjustments.
The inset plot illustrates two potential horizontal electron
beam paths by showing the horizontal displacement of the
beam’s center of mass from the central magnetic axis at each
BPM location, marked at distance s from the electron source.
The red and blue curves depict the beam trajectories before
and after correction, respectively. The goal was to develop
a QFIE-based controller able to correct the horizontal tra-
jectory with similar accuracy as the response-matrix-based
singular value decomposition algorithm that has traditionally
been used [46].

The input state of the controller is formalized as a 10-D
vector of horizontal beam position measured with respect to
the reference trajectory. Accordingly, the controller action is
a 10-D vector of the horizontal corrector dipole magnet kick
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FIGURE 8. D-NISQ computation of the quantum FRBS for the AWAKE
beamline.

angles within a range of £300 urad. To evaluate the perfor-
mance of the controller, a reward function is used that con-
sists of the negative root mean square (rms) of the measured
beam trajectory with respect to the reference at all the BPMs.

Developing a single QFIE controlling simultaneously all
the corrector dipole magnets along the AWAKE trajectory
would reflect in a quantum circuit too big for being clas-
sically simulated or executed on a current NISQ device.
Therefore, to solve the control problem, an approach based
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on the D-NISQ reference model proposed in [32] has been
exploited: the original 10-D problem was divided into ten
1-D control problems, where each corrector dipole magnet
K; with i € [1, 10] is controlled by a QFIE, QFIE; with
i € [1, 10]. Each QFIE; Vi e [2,10] acts considering two
input variables x; and dk;, where the former refers to the
distance from the ideal position of the beam registered by
the corresponding BPM;, while the latter refers to the sum of
the normalized deviation carried out by the magnets that are
placed previously to the ith magnet on the AWAKE beamline.
Formally, denoting with y; the corrector dipole magnet kick
angles computed by QFIE;, the dk,, input variable for QFIE,,
is defined as follows:

m—1
dky, = Zyi. (14)
i=1

The action of QFIE; depends just on the position of the
particle beam at the first BPM along the trajectory. In detail,
dk; is defined in an interval [—2,2] Vi € [2, 10], x; is defined
in an interval [—1,1] Vi € [1, 10], and the output corrector
dipole magnet kick angles y; are defined in the normalized
interval [—1,1] Vi € [1, 10].

Fig. 8 summarizes graphically how the whole FRBS has
been distributed according to the D-NISQ architecture. How-
ever, due to the quantum noise affecting current quantum
processors, the quantum circuits implementing the different
QFIE,; Vi € [1, 10] were ideally simulated.

The fuzzy partitions used for the variables of each
QFIE; are the same. In particular, Fig. 9 shows them for
QFIE,(. Moreover, Fig. 10(a) shows the fuzzy rule base for
QFIE; Vi€ [2, 10], while Fig. 10(b) shows the fuzzy rule
base for QFIE,. This configuration for each FRBS has been
established empirically.

To minimize the number of interactions of the whole con-
troller with the environment, a bias factor b has been multi-
plied by the ten QFIEs’ output. Formally, denoting with y; the
output computed by QFIE;, the final corrector dipole magnet
kick angle y; used to modify the environment state is obtained
as follows:

$i-b, if yi-be[-1,1]
yi=131, if 9;-b>1 (15)
1, if §i-b < —1.

In our experiments, b has been set to 10 empirically.

1) EXPERIMENTAL RESULTS

Fig. 11 reports the experimental results obtained by simu-
lating the AWAKE environment controlled by QFIEs. The
simulations stop when the reward objective reaches an rms
value of better than or equal to 2 mm. As shown by the plots,
considering 50 different episodes, where the initial condition
of the beam is far away from the threshold rms value, the
quantum fuzzy control system is able to align the particle
beam to the ideal trajectory in 100% of the episodes. More-
over, in all the episodes, the desired trajectory is obtained
at the worst by means of two interactions of the controllers
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the initial and final reward values are reported.
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with the environment, proving the sample efficiency of the
proposed quantum controller also in this case study.

V. ONLINE TESTS ON REAL AWAKE ENVIRONMENT

The QFIE-based FRBS was also evaluated on the real
AWAKE environment to test sim-to-real transfer. The same
configuration of QFIE considered for the simulated environ-
ment has been exploited. In detail, the distributed approach
used to compute the 10-D action enables a fast simulation
time of the circuits, which made it possible to test the pro-
posed approach in real time on the actual AWAKE facility.
In this scenario, the input x; used by each QFIE,; is the actual
reading of the related BPM along the AWAKE beamline av-
eraged over ten consecutive acquisitions to reduce the shot-
to-shot variation. Given the inputs, sequentially, all the quan-
tum circuits implementing the different QFIEs are simulated,
and from each of them, the kick angles for the related dipole
magnet on the trajectory are retrieved. Once the ten kick
angles have been obtained, the trajectory correctors along the
AWAKE beamline simultaneously modify the electron beam
trajectory. At this point, by using the new BPM readings, the
rms distance with respect to the ideal trajectory is computed,
and if this value is above a certain threshold, the QFIE-based
fuzzy controller performs another operation on the beamline
changing again the magnet kick angles. The fuzzy controller
stops when the rms value is under a given reward objective
threshold value. In our tests, we performed four different
sets of experiments considering four different levels of rms
thresholds: 2, 1.6, 1.2, and 0.8 mm, respectively. A lower
absolute reward value reflects in a more precise control of
the particle beam. Moreover, for each set of experiments,
20 independent episodes were collected, i.e., the trajectory
correctors on the AWAKE beamline were randomly initial-
ized 20 times. Fig. 12 shows the histograms reporting the
obtained results for all the different levels of reward objective
threshold value, —2 mm [see Fig. 12(a)], —1.6 mm [see
Fig. 12(b)], —1.2 mm [see Fig. 12(c)], and —0.8 mm [see
Fig. 12(d)]. In detail, histograms in Fig. 12 report the distri-
bution of the number of times in which the fuzzy controller
has modified the trajectory correctors (#Steps), i.e., the num-
ber of interactions environment control required to reach the

VOLUME 5, 2024
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FIGURE 12. Online experiments on the real AWAKE beamline. The figure displays the same plots for the four different values of rms threshold set in the
experiments [2, 1.6, 1.2, and 0.8 mm, respectively, reported in (a)-(d)]. In each configuration, both the distribution of the number of steps required to
achieve the related rms threshold value (on the left) and the distribution of the initial and the final rms values (on the right) are reported. The dashed
lines represent the rms threshold values. For all the different rms thresholds, 20 independent episodes have been carried out. (a) rms = 2 mm. (b) rms =

1.6 mm. (b) rms = 1.6 mm. (d) rms = 0.8 mm.

desired rms value, and the distribution of the 20 initial state
reward values (i.e., the rms distance from the ideal trajectory
at the beginning of an episode), and the distribution of the 20
final state reward values (i.e., the rms distance from the ideal
trajectory at the end of an episode). As highlighted by the
plots, the QFIE-based controller is able to solve the control
problem also in the real AWAKE environment. Indeed, the
objective reward value is reached in 100% of the episodes
considered. The number of steps required to achieve such an
impressive result is in line with the simulated environment,
except for an outlier in the scenario with an rms threshold
equal to 0.8 mm.

VI. CONCLUSION

In this article, a QFIE-based FRBS [5] has been experimen-
tally tested for the very first time to control real-world envi-
ronments, such as those related to particle physics accelera-
tors at CERN facilities. The main result obtained from this
research is twofold: on the one hand, it has been shown that
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the QFIE is able to control these complex environments by
means of simulations and real executions of quantum circuits
implementing the algorithm on a quantum computer; on the
other hand, it has been proved that quantum FRBSs could be
a valid tool for the real-time control of particle accelerators
for the physics experiments at CERN, as shown by the test
carried out on the real AWAKE beamline.

In detail, research was carried out on two successive sce-
narios, two existing CERN beamlines representing control
problems of different degrees of complexity. In the first sce-
nario, the QFIE controller implemented aims to deflect the
beam via the magnetic dipole in an environment based on the
TT24-T4 transfer line at CERN: in this simpler context, the
whole algorithm was also executed on a real IBM Quantum
computer, proving the feasibility of QFIE in controlling this
kind of environment on real quantum devices. The second
scenario consists of the AWAKE use case, where the 10-D
environment is much more complex and current NISQ de-
vices are not ready to handle the resulting QFIE circuits.
However, in this case, the simulated quantum circuits were
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tested on real data as an online controller of the beamline.
This result proves for the very first time the capability of an
FRBS to control a real particle accelerator.

In the future, the QFIE-based FRBS will be developed
and tested for more complex experiments and environments,
where no analytical solutions are available to control the sys-
tems. In these cases, where the number of variables to control
makes the empiric development of fuzzy rules impractical, as
done for the experiments carried out in this first study, QFIE-
based FRBSs can be integrated with automatic techniques to
learn fuzzy rules and fuzzy partitions from data [47], [48].
By doing that, the number of fuzzy rules can explode expo-
nentially due to the fuzzy rule explosion problem, making
a classical FRBS unfeasible to efficiently control a particle
accelerator. However, QFIE-based FRBSs are exponentially
faster in performing fuzzy inference than the classical equiv-
alent, and therefore, they are the perfect candidate to counter
the fuzzy rule explosion problem, opening a completely new
era for particle accelerator control systems. Yet, the size of
the quantum circuits implementing QFIE when the number
of rules to execute is big makes the simulation of QFIE
impractical for classical simulators, and real fault-tolerant
quantum computers are required to achieve the goal. Consid-
ering this, while the next generation of quantum computers
will be ready, quantum error mitigation techniques will be
exploited to reduce the effect of quantum noise on the QFIE
also in the NISQ era.
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